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Abstract  

Multicellular spheroids (MCS) are considered as the most promising three dimensional (3D) 

in-vitro model which will narrow down the gap between in-vitro two-dimensional culture 

and in-vivo animal models. They exhibit physiologically relevant cell-cell and cell-matrix 

interactions, and present similar gene expression, heterogeneity and structural complexity as 

in-vivo tissues. Multicellular spheroids have been attempted for drug screening and 

evaluation, mechanical studies on cancer cell invasion and migration, and regeneration 

medicine. However, fabrication of uniform-sized MCSs at a high throughput platform, and 

evaluation of MCSs for clinical relevance are two main challenges. In this thesis, thermally 

responsive microgels were employed as physical supports to culture multicellular spheroids 

from both tumor cells and stem cells, which are potentially applied in anti-cancer drug 

evaluation, tissue engineering and regeneration medicine. 

The thermally reversible poly (N-isopropylacrylamide-co-acrylic acid) (P(NIPAM-AA)) 

microgels were first employed to fabricate HeLa MCSs. This microgel approach restricted 

cell mobility at a lower initial cell density due to a large volume in the microgel networks, 

which resulted in uniform-sized spheroids formation compared to non-adhesive culture. 

Moreover, because of thermal reversibility of this microgel, spheroids were released from 

the physical supports via cooling down the system to room temperature.  

After demonstrating the formation of tumor spheroids in the microgel, HeLa cells were 

further encapsulated inside microgel-droplets generated from flow focusing microfluidics to 

obtain controllable uniform-sized spheroids. This approach combined the benefit of using 

thermal sensitive microgels as physical supports for MCS formation and droplet generation 

at a high throughput platform. Highly uniform-sized MCSs were obtained through this 

method. Importantly, the MCSs were easily released from the droplets by reducing the 

culture temperature to room temperature without using strong chemical or enzyme reagents. 

This approach may be used for generation of uniform-sized MCSs for drug screening and 

evaluation.  

The microenvironment generated from the microgel plays an important role in MCS 

formation. The key characteristics of the microenvironment, such as surface charge density, 

hydrophobicity, mechanical strength, and the microstructure of the microgels, were 

investigated by synthesizing a range of poly(N-isopropylacrylamide) (P(NIPAM)) based 
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microgels, including P(NIPAM), P(NIPAM-co-methacrylic acid) (P(NIPAM-MAA)), 

P(NIPMAM-co-acrylic acid) (P(NIPAM-AA)), P(NIPAM-co-malic acid) (P(NIPAM-MA)) 

and P(NIPAM-co-itaconic acid)(P(NIPAM-IA)). It was found that the moderate negatively 

charged surface with high hydrophilicity P(NIPAM-IA) microgels was beneficial for cellular 

growth. The high or low charge density resulted in slow cell proliferation. The 

hydrophobicity of microgels had a negative impact on cell growth. The large pore size of the 

P(NIPAM-IA) networks also allowed cell migration which promoted MCSs formation. 

Different cell types (HEK 293, U87, HeLa and mesenchymal stem cells) have been 

demonstrated to successfully form MCSs within the P(NIPAM-IA) microgel.  

The thermal sensitive microgels were further applied to form stem cell MCSs. Human 

cardiac stem cells (hCSCs) were cultured in the P(NIPAM)) based microgel networks 

including P(NIPAM-co-dimethyl amino ethyl methacrylate) (P(NIPAM-DMAEMA)), 

P(NIPAM-IA), (P(NIPAM-co-2-hydroxyethyl methacrylate) (P(NIPAM-HEMA)), 

P(NIPAM-co-poly(ethylene glycol) methyl ether acrylate) (P(NIPAM-PEGA)). These 

microgels displayed different charges (cationic, anionic, and neutral) and different degrees 

of hydrophobicity. Through evaluation of hCSCs viability, proliferation and release of 

regenerative factors, P(NIPAM-IA) was identified as one of the best candidates for forming 

hCSCs spheroids because of its negatively charged surface with high hydrophilicity. The 

thermal reversibility of P(NIPAM-IA) renders it as injectable hydrogels. Initial results 

showed that injection of this microgel into mice did not elicit immune system responses, 

reduced myocardial apoptosis and promoted angiogenesis in the mice.   

In summary, we have fabricated MCSs in different types of thermal responsive microgels 

through either physical control of the uniform size by confining cells in the microgel-droplets 

generated from microfluidics or fine tune of the microenvironment for MCS formation. The 

P(NIPAM-IA) microgel with moderated anionic charge and high hydrophilicity was found 

to promote MCSs formation. This microgel did not elicit any immune response, which 

indicates the potential of using this microgel for future clinical studies. 
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Chapter 1: Introduction 

 Background 

Cell behaviors in three-dimensional (3D) culture have gained increasing attention in the past 

decades because lack of cell-to-cell and cell-to-matrix interactions on two-dimensional (2D) 

culture plastic dishes makes it impossible for cells in 2D to replicate their biological 

functions in-vivo [1].  

Multicellular spheroids (MCSs) are one typical product produced from the 3D culture 

and MCSs are widely considered to be an advanced tool for biomedical research due to its 

capability in mimicking the characteristics of real tissues. MCSs have a similar structure 

with the spatial and temporal complexities to one in the in-vivo environment. Therefore, 

MCSs have been utilized for drug screening and evaluation, tissue engineering and 

regeneration medicine [2].  

There have been many approaches developed for fabricating MCSs, such as liquid 

overlay based culture[3-5], non-adhesive surfaces[6-8], suspension culture in mechanically 

stirred spinner flasks [9]and hanging drops[10-12]. However, the intensive skilled labor 

requirement and limited capacity for large-scale production of uniform-sized tumour 

spheroids hamper commercialization of these methods [8]. The Aeronautics and Space 

Administration invented a rotary cell culture bioreactor that can be used for scalable 

production of  produce MCSs[13, 14]. However, due to lack of matrix support during MCSs 

formation in this bioreactor, cells experience different microenvironments compared to the 

in-vivo condition, which results in cellular agglomerate growth without reaction with 

extracellular milieu.  

3D scaffold based cell culture emerges as a promising approach to culture MCSs. The 

scaffold provide matrices to MCSs to induce cell-matrix interactions which are vital for cell 

functions[15]. Natural polymeric scaffolds, one type of common scaffolds used to culture 

MCSs, such as collagen[16], hyaluronic acid-based hydrogel[17], chitosan[18] and 

matrigels[19],  can promote cell proliferation and maintain high cell viability due to their 

enriched proteins/carbohydrates and high biocompatibility. However, these natural 

polymeric scaffolds lack design flexibility in manipulation of individual matrix properties 

and have poor handling characteristics as well as poor reproducibility[20]. Hence, the 

synthetic scaffold is considered as a replacement for the natural polymers. Synthetic 
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scaffolds can be copolymerized from monomers which have the desired ECM characteristics 

such as encouraging cell attachment and growth[21]. Poly(ethylene glycol) (PEG)[22], 

poly(ɛ-carpolacton)[23], and poly(latic-co-glycolic acid) (PLGA)[24] have been employed 

as a scaffold for MCSs formation. The challenge of using synthetic polymer scaffolds is how 

to harvest the MCSs after their maturity without the introduction of toxic chemicals.  

The thermally sensitive poly (N-isopoylacrylamide) (PNIPAM) based scaffold is a most 

promising material since the MCSs can be easily released from the scaffold by simply 

cooling down the scaffold into room temperature. P(NIPAM) based microgels have been 

used for stem cell culture, and it can maintain cells in a 3D network as well as promote cell 

growth in comparison with conventional 2D culture[25, 26]. In this thesis, we proposed to 

use P(NIPMA) based microgels as the scaffold to culture uniform-sized tumour spheroids 

that have the potential for drug screening. We also cultured cardiac stem cell spheroids with 

enhanced biological/physiological functions and applied stem cells/microgel mixture for 

heart regeneration. We hypothesized the microenvironment created from the microgels for 

cells have a great influence on the spheroid formation. Therefore, we co-polymerized 

different co-monomers with NIPAM to generate the microenvironment with different 

chemical functional groups, surface charge, and degrees of hydrophobicity/hydrophilicity. 

 Aim and objectives  

This thesis explores the applications of p(NIPAM) based microgels for producing 

multicellular spheroids in a 3D microenvironment. The overall aim of this thesis is to 

develop a technique for forming and culturing multicellular spheroids from either tumor or 

normal cells) in the three-dimension thermally sensitive matrices. Several objectives are 

formulated basing on the overall aim: 

1. To obtain uniform-sized tumour spheroids for future drug screening by using thermal 

sensitive microgels as the scaffold. 

2. To achieve high-throughput production of spheroids by encapsulating cells in the 

microgel-based droplets for a controllable size. 

3. To investigate the impact of the microenvironment on the spheroids formation by co-

polymerizing NIPAM with different monomers to produce different surface charges, and 

degrees of hydrophobicity/hydrophilicity.  
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4. To explore the use of the thermally sensitive microgels to culture cardiac stem cell 

spheroids and the potential for treatment of myocardial infarction (MI) in the immune-

competent mice.  

 The thesis outline 

The thesis was prepared in a publication-based format. The thesis outline is summarized 

below: 

Chapter 1 (Introduction) introduces the multicellular spheroids (MCSs) concept as a new 

advanced 3D tool for bio-applications, current research gaps on the MCSs formation 

approach, and the objectives and outline for this thesis.  

Chapter 2 presents a comprehensive literature review on the recent development of MCSs 

for biomedical research. The detailed analyses of different approaches for fabricating MCSs 

are discussed.  

In Chapter 3, we applied thermal sensitive microgels poly(N-Isopopylacrylami 

(NIPAM)-co-acrylic acid (AA)) (P(NIPAM-AA) as a 3D scaffold to culture HeLa cell 

spheroids. The tumour spheroids were analyzed via fluorescent and SEM images to display 

the spheroid morphology and structure, and the MTT assay was employed to investigate 

Hela cell proliferation in the microgel. The size distribution and morphology of spheroids 

were discussed in comparison with conventional suspension culture. In addition, a cellular 

automata (CA) model was developed to understand the mechanism of tumour spheroids 

formation within the scaffold.  

In Chapter 4, to further produce Hela cell spheroids with a uniform size, water-in-oil 

(w/o) droplets were made by pumping the cell-laden P(NIPAM-AA) microgel solution in 

the central microfluidic channel and the continuous oil phase in the side channels. The 

droplets were heated to gel and then incubated in the culture medium to form HeLa 

spheroids. The Lattice Boltzmann immiscible two-phase model was used to simulate droplet 

formation. Optical and fluorescent images were used to examine HeLa spheroids formation 

evolution within the microgels-based droplets.  

In Chapter 5, the impact of the microenvironment of HeLa cells on the spheroids 

formation was investigated. The microenvironment was created by copolymerizing different 

co-monomers with NIPAM to obtain thermally sensitive microgels with different surface 

charges and different degrees of hydrophobicity. The microgels were characterized using 
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dynamic light scattering, titration, rheometer and SEM. The spheroids formation within 

different microgels were analyzed through optical and fluorescent images. Cell proliferation 

was evaluated by the MTT assay.  

In Chapter 6, we further studied the impact of the microenvironment of human cardiac 

stem cells (hCSCs) on their spheroid formation, viability and biological functions. The 

microenvironment was tuned with the surface charge, chemical functional groups and 

hydrophobicity/hydrophilicity by co-polymerizing NIPAM with different co-monomers to 

synthesize thermo-sensitive microgels. The microgels were characterized by dynamic light 

scattering, Fourier transform infrared spectroscopy, rheometer and SEM. The spheroid 

morphology and cellular viability were characterized by fluorescent images. hCSCs 

proliferation within the microgels network was analyzed via the MTT assay. The biological 

functions of hCSCs in the microgel-based microenvironment were evaluated by in-vitro 

cytokine factor release. The conditional medium collected from the hCSC culture in the 

microgels was applied to culture myocytes. The best microgel, p(NIPAM-IA) was further 

injected into mice to evaluate its biocompatibility and therapeutic efficacy of treating MI.  

Chapter 7 is the conclusion of this thesis where key outcomes are summarized and future 

development derived from this thesis is recommended.  

 Key contributions of this thesis  

This thesis initiates the development of thermosensitive microgel based 3D culture to 

fabricate MCSs for different biomedical applications and to advance our understanding of 

the influence of the microenvironment on multicellular spheroids formation. The research 

outcomes have direct impact on the 3D scaffold cell cultures for drug screening and 

regeneration medicine. The following summaries key contributions of this thesis: 

1. The development of thermo-responsive microgels as a novel scaffold to culture 

uniform-sized tumour spheroids for drug screening. This study demonstrated that the 

utilization of the microgels scaffold resulted in spherical cell clusters with a narrow size 

distribution that may be used for drug screening. The study also explored the mechanism of 

spheroids formation within the microgel scaffold.  

2. The uniform-sized MCSs achieved by droplet-based 3D culture. This study first time 

showed the use of thermally sensitive microgels to encapsulate Hela cells into droplets for 

3D culture via micro-channels. The size was controlled by the channel width with a narrow 
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size distribution. This approach allows long-term culture spheroids and minimal damage 

during the spheroid harvest process.  

3. The microenvironment with moderate negative charges and hydrophilicity from the 

microgel promoting cell proliferation and spheroids formation. This result demonstrated that 

the surface characteristics of the microgels had a great impact on cell behaviors, such as cell 

attachment, migration, growth and spheroids formation.  

4. The anionic and hydrophilic microenvironment stimulating cardiac stem cell spheroid 

formation and enhancing biological functions in comparison with a cationic and neutral 

microenvironment. The study demonstrated cardiac stem cells within the negative charged 

and hydrophilic microenvironment proliferated better and released more growth factor than 

cells in the positive charged, neutral charged and hydrophobic microenvironment. In 

addition, the anionic and hydrophilic microgel p(NIPAM-IA) did not elicit immune 

responses, which paves a way for the microgel to use as an injectable hydrogel to encapsulate 

and deliver stem cells for in-vivo studies. Furthermore, the p(NIPAM-IA) microgel helped 

MI repair after injection into the injured heart area in the immune-competent mice. 
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 Abstract  

Three dimensional multicellular spheroids have a complex architectural structure, dynamic 

cell-cell/cell-matrix interactions and bio-mimicking in-vivo microenvironment. As a 

fundamental building block for tissue reconstruction, multicellular spheroids have emerged 

as a powerful tool to narrow down the gap between the in-vitro and in-vitro model. In this 

review paper, we discussed the structure and biology of multicellular spheroids, and detailed 

fabricating methods. Among these methods, the approach in the microfluidics with the 

hydrogel support for MCSs formation is promising since it allows essential cell-cell/cell-

matrix interactions in a confined space. 

Key words: Multicellular spheroids, Tissue engineering, Three-dimensional culture, 

Microfluidics, Hydrogel. 
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  Introduction  

Traditionally cell culture on the two-dimensional (2D) tissue plastics has been employed for 

studying cell biology, disease models and drug screening with the assumption that 

monolayer cells reflect the physiology of real tissues. However, in such a 2D platform, cells 

are typically exposed to a rigid solid surface on the basal side and to a liquid at the apical 

surface. Inhabiting such a 2D rigid substrate requires cytoskeletal adjustments by the 

surviving cells because they lack exposure to the extracellular matrix (ECM) that is unique 

to each cell type, which may produce counterfeit polarity and cause abnormal cell 

metabolism and protein expression [1]. Furthermore, 2D systems cannot provide a complex 

and dynamic microenvironment for cells, and thus lead to spurious findings to some extent 

by forcing cells to adjust to an artificial and rigid surface. Studies have shown that 2D cell 

culture cannot replicate real microenvironment and cell behaviours in vivo because of lack 

of cell-cell and cell-matrix interactions and loss of tissue-specific architecture, mechanical 

and chemical cues, which are essential for unique functions of real tissues in the human 

body. For instance, a decrease in β1-integrin hindered multicellular spheroid (MCS) 

formation of PC3 prostate adenocarcinoma cells, while the decrease was not found in the 2D 

culture[2]. Therefore, a new platform for in-vitro cell culture has been pursued and 3D cell 

culture has been demonstrated to recreate the in-vivo microenvironment and physiological 

relevance[3].  

A number of 3D culture models have been explored. 3D multicellular spheroid (MCS) is 

an excellent in-vitro 3D model, mimicking the in-vivo processes, such as embryogenesis, 

morphogenesis, and organogenesis [4]. Multicellular spheroids are cell aggregates that have 

complex cell-to-cell adhesion and cell-to-matrix interaction, which result in gradient 

generation for nutrients, gases, growth factors and signal factors. This structure recapitulates 

the microenvironment of cells that has been observed in the real tissues.  

MCSs were first fabricated by Moscona and Moscona through self-assembling of cell 

suspensions and they found out these tissue-like aggregates were able to restore 

characteristics in the original tissue [5]. Since then, methods have been developed to form 

MCSs. Furthermore, a range of cells have been explored to form MCSs, including cancer 

cells [6], mesenchymal stem cells, and human pluripotent stem cells [7]. MCSs exhibit 

similar features in the in-vivo physiological conditions [8], for example, cardiomyocyte 

spheroids beat with heart-like rhythms [9], hepatocyte spheroids perform liver-like functions 
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[9], and human endothelial cells vascularize fibroblast microtissues [10].  Therefore, MCSs 

are considered as a bridge to bring in vitro and in vivo together, and they are becoming an 

emerging biomedical tool in many areas.  

This paper give a comprehensive review on MCSs from its biology to its applications as 

well as the method of MCSs fabrication. Special foci are devoted to recent progress in MCSs 

in the last five years. It covers the progress in the understanding of MCSs and fabrication 

approaches which are missing from other review articles. 

 Formation Mechanism and Structure of Multicellular 
Spheroids 

MCS formation may be due to cell adhesion and/or cell differentiation. It has been reported 

MCSs formation involves three critical steps[11]: (1) Dispersed cells initially are drawn 

closer to form loose aggregates due to their long-chain ECM fibres with multiple RGD 

motifs that can bind tightly to the integrin on the cell membrane surface. Direct cell-cell 

contact due to initial aggregation results in upregulated cadherin expression; (2) Cadherin is 

accumulated at the membrane surface; (3) Cells are compacted into solid aggregates to form 

MCSs due to the homophilic cadherin-cadherin binding [12] (Fig. 2-1). The ECM fibres and 

cadherin type and concentration may vary for different type of cells [13-15]. For example, 

E-cadherin is responsible for tight packing of MCF7, BT-474, T-47D and MDA-MB-361 

cells[14]. It was reported that β-catenin sequestrated by E-cadherin can initiate 

transcriptional activation of proteins such as cyclin D1 and c-Myc, which control the G1 to 

S phase transition in the cell cycle to help cell proliferation which also result in cell 

differentiation within MCSs [16]. Meanwhile N-cadherin medicates the spontaneous 

formation of spheroids in MDA-MB-435S [14]. MDA-MB-231 and SK-BR-3 cells form a 

spheroid structure due to collagen I/integrin β interaction without cadherin involvement [17].  

Intercellular adhesion proteins such as connexion and pannexins that influence cell-cell 

contacts contribute to the formation of MCSs. As a class of gap junction proteins [18], 

pannexins were introduced into the C6 glioma cells in order to accelerate the MCS formation 

process and obtain a more mature F-actin cytoskeleton. The result showed pannexin 1 as the 

conduits for ATP release initiated a signalling that dramatically accelerated the assembly of 

large MCSs [19].  
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The cytoskeleton also plays an important role in MCS formation. The actin filaments 

undergo significant changes during MCS formation. The expanded microfilaments as stress 

fibres become localized along the cell periphery. The cytoskeleton as a force generation 

structure performs as a continuous pre-stressed lattice that keeps cellular structural stability. 

Morphogenetic phenomena promote the emergence of ordered structures, result in the MCSs 

formation[20].  

 

Figure 2-1 Multicellular spheroids formation process. Cells establish loose bonds 
through integrin-ECM. A delay stage is followed for cadherin expression and accumulation 
on the extracellular surface. A compact MCS form due to homophilic cadherin-cadherin 
interactions. The optical spheroid images are extracted from Lin’s work[12]. 

 

Tumor MCSs in-vivo have two major components: one is proliferating neoplastic 

parenchymal cells, and the other is supportive stroma, constituting half mass of most 

malignant tumours and including fibroblasts, dendritic cells, lymphocytes, blood vessels, 

macrophages as well as other myeloid cells [21].The parenchymal cells determine growth 

and differentiation of tumour spheroids, while stroma contributes to tumor progression. 

Normal stroma delays or prevents MCS formation but the abnormal one promotes 

tumourgenesis [22]. Hence, stroma plays a crucial role in the MCS morphology and the 

evolution of tumour spheroids. Additional stroma elements promotes tumour spread and 

invasion [23] and stroma composition or structure may be altered when the function of 

vascular cells or fibroblasts changes, or the influx of inflammatory cells increases [24]. The 
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interaction between endothelial and tumour cells in fabricated MCSs offers information on 

blood capillaries in tumours.  

In-vitro MCSs have been fabricated with different structures. The most common one is 

a three-layered structure with cells in asynchronous proliferative, quiescent and necrotic 

states respectively (Fig. 2-2). The proliferative rim contains cells with intact nuclei and 

abundant microvilli and these cells are active in proliferation and metabolism. Cells with 

shrunk nuclei and sunken-in membranes are distributed in the quiescent stage and these cells 

have minimum metabolic activities but become active after exposure to nutrients. Cells in 

the necrotic core have disintegrated nuclei and membranes and they lose their activities 

because of starvation of nutrients and accumulation of toxic wastes. The layer thickness is 

dependent on the size of the spheroids. The diffusion limitation of most small molecules like 

oxygen in MCSs is around 150-200 µm, which is similar to that in the avascular tissue and 

tumour mass in vivo. Beyond the diffusive limit, metabolic wastes are accumulated in the 

inner layer of MCSs [25-27], leading to a necrotic core. Proton magnetic resonance with pH-

sensitive indicators [27] as well as microelectrodes [26, 28] have been used to study the 

transportation of nutrients, wastes and oxygen transportation and confirm the concentration 

gradients inside the MCS.  

 

Figure 2-2 Microenvironment and structure of a MCS. (a) MCS has a spherical geometry 
with different regions occupied by proliferating, quiescent and dead cells respetcily. 
Different mass transport rates for nutrient, O2, ATP, waste, CO2 and lactase are presented in 
the multilayer structure.[29] (b) The Live/Dead image indicates the morphology of a MCS, 
green representing live/proliferating cells(proliferating zone), while red representing dead 
cells(quiescent and necrotic zone)[30]. (c) The scanning electron image of a human epithelial 
carcinoma A431 MCS grown for 3 days[29]. The smooth profile shows the final stage of 
spheroids formation. Cadherin-cadherin interactions lead to the deposition of ECM. As a 
result the compact, a smooth profile of spheroid can be observed without distinguishable 
individual cell morphology. 
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A vascular lumen-like hollow structure has also been observed for endothelial MCSs due 

to the apoptosis caused by central cell polarization [31]. A unique phenotype of MCSs 

formed when Bovine aortic EC(BAEC)cells grew within a matrix that was full of basal 

membrane constituents. A polarized epithelium was established in the outermost layer with 

an apical surface pointing inside and a lumen was formed due to gradual loss of cells in the 

sphere interior. The spheroid structure obtained from human mammary epithelia cells [32, 

33] have been used for studying apoptosis and tissue morphogenesis. This model is also 

employed for investigating the oncogenic pathway to affect cellular cycles and biochemical 

pathways to transmit signals from the cell-matrix contact in order to increase the cell survival 

rate. 

Heterotypic cell-to-cell interactions play an important role in maintaining the hierarchy 

architecture and physiological functions of tissues and heterotypic MCSs are generated for 

mimicking the architecture and functions of real tissues. The heterotypic MCSs have been 

generated from co-culturing fibroblasts (parenchymal hepatocytes with human drmal 

fibroblasts, rat hepatocytes with NIH/3T3 fibroblasts) [34, 35], pancreatic islet cells with 

hepatocytes [36], or bone marrow stoma cells with hepatocytes [37]. Different architectures 

for normal and malignant breast epithelial cells have been fabricated to simulate the tumour 

micro-environment [38]. Co-culture of tumor cells with endothelial cells allows building 

small capillaries within the MCS structure to avoid a necrotic or quiescent core in the center. 

Transportation of nutrients and oxygen from the outer layer to the center by the endothelial 

cells is realized, which mimics the transportation in the in-vivo tumours. MCSs were co-

cultured with macrophages or lymphokine-actived killer cells in order to measure the 

cytotoxic and cytostatic activity and examine the immigration of the immune cells [39]. It 

was found that lactic acid generated from MCSs disturbed the migration of monocytes into 

MCSs, working as a potent immune suppressor for monocytes/dendritic in the tumour 

milieu. Tumor cell invasion and metastasis have been also investigated through interactions 

between tumour cells and fibroblasts [40, 41]. Furthermore Epithelia cells in a heterotypic 

spheroid has been used to investigate cell-cell interaction between epithelia cells and 

different type of cells [42]. A spheroid formed by co-culturing mesenchymal stem cells and 

primary liver cells behaved like hepatocyte cells, and it was explored for the heterotypic cell 

co-culture for cell proliferation and differentiation with the potential for regeneration 

medicine since the co-culture system was more efficient in inducing differentiation of 

mesenchymal stem cells into hepatocyte-like cells [43].  
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The microenvironment of MCSs is crucial for cell behaviors and functions. The MSCs 

model has been used to investigate the impact of the architectural, physical and physiological 

microenvironment on the tumorigenic phenotypes. Intracellular gene expression is 

influenced by altering the chemical composition of the extracellular microenvironment [22]. 

Abnormal cell behaviors such as tumour progression are caused by inappropriate cell-

microenvironment interactions [44]. Martin et al. [45] reported that cells performed normal 

emryogenesis if they were located in the uterus, while they were differentiated into 

malignant tissue cells when they were co-cultured with ectopic embryonic cells. Oral 

squamous cell carcinoma (OSCC) cells had similar behaviors in the synthetic poly lactide-

co-glycide (PLG) scaffold in vitro and in-vivo condition compared to 2D culture as 

evidenced by an increase in  secretion of vascular endothelial growth factor (VEGF), 

interleukin 8 (IL-8). An overall increase in the VEGF and FGF expression were able to 

mimic that in the in vivo tumours. The results also highlight that some factors were found in 

the 3D culture but not in the 2D culture, such as IL-8. Through analysis of the cumulative 

percentage of these factors, IL-8, instead of VEGF, were proven to play the most important 

role in angiogenesis, while the role of IL-8 was unable to examined in the 2D study [46].  

  The application of MCSs 

Multicellular spheroids can replicate structure and functional properties of real tissues. Thus 

MCSs are important for biomedical research in many different aspects [47] (Fig. 2-3). The 

MCS model has been used for examining genes for cell apoptosis, migration, and invasion 

through specific blocking antibodies, short-interference RNA and signalling inhibitors [47], 

such as caspase [48], intereukin-6 [49], urokinase-type plasminogen activator (uPa) and its 

receptor [50], as well as E-cadherin [51].  

Cells in a complex spheroid structure are surrounded by various other cells as well as a 

wall structured matrix [52] and the spheroid structure can mimic a natural cellular niche. 

Therefore, MCSs are considered an important tool to study tissue-based mechanistic assays, 

cell to cell contacts as well as cell-matrix interactions [53]. Tumor MCSs have been widely 

used for metastasis and invasion research on tumour progression as well as drugs screening.  

Primary or progenitor cells MCSs show improved viability and functional performance 

compared with monolayer cells, which can be beneficial for some applications such as 

implantation [47].  
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MCSs show different expressions in intercellular and extracellular adhesion, immune 

response and tissue development compared with the monolayer culture [52]. Normally, drug 

evaluation in 2D reveals limited and misleading information on the drug efficacy and 

functions. The MCSs on the other hand provide a more complex structure that narrows down 

the gap between in-vitro 2D culture and the animal models for drug screening and evaluation 

[52]. MCSs recreate the mass transport resistance for active pharmaceutical ingredients 

(API) which is widely seen in the in vivo models [3]. Spheroids exhibit gradients in oxygen, 

metabolic wastes and nutrients [47]. The combination of the pathophysiological gradients 

and cell-cell/cell-matrix interactions induce specific RNA and protein expression in 

spheroids, which has impact on the drug treatment on cancer spheroids [3]. As a result, MCSs 

have been proposed as a great model for drug discovery, development and evaluation. 

 

Figure 2-3 MCSs for bio-applications. (a) Drug delivery in MCSs to discover Dox efficacy 

[54]. (b) Gene express in MCSs [55]. (c) Cell-matrix interactions in a poly(l-glutamic 

acid)/chitosan scaffold [56]. (d) Tissue engineering, by using MCSs to build a vascular tissue 

via bioprinting [57].  

 

Niemalanandhan et al. [58] has compared cellular responses to the drugs in regarding to 

drug potency and efficacy: Paclitaxel, KU174, Alimta, Zactima, and doxorubicine in a 3D 

MCS model  and a 2D model based on H358 and A549 lung cancer cells. Paclitaxel and 

KU174 were less potent in 3D and the cytotoxicity of paclitaxel, KU174, Alimta, Zactima 

and Doxrubicin was significantly decrease in the 3D model. Another study demonstrated 

hepatocyte spheroids had higher sensitivity to drug hepatotoxicity than the 2D hepatocyte 

monolayer [59]. Shih-Feng et al. [60] employed HepG2 MCSs encapsulated in a gel to 

(a) (b)
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metabolize the pro-drug EFC (7- ethoxy-4-trifluromethyl) for optimising the 

pharmacokinetic responses from the in-vitro model and the  study showed HepG2 MCSs 

were less affected by methotrexate compared with the 2D culture, which was confirmed by 

an increase in drug resistance to methotrexate in 3D cultured rat hepatocytes [61]. The 

efficacy of anticancer drugs (doxorubicin and paclitaxel) was significantly different in the 

2D and the 3D human epithelial ovarian cancer (EOC) MCSs and HT1080 MCSs. [62, 63]. 

Cells in MCSs exhibit higher drug resistance to anticancer drugs, which results in a lower 

efficacy of drugs.  

The MCS model has been used to study the signaling pathway and alternative survival 

mechanisms of tumours when exposing to cytotoxic drugs [64, 65]. Overexpression of 

epidermal growth factor receptor type 2(HER2) in breast cancers were found in the MCS 

model that can induce cell transformation. In the 3D model, HER2 homodimers accumulate 

at the membrane raft, which can improve inhibition of the cancer cells growth with 

trastuzumab (Herceptin) that targets HER2 as a monoclonal antibody.  Because of resistance 

of tumours to the HER2 targeting drugs, current treatment is not effective. The MCS model 

that replicates the molecular mechanism in the in-vivo tumour is a useful tool of investigating 

drug resistance.  

The MCS model is advantageous in studying long-term drug effect because of their low 

proliferation rate, while confluency of the 2D culture in a very short frame hampers its long-

term study. Fong et al. [66] exposed 3D PCL engineered Ewing sarcoma tumor (EWS ) cells 

to various concentrations of doxorubicin for different time frames. The antineoplastic 

responses of drugs at different exposure time were clarified and this will provide essential 

information for drug administration. 

  Scaffold Free MCS Formation 

Many approaches have been developed to fabricate MCSs. Efficiency is one of the most 

important criteria for choosing an approach for MCS formation. The ability of producing 

uniform-sized MCSs is also crucial. Damages of MCSs and its impact on the physiology 

should also be considered.  

Forced-floating or cell culture on a non-adhesive surface is one of the most common 

methods that have been widely used in the laboratory (Fig. 2-4a). Through coating cell 

culture surfaces to prevent cell attachment, cells are forced to float in the cell culture 

medium, and cell-cell contacts are established through connections between their ECM 
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fibers or coalescence due to cell motion in the cell culture medium, which result in spheroid 

structure formation. The cell culture surface is often coated with agarose, or hydrophobic 

polymers. Ivascu et al. [17] coated a 96 well plate with 0.5 % poly-2-hydroxyethyl 

methacrylate(poly-HEMA), and the coated surface was dried for 3 days before seeding cells 

inside the wells. They succeeded in forming MCSs from breast cancer cell lines such as 

MCF7-ADR, T47D, and MCF7. 1 wt % agarose coating was used to culture HeLa MCSs, 

and the size of MCSs depended on the initial cell density in each well [67]. Poly-N-p-

vinylbenzyl-D-lactonamide was coated on the cell culture surface. Several cell lines 

including 3T3 clone A31 and Type II lung alveolar cell were able to form MCSs [68]. In 

general, this approach is simple and reproducible. By adjusting the initial cell seeding density 

and the size of culture wells, the size of MCSs can be manipulated [69]. This approach allows 

high throughput production of MCSs and rapid evaluation of drug-MCS interactions, which 

makes this approach appealing for drug screening[17].  However, large variations in MCS 

size and shape as well as drug-MCS interactions prevent it from large scale and using for 

high-through drug screening. 

 

Figure 2-4 Methods for MCSs formation. (a) Forced floating; (b) Hanging drop; (c) 

Spinning flask; (d) Rotating vessel; (e) Electrical-force assisted; (f) Magnetic-force assisted; 

(g) Scaffold-based. 

 

Another popular conventional approach is the hanging drop method (Fig. 2-4b). After 

cells are seeded in the cell culture medium in a microwell, the microwell is placed upside 

down to form cell suspension hanging drops. The drops maintain their shape due to the 

surface tension.  Cells cluster at the tip of each drop because of the gravity. Oxygen and 

carbon dioxide diffused through the liquid-air interface and nutrients supplied from the cell 

culture medium inside each drop allow cells to proliferate and further compact into MCSs. 

Numerous cell lines have been reported to form MCSs. For instance, HepG2 liver cancer 

cells and MCF-7 breast cancer cells formed tightly packed MCSs and produced their own 

V
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“tissue like” ECM [70]. Based on the hanging drop principle, a super hydrophobic chip was 

developed to fabricate MCSs [71].  The polystyrene and poly (lactic acid) super hydrophobic 

surface was produced through UV/ozone and plasma gas treatment. Cell suspension drops 

were distributed at the wettable region. Hanging drops were formed through inverting the 

chip. L929 and Sarcoma osteogenic cells (SaOs-2 cells) were demonstrated inside the drops 

on the chip to formed spheroids. The hanging drop approach has almost 100% 

reproducibility and produces relatively uniform-sized MCSs. However, the maximum 

volume of a drop is 50 µL and beyond the maximum volume the surface tension cannot 

maintain the drop shape [72]. Therefore, the size of MCSs is relatively small in such a small 

volume of drops. Another disadvantage of this approach is unable to change the culture 

medium without disturbing drops. Nevertheless, this approach has been adapted for 

commercialization. Two companies, 3D Biomatrix and InSphero, have fabricated 384-wells 

for hanging-drop production of MCSs [73].   

Spinner flask (Fig. 2-4c) and rotational culture bioreactors (Fig. 2-4d) are also widely 

used for producing MCSs. The bioreactor allows scalable production, long-term culture, and 

controlled cell culture environment, making it popular in industry. Both bioreactors use 

continuous stirring or rotating to achieve good mixing for better cell growth, to increase the 

cell-cell interactions for promoting MCS formation, and to prevent cell attachment to walls 

[74]. However, the shear stress generated from fluid motion may have an impact on cellular 

physiology, which is one of the biggest drawbacks of this approach [47]. Rotating cell 

culture bioreactors developed by NASA is believed to perform better in reducing the impact 

on the cell physiology from the shear force than the spinner flask bioreactors. A lower speed 

is used at the single cell phase to maximally reduce the impact of shear force on cells. The 

rotation speed is increased once the cell aggregates appear and a high rotation speed allows 

squeezing cell aggregates into a compact MCS structure. The requirement of a large amount 

of cell culture medium also restrains the bioreactors as a mainstream method for MCS 

production. Normally spinner flasks need 10-15 times more medium than stationary methods 

such as forced-floating [75]. In addition, MCSs with a wide range of sizes are obtained from 

this approach, which need intensive downstream processing to screen the desirable size of 

MCSs for drug screening test. The combination of forced-floating cell culture and spinner 

flask bioreactors has been proposed to reduce the size variations [76]. Small MCSs were 

formed at 96 wells using the force-floated approach, which narrowed down the size of the 

MCSs. The resultant MCSs werethen transferred into a spinner flask for long-term culture 
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with continuous supply of nutrients and oxygen [76]. Spheroids with relatively narrow size 

distribution were generated from this approach.  

Cells can be brought together to form aggregates by external forces such as magnetic 

force [77, 78] (Fig. 2-4e) and electric force [79] (Fig. 2-4f). NIH/3T3 cells were mixed with 

magnetic nanoparticles (Fe3O4, an average size of 10 nm) and cultured for 24 hours to allow 

cellular uptake of the magnetic nanoparticles. By exposing to a magnet field, cells with 

magnetic particles self-assembled into MCSs due to the magnetic force [77] . The magnetic 

force-driven MCS formation in a hanging drop was demonstrated by using monosized 

magnetic microspheres-labelled human umbilical vein endothelial cells. In addition the 

MCSs can be transferred and patterned by manipulating the magnet field [80]. A high 

throughput MCS fabrication platform driven by magnetic force was developed by Kim et al. 

[81]. Bone marrow-derived human mesenchymal stem cells with magnetic nanoparticles 

(40-50 nm) were seeded in the 96 well plate. On the top of the wells was a magnetic pinpoint 

that drove cell-cell interactions to form MCSs. Dielectrophoresis is also applied for fast 

formation of MCSs. Jurkat cells were placed into a chamber, and an electrical field was 

exerted in the chamber[82, 83]. The electric force dragged cells together to generate the 

MCSs and the size of the MCSs increases with the upsurge of the applied voltage. The 

aggregate shape and size can be manipulated by adjusting the dielectrophoresis setup. This 

external force-driven approach allows fabrication of MCSs in a very short period time (less 

than 5 minutes) compared with days of culture by other methods. In addition, this approach 

holds the feature of high reproducibility and well-controlled MCS size and shape. 

Furthermore different types of cells can be manipulated by placing them into different 

magnetic fields to generate aligned structures such as core-shell or a random mixed structure. 

However, magnetic nanoparticles may have a negative impact on cell functions and MCS 

physiology. Without proper ECM and cadherin production, the structure may become loose 

once the external magnetic or electric field is removed. The produced MCSs may also not 

function properly.  

  Physical supported MCS Formation  

Hydrogel networks as scaffolds provide bio-mimicking matricies to MCSs to induce cell-

matrix interactions for fabrication of MCSs (Fig. 2-4g). The scaffold structure, morphology 

and component can be adjusted for tuning the microenvironment so that the cellular 

responses to the microenvironment can be monitored during the MCSs formation[84].  



Chapter II 
 

 
 

  26  
T

able 2-1 C
om

parison of A
pproaches for Fabrication of M

C
Ss 

 

Fabrication A
pproaches 

A
dvantages 

D
isadvantages 

Forced-floating or 
N

on- adhesive 
x 

Inexpensive cost 
x 

Sim
ple procedure  

x 
Easy accessibility  

x 
R

eproducibility  
x 

Large-scale production 

x 
V

ariations in M
C

S size and shape  
x 

Intensive labour requirem
ent 

x 
Lack of cell-m

atrix interactions  

H
anging D

rops 
x 

U
niform

-sized M
C

Ss  
x 

Easy operation  
x 

H
igh reproducibility  

x 
Long-term

 culture 
x 

C
ontrolled environm

ent  

x 
Intensive labour requirem

ent 
x 

Sm
all-sized M

C
Ss 

x 
Incom

petency for m
ass production 

x 
Short-term

 culture 

Spinning 
or 

rotating 
bioreactors 

 

x 
Sim

ple culture m
ethod  

x 
M

ass production  
x 

Long-term
 culture  

x 
D

ynam
ic controlled environm

ent  
x 

Excellent m
ixing for nutrient and oxygen delivery, and 

w
aste rem

oval  

x 
V

ariations in M
C

S size and shape  
x 

H
igh shear force in the spinning bioreactor 

x 
Lack of cell-m

atrix interactions  

M
agnetic force-driven M

C
S 

form
ation 

x 
Short tim

e for M
C

S form
ation  

x 
C

ontrollable M
C

S shapes  
x 

Easy to transport M
C

Ss  

x 
Toxic m

agnetic m
aterials 

x 
Lack of cell-m

atrix interactions 
x 

Incom
petency for m

ass production  
x 

D
am

age of cell m
orphologies due to extra forces 

Electrical force-driven M
C

S 
Form

ation 
x 

R
apid cell aggregation  

x 
C

ontrollable M
C

S sizes and shapes  
x 

A
pplicability to a variety of cell types for form

ing M
C

Ss 
x 

C
o-culture of tw

o or m
ore different types of cells for 

M
C

S form
ation  

x 
Loss of aggregate integrity after rem

oval of the 
electrical field  

x 
D

am
age of cell m

orphologies due to extra forces 
x 

Lack of cell-m
atrix interactions 

 



27  

 

 

Chapter II 

N
atural polym

er supports for 
M

C
S Form

ation  
x 

Prom
otion in cell proliferation  

x 
H

igh cell survival rate 
x 

Strong cell-m
atrix interactions 

x 
3D

 
extracellular 

supports 
for 

EC
M

 
synthesis 

and 
developm

ent   
x 

B
iodegradability  

x 
Sim

ple procedure  

x 
Lack of design flexibility  

x 
V

ariations of polym
er supports from

 batch to batch 

Synthesized polym
er 

supports for M
C

S form
ation  

x 
Flexible polym

er design to m
eet the requirem

ents for 
M

C
S form

ation 
x 

Tuneable m
icroenvironm

ent from
 supports for M

CS 
form

ation 
x 

Strong cell-m
atrix interactions  

x 
 3D

 
extracellular 

supports 
for 

EC
M

 
synthesis 

and 
developm

ent  

x 
Issues of biocom

patibility and biodegradability   

M
icro-m

oulding  
x 

U
niform

-sized M
C

Ss 
x 

Strong cell-m
atrix interactions  

x 
3D

 
extracellular 

supports 
for 

EC
M

 
synthesis 

and 
developm

ent   

x 
M

ultiple-step operations  for fabrication of M
C

Ss  
x 

C
hallenging in recovery of M

C
Ss 

x 
Incom

petency for m
ass production  

x 
Special fabrication of m

icro-m
olding 

M
icro-w

ell 
technology 

for 
M

C
S form

ation 
x 

U
niform

-sized M
C

Ss  
x 

C
ontrollable cell culture environm

ent  
x 

H
igh-throughput for m

ass production  

x 
Lack of cell-m

atrix interactions  
x 

Sophisticated m
icro-fabrication technology for m

icro-
w

ells 
x 

Expensive robot-assisted liquid handling system
, 

otherw
ise intensive labour operations  

D
roplet encapsulation  

x 
C

ontrollable M
C

S sizes  
x 

H
igh throughput for m

ass production 
x 

Strong cell-m
atrix interactions  

x 
3D

 
extracellular 

supports 
for 

EC
M

 
synthesis 

and 
developm

ent 

x 
Special control of droplet generation 

x 
Incom

petency in releasing em
bedded M

C
Ss from

 the 
cross-linked droplets 
 



Chapter II 

28 

 

2.6.1  Natural polymers  

Natural scaffolds from natural hydrogels, such as collagen, matrigel, and chitosan, have been 

used to culture MCSs. Other natural polymers, such as agar for ovarian cancer cellular MCSs 

[1], fibrin [85] and silk fibroin protein [86] for B16-F1 cell and breast cancer cell line MDA-

MB-231 cells respectively, have also been explored. Natural hydrogels are favorable for cell 

proliferation due to its enriched ECM proteins or mimicking ECM components. They are 

also highly biocompatible [87].  

Collagen is a main structural protein in human tissues. Collagen is often used as an 

excellent matrix for cell attachment due to its integrin-binding sites [88]. The 3D porous 

structure of collagen hydrogels allows sufficient exchange of oxygen, wastes and nutrients 

inside the scaffold [89] for short-term or long-term MCS culture [90]. The biodegradability 

due to enzymatic reactions offers a simple method harvesting MCSs from the scaffold. 

Human embryonic stem cells (hESC) were introduced into the collagen scaffold, and after 5 

days culture hESC were differentiated into hepatocytes. The hepatocytes formed MCSs 

which possessed all characteristics and functions of in-vivo human in hepatocytes [91]. 

Luminal cells were co-cultured with myoepithelial cells and fibroblasts in the collagen type 

I matrix, and after 7 day culture heterotypic MCSs were formed inside the matrix [92]. Fang 

et al [93]. crossed linked collagen with matrigel to create a hydrogel scaffold to culture 

human breast carcinoma cells (MDA-MA-231) and colorectal carcinoma cells (HCTT116) 

for forming MCSs. The new hydrogel had better biocompatibility and reproduced the in-

vivo solid tumour microenvironment.  

Hyaluronic acid (HA)-based hydrogels are also applied in MCS culture. Natural HA is 

found in the ECM of malignant tumours and it promotes cancer cell proliferation and 

spheroid formation [94] because the excellent viscoelasticity of the HA hydrogel is able to 

mimic the stiffness of the natural environment. Prostate cancer cells (LNCaP PCa) were 

seeded into the HA hydrogel system, and after 7 day culture MCSs were harvested with a 

size of 100 µm, and showed a significant upregulation of VEGF165 and Interleukin 8 (IL-8) 

expression. LNCap had a lower proliferation rate in the HA scaffold than 2D culture, which 

was similar to the LNCaP growth in-vivo. Human glioblastoma U373-MG and U87-MG 

cells were found to form heterotypic MCSs after culturing them inside the HA scaffold for 

24 hours [95]. MDA-MB-231 and MDA-MB-468 cells mixed with the HA hydrogel were 

injected into mice to mimic the in-vivo environment for tumour spheroid formation and HA 
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were found to stimulate cell proliferation and reduce the variability in the tumour size. This 

hydrogel was also found to facilitate tumour-tissue integration. Necrosis inside the formed 

MCSs was reduced, and vascularization in the structure was improved [96].  

Chitosan is the second most abundant material that can be produced from crustacean, 

mollusks, squid, and insects. The biodegradability by lysozyme on the β-1, 4 glyosidic 

linkages enables mature MCS release from the chitosan-based scaffold [97]. A porous 

chitosan scaffold was attempted to culture MCF-7 cells for producing MCSs and the scaffold 

with a high degree of deacetylation was found to improve cancer cells attachment and 

proliferation [98]. However, very low solubility of chitosan in water due to its strong 

hydrogen bonding hampers its wide applications in MCS formation. Chitosan co-polymers 

have been synthesized to improve the solubility. Chitosan-alginate was synthesized as a 

hydrogel scaffold for culturing prostate cancer cell MCSs [99]. This co-polymer was more 

biocompatible, biodegradable, and less immunogenic [100]. In addition its chemical 

structure is similar to glycosaminoglycans (GAGs), a vital part of MCS ECMs. Instead of a 

hydrogel scaffold, chitosan-alginate was also fabricated as a fibrous scaffold coated with 

collagen to culture MCF-7 cells. Its porous structure optimally replicated the in-vivo 

environment [101]. Small aggregates were observed after two days culture. The size of 

spheroids was up to more than 100 µm after six days. Cell growth within this scaffold 

presented a spatial growth pattern with an improved growth rate and drug-resistance. Apart 

from co-polymerization with nature polymers, chitosan is also combined with synthesized 

polymers for MCS formation. For instance, the poly(l-glutamic acid) (PLGA) and 

chitosan(CS) scaffold was developed to culture MCSs from adipose derived stem cells 

(ADSCs) for cartilage regeneration. This scaffold was repulsive to protein adsorption and 

facilitated ADSC MCSs formation by minimizing cell-matrix attachment to promote cell-

cell contacts. The MCSs with size of 100 µm were observed after 2 day culture [56]. ADSCs 

spheroids grown in this scaffold improved chondrogenic differentiation and dramatically 

decreased the deposition of collagen type I.  

Matrigel is derived from the basement membrane of Engelbreth-Holm-Swarm(EHS) 

mouse tumor cells. Some key components for cell growth and attachment such as collagen 

and laminin are found in matrigel[102]. As one of popular ECM protein enriched hydrogels, 

matrigel has been widely used for MCS formation from PC-3M, PrCa, and NCI-H600 cells 

[103]. The comparison of HepG2 MCS culture in collagen, gelatin and matrigel hydrogels 

revealed cells proliferated rapidly in matrigel, and MCSs with a large size were harvested 
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from matrigel [104]. Moreover, a matrigel with lung cancer cell mixture injected into an 

animal model resulted in rapid formation of tumour MCS formation in animals compared 

with cell injections without matrigel. The similar results were also obtained from cancer cells 

of A253 and B16F10 [105]. However, 3D tumor models grown on the matrigel exhibited 

less similarity to the in-vivo tumor compared with 3D PLG engineered tumours because of 

a decreased level of IL-8 expression in the matrigel [46]. Therefore, it is important to choose 

appropriate 3D physical supports for fabricating MCSs. 

The natural polymers share the structural or composition similarity with normal tissue 

ECM, have rich components, meet the amplified extracellular signalling needs, and support 

cell behaviours. The impediments for using natural polymers for MCSs are the accessibility 

of the materials for the tissues of interest, dreary methodology, and undesirable remnant 

proteins and confounding signalling proceeding [106]. In the case of multiple-component 

scaffolds, additional composition may be required for optimal support of cell growth. 

2.6.2  Synthesized polymers  

Synthesized polymers have better structural complexity and design flexibility that are tuned 

to mimic the in-vivo environment for MCS culture and formation. In contrast to natural 

polymers, synthesized polymers are able to be modified to have desired ECM characteristics 

for the cell type of interest to promote cell aggregation and maintain tissue functionality 

[107].  

Poly(ethylene glycol) (PEG) is one of the most popular polymers for 3D cell culture due 

to its nontoxicity and non-immunogenicity. PEG is crosslinked via various means such as 

photo-polymerization and emulsion polymerization. PEG was crosslinked with other 

polymers such as poly(ethylene oxide) (PEO) to enhance polymer network performance for 

MCS fabrication. Through adjusting PEG amount in the co-polymer, PEG based hydrogels 

with different mechanical properties were used to culture Huh7.5 cells for formation of 

MCSs to explore the impact of  microenvironmental stiffness on cell aggregations [11]. 

Larger spheroids formed within the hydrogel network with better compliance or lower 

stiffness. Furthermore, cell proliferation, albumin secretion and CY450 expression in 

spheroids were found to perform better within compliant hydrogels, which may be due to 

better diffusion of oxygen and nutrients within the more compliant matrix. PEG based 

hydrogels via two different polymerization approaches, chain addition methacrylate-based 

and step-growth thiolene polymerization, were used for submandibular glands (SMG) MCS 
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growth and formation. Step-growth thiolene polymerization had better performance for cell 

viability, proliferation and cell aggregation due to the reduced membrane peroxidation and 

intracellular reactive oxygen species formation [108].  

Poly (lactide-co-glycolide) (PLG) due to its biodegradability has been widely 

investigated for 3D cell culture. The key component of this synthesised polymer is extracted 

from natural metabolites and it has great biocompatibility. PLG has been used in different 

forms such as foams, fibres and sponges [109]. A porous PLG microsphere scaffold was 

developed to culture hepatocytes spheroids [110]. This approach accelerated MCS formation 

and the porous scaffold structure maximized cell attachment and transportation of nutrients, 

oxygen and wastes. MCF-7 and U87 cell lines were cultured in the PLG scaffold to form 

MCSs, and the PLG scaffold exhibited good performance in recreating the 

microenvironment for tumour engineering [111]. The tumour model obtained from the PLG 

scaffold possesses similar microenvironmental characteristics of in-vivo tumours. The 

expression of IL-8, an angiogenetic factor, was found to be upregulated in cells cultured in 

the PLG scaffold [107]. The angiogenic feature was mapped with that in the in-vivo tumours, 

and cells in this model were less sensitive to chemotherapy, which demonstrated the yielded 

tumours had the improved malignant potential. PLG was also mixed with hydroxyapatite 

(HA) to replicate a bone-like environment to culture breast cancer spheroids [112]. This 

scaffold promoted breast cancer cell proliferation and aggregation because HA encouraged 

the neoplastic and metastatic growth of breast carcinoma cells and promoted IL-8 secretions.  

The poly(N-isopropylacrylamide) (PNIPAM) hydrogel is another popular polymer 

network due to its thermal-reversibility which allows to harvest MCSs without toxic or 

potent chemicals. Through co-polymerization with other monomers, the resultant 

copolymers can accommodate different types of cells, promote cell proliferation and 

aggregation, and maintain tissue functionality. This PNIPAM network was used for culture 

HepG2 MCSs and the particle size of microgels around 300 nm was found to have better 

cell proliferation and MCS formation [113]. The PNIPAM polymer was modified by acrylic 

acid (AA) for culturing HepG2 MCSs. PNIPAM-AA exhibited less shrinkage for long-term 

culture and maximally maintained the scaffold structure, and HepG2 cells proliferated best 

in the hydrogel with 1% AA[114]. PNIPAM-AA microgels was further galactosylated to 

culture HepG3 MCSs. The galactose ligands helped HepG3 MCSs in performing liver-

specific functions [6]. PEG was also introduced to PNIPAM hydrogel for better cell 

attachment.  Human pluripotent stem cells (hPSCs) were cultured in the hydrogels to form 
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spheroids. hPSCs derived spheroids showed high proliferation, and maintained the 

pluripotency in the suboptimal culture condition and a high survival rate [7].  

Others polymers have also been reported for MCS formation. Ploy(ɛ-carpolacton) (PCL) 

was used to culture TC-71 Ewing’s sarcoma cells to form MCSs and the MCSs exhibited 

greater chemo-resistance and different gene expressions from the 2D culture [66]. MCSs 

from breast, prostate and Lewis lung cancer cells were successfully demonstrated in the 

poly(lactic-co-glycolic acid)(PLGA) scaffold [107]. 

Overall, synthesize polymers show great design flexibility through co-polymerizing with 

other functionalized monomers. The physical and chemical properties are tuned to mimic 

the microenvironment for MCS formation. In addition, different from natural polymers with 

variations from batch to batch, synthesized polymers have high reproducibility and improved 

handling characters. However, their toxicity and degradability are two major concerns for 

their applications in MCS formation.  

  MCSs formation on the microfluidic platform 

The microenvironment that comprises complex chemical and mechanical cues is one of the 

most crucial factors for forming MCSs. Specific physicochemical properties, such as oxygen 

tension, temperature, pH, osmolality, and local concentration of soluble factors, can 

significantly influence cell-cell and cell-matrix interactions [115]. Conventional approaches 

for forming MCSs are less flexible in tuning the microenvironment and performing temporal 

and spatial stimuli on cells. Microfluidics, as an emerging tool to control the flow within 

micrometre-scale channels, is capable of manipulating the parameters dynamically and 

spatially, thus to create unique environments to meet the requirements for MCS formation. 

In addition, microfluidics can reduce the shear stress in order to minimize cell damage, and 

micrometre scale chambers inside the microfluidics can be manipulated to control the size 

of MCS [116]. Furthermore integration of analytical tools with microfluidics, such as 

Raman, fluorescence spectrometry, and UV-Vis spectrometry, enables rapid, in-situ, and 

dynamical analyses during the MCS formation process. During screening for optimized 

culture conditions for forming MCS from rare cells or primary cells in the microfluidics, 

consumption of chemical or biochemical reagents is reduced since the microfluidics often 

requires a very small amount of liquid [117].  
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2.7.1  Micro moulding  

The micro moulding method has been explored to generate MSCs by fabricating complex 

structures using lithography techniques [125] [126]. It has been documented that this micro 

moulding method can significantly reduce consumption of reagents, create desired 

concentration and gradient of growth/signal factors and nutrients, allow high-density culture 

at a high cell-to-fluid volume ratio, and decrease shear stress under the laminar condition in 

micro-scale structures. [127]. 

 

Figure 2-5 Microfluidic methods for MCSs fabrication. (a) MCSs formation in micro 
mould. (b) PC-3 prostate cancer MCSs formation in microwells [129]. (a) MCS formation 
in droplets generated from microfluidic channels: (1) T-junction cell encapsulation; (2) 
Flow-focusing cell encapsulation; (3) Double emulsion cell encapsulation; (4) human 
mesenchymal stem cells MCSs formation inside droplets[128].  

 

Du et al. [130] proposed a method to fabricate different micro-scale structures with PEG-

based cell laden hydrogels to form MCSs from NIH 3T3 mouse fibroblasts. The hydrophobic 
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effects drove the “lock and key” assembly of microgels to form cross- or rod-shaped 

structures. 3D tissue constructs containing MCSs were generated from these structures. 

Micro-patterned methacrylated hyaluronic acid (HA) hydrogels were applied to fabricate 

similar MCSs from NIH 3T3 mouse fibroblasts [131] (Fig. 2-5a). A patterned PDMS stamp 

was used to hold the HA precursor solution mixed with cells and the photo-initiator. After 

exposure to UV light, the HA solution solidified and the PDMS mould was removed. The 

size and shape of MCSs were manipulated by the geometry of the PDMS mould. In addition, 

HA was bio-gradable by enzyme and MCSs were released from the block during the harvest 

process. The PDMS membrane templates to encapsulate cells for forming MCSs have been 

developed [132] [133]. Collagen hydrogel mixed with NIH 3T3 cells and collagen/matrigel 

mixture contained HepG2 were loaded into a mould from the PDMS membrane. After 

gelation, gel blocks were transferred into the culture medium for further forming MCSs. The 

MCS size was controlled by the size of the gel blocks.  

A ‘bottom-up” fabrication approach was developed for macroscale 3D structures [134]. 

Collagen beads containing HepG2 cells were generated from an axisymmetric flow focusing 

device in a PDMS mould. The cell-laden beads were stacked to form a complex millimetre-

thick tissue. After couple of hours, the beads contacted with each other and compacted into 

a designed shape. This approach can re-create the in-vivo tissue environment to mimic the 

in-vivo cell-matrix interactions. 

Hardelauf et al. [135] designed an array of PDMS microwells to produce uniform tumour 

spheroids. Human colon carcinoma cells (HT29), BT474 breast carcinoma cells and NCI-

H1792 lung carcinoma cells were pumped into the PDMS microwells and MCSs were 

observed after 3-4 days. The microwells were further modified to be concave in the bottom 

to culture hepatoshpere and hepG2 spheroids for drug screening [136]. Gong et al. [137] 

used the same concave microwell approach but replaced PDMS with agarose microplates to 

culture MCF-7 spheroids to test cancer drugs. Instead of a concave well at the bottom, side-

chambers were designed was used to culture MCSs [129] (Fig. 2-5b). In this device two-

layer PDMS microchannels were separated by a semi-permeable polycarbonate membrane. 

28 dead-end side-chambers in the upper channel were designed to capture and stabilize PC-

3 prostate cancer cells, meanwhile the lower channel allowed continuous medium flow for 

nutrient and waste diffusion. This design kept the spheroids stationary during media 

exchange and MCSs were monitored in-situ during long-term cultures. Beside concave 

microwells, other similar designs for MCS culture have been proposed. Jin et al. [138] 
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proposed a design to remove cell trapping barriers to facilitate MCS harvest. Cell suspension 

was supplied via the cell inlet port and distributed into four culture wells. Pressure from the 

membrane pressure port deformed the membrane at the bottom of the culture wells to form 

a horseshoe shape for trapping cells inside the wells. After spheroids formation, the 

membrane was deflated by reducing the pressure. Cell trapping barriers were removed and 

spheroids were harvested at the spheroid collection port. Kim et al. [139] developed a 3D 

tumour spheroid chip with balanced droplet dispensing . The hydraulic-head difference 

between the nutrient stream inlet and the waste outlet triggered the removal of waste droplets 

at the outlet. A fresh medium droplet was supplied by the dispensing layer due to the 

decreased pressure caused by volume expansion. This design allowed automatic supply of 

fresh medium and removal of waste droplets. Lee et al. [140] proposed an approach for in-

situ multicellular spheroids formation and encapsulation. They used a PDMS mould to form 

uniform-sized HepG2 MCSs within the alginate hydrogel scaffold in the concave wells, and 

the nano-porous membrane to control the diffusion of crosslinker calcium ions for alginate 

gelation. 

A portable bioreactor was developed to maintain a sterile microenvironment and sustain 

cell growth, maturation and organ formation [127]. MCF-AT1 cells were encapsulated into 

the matrigel that was placed at the bottom part of the PDMS bioreactor. Nutrients were 

perfused through the top section of the bioreactor. MCF-AT1 MCSs were harvested after 

couple of days. This bioreactor maintained cell viability during long-term culture, and also 

allowed visualization of the tumour spheroid formation progress through the transparent 

PDMS.  

2.7.2  Micro-droplets based MCS formation 

Uniform sized droplets generated from microfluidic devices provide a confined environment 

for cells and hydrogels inside the droplets offer a 3D physical support for formation of 

functional MCSs. Two configurations of microfluidic devices: flow focusing and T-junction 

are often employed to generate uniform-sized droplets. In the flow focusing device shown 

in Fig.2-5c, the aqueous phase with cells flows through the middle inlet as a dispersed fluid, 

and the immiscible organic solvent flows flow through both side inlets as a continuous fluid. 

The shear force from the continuous fluid squeezes the dispersed fluid to generate spherical 

individual droplets. On the other hand, in the T-junction device, the dispersed fluid 

penetrates into the continuous fluid to form droplets and the newly formed droplets are swept 
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by the continuous fluid. The hydrogels inside the droplets are often gelled due to external 

stimuli, such as temperature, light or ions. Thermal responsive hydrogels, such as agarose, 

NIPAM based hydrogels or gelatin, solidify due to a temperature shift of the hydrogel 

system. Photoresistive hydrogels, such as poly(ethylene glycol)(PEG), form the physical gel 

by crosslinking triggered by exposure to UV light. Alginate is solidified by the introduction 

of divalent cations into the system (e.g. Ca2+). Normally UV exposure or dramatic 

temperature change has negative impact on cell viability as wells as its physiology. Hence, 

the ion-based crosslinking gelation method is considered as a safer alternative for cell 

encapsulation.  

This droplet-based method is rapid and has the capacity of high throughput. Velasco et 

al. [141] demonstrated that the approach based on cell-loaded hydrogel droplets significantly 

reduced the dependence on skilled labours requested in the conventional methods of 

fabricating MCSs. In the porous micro droplets, oxygen and nutrients were diffused in and 

metabolic wastes out to maximize the cell viability [142]. In addition when the formed MCSs 

encapsulated inside the hydrogel droplets were injected into the  patients' body, they were 

protected from host immune responses, which minimizes administration of 

immunosuppressive drugs and increaseed the successful transplantation rate [143]. This 

approach also has a high degree of control over the morphological and physical properties 

[125].  

Sakai et al. [144] used flow focusing microdevices to generate droplets for encapsulating 

HepG2 cells (Fig.2-5c1). Gelatin hydrogel with cells flew through from the top inlet, and 

paraffin oil flew through the left inlet. The hydrogel-containing droplets were heated to the 

melt point and the gelation was realized by cooling down to the gelation point when 

collecting the droplets. The size of the droplets from 300 µm to 100 µm was controlled by 

varying the paraffin flow rate. The HepG2 cells were cultured inside the droplets and they 

were aggregated to form MCSs in 24 hours. This approach generated a desired size of MCSs 

since the size of droplet was controllable. Yoon et al. [145] proposed a similar approach, but 

they used alginate instead of gelatin to minimize the damage in the gelation process on the 

cell viability. Magnetic iron oxide nanoparticles were uptaken with the spheroids to achieve 

easy collection and separation of the spheroids during the harvest process. Instead of using 

alginate or gelatin, a mixture of alginate and matrigel was introduced for MCS culture by 

Wang et al. [116]. This mixture gels performed better in the formation of HeLa spheroids 

compared with pure alginate beads. Tsuda et al. [146] used self-assembling peptides (SAP, 
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Purmatrix RADA 16) to encapsulate bovine carotid artery endothelial cells [147, 148]. This 

synthetic peptide was functionalized with other monomers to enhance cell attachment, 

increase cell proliferation and promote cell differentiation. The peptide hydrogels inside the 

droplets were solidified by exposure to the crosslinking agent in the continuous phase. After 

culturing the cells inside the droplets for 3 days, endothelial cells inside droplets migrated to 

form loose aggregates due to initial cell-to-cell contacts, and then spheroids were formed in 

long-term culture. The PuraMatrix hydrogels were solidified in the presence of certain ions. 

This hydrogel was attempted to encapsulate HepG2 cells in a double T-junction and the 

gelation was achieved by crosslinking with the ions in the cell medium [149].  

Chan et al. [150] developed a double emulsion system to fabricate MCSs from bone 

marrow derived human mesenchymal stem cells (hMSCs). The double emulsion was 

performed in two flow focusing devices (Fig. 2-5c3). The water/oil emulsion was generated 

in the first device, which had an inner core containing a mixture of the hMSCs and the culture 

medium and an out layer of oil. The water/oil droplets went through the second device to 

generate the water/oil/water emulsion. The middle oil layer served as a barrier to prevent the 

inner core from mixing with the culture medium at the outer layer. The selective permeability 

of the oil layer allowed nutrient diffusion from the outer aqueous phase into the inner core 

and waste removal in the opposite direction.  

 P(NIPAM) for bioapplications  

2.8.1 Chemical and Physical Properties 

Poly(N-isopropylacrylamide), (H2C=CHCONHCH(CH3)2), as the most studied thermally 

responsive material, Poly(N-isopropylacrylamide) undergoes a sol-gel transition once it 

reaches its lower critical solution temperature (LCST) of 32ºC. The water molecules 

rearrange around the isopropyl group within the polymer over LCST, which results in an 

aqueous phase separation [151]. Thus, intra- and inter molecular hydrophobic interactions 

between the isopropyl groups are increasing which and ultimately it presents a gel state. Due 

to the existence of C=C double bond, NIPAM can be modified with other functional 

monomer with C=C double bond through co-polymerization. For instance, one of most 

common monomer incorporated to NIPAM is acrylic acid. C=C double bond from NIPAM 

and AA can be both broke during reaction resulting in –C-C-from NIPAM and AA and a 

new co-copolymer with a COOH functional group.   
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2.8.2 P(NIPAM) for bio applications  

Due to its thermally responsive ability, P(NIPAM) has been widely used for different 

applications such as drug delivery, tissue engineering and so forth.  

2.8.2.1 Drug delivery  

Microgels of P(NIPAM) are tiny hydrogels whose size ranging is from tens of nanometers 

to several microns[152, 153]. PNIPAM microgels have the benefits of both hydrogels and 

nanoparticles. For example, same as hydrogels, P(NIPAM) microgels are hydrophilic, 

flexible, highly biocompatible. P(NIPAM) microgels also have long life span during 

circulation, and they can actively or passively target to desired location (such as tumour inner 

core) to achieve effective target delivery as nanoparticles [154]. In order to prevent the 

removal of colloidal drug carrier from the blood compartment, based on recognition by the 

reticuloendothelial [155], the size of nanoparticle drug carriers cannot be over be below 200 

nm to increase their blood circulation time, which can be easily achieved for the PNIPAM 

microgels. The PNIPAM microgels have been employed to tested anticancer drugs for 

controlled release [156, 157]. Due to their small size (below 200 nm), P(NIPAM) microgels 

can be optimally delivered into tumour. Through physical methods or chemical bonding, the 

drug can be incorporated with microgels. The controlled release mechanism is based on 

biological stimuli such as a shift in pH/temperature or reactions interactions with enzymes, 

ions, or proteins. And via modifying with different surface functional groups, microgels can 

conjugate with target biophase to achieve target drug delivery[158, 159]. 

2.8.2.2 Biosensor  

Due to their limited size distribution, flexibility of surface functional group as well as large 

surface area, PNIPAM microgel particles were considered as one of best candidates for 

biosensing. For example, Ali et al[160] successfully manipulate DNA on a PNIPAM 

microgel surface. Via EDC chemistry, a 50 -amine modified DNA oligonucleotide (DNA1) 

was onto the microgel surface. Then due to the existence of T4 DNA ligase and a template 

oligonucleotide, the coupled DNA1 was coupled with a second DNA oligonucleotide 

(DNA2). Rolling circle amplification (RCA) was employed to amplify signal. Finally, in 

order to detect signal, a fluorescent DNA probe was incorporated. Paper strips fixed with 

DNA oligonucleotide modified microgels were further developed, which can be employed 

to detect DNA through perform ligation/RCA-mediated amplification [161]. These DNA 

sensors have great ability to identify a biological sources, such as a specific pathogens. 
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2.8.2.3 Tissue engineering  

The porous structure of P(NIPAM) hydrogels not only allows sufficient mass transportation 

(oxygen, nutrient and waste) which is beneficial for cells growth, but also provides necessary 

physical support for cells. In addition, the high biocompatibility of P(NIPAM) makes it a 

popular material for tissue engineering.  

A poly(N-isopropylacrylamide-co-propylacrylic acid-co-butyl acrylate) hydrogel was 

developed by Garbern and co-workers which was used in the ischemic tissue[162]. This 

hydrogel was used as a topical controlled release tool for bFGF that can promote the 

revascularisation of ischemic myocardium. The result indicates that P(NIPAAm-co-PAA-

co-BA) is able to provide spatio-temporal control of bFGF delivery. After 28-day post 

treatment, microvessel density was increase, regional blood flow was improved and 

cardiovascular function was recovered. 

Through coupling P(NIPAM)-COOH with aminated hyaluronic acid via amide bond 

pair, a series of thermosensitive copolymer hydrogels, HA-g-PNIPAMaminated hyaluronic 

acid-g-poly(N-isopropylacrylamide) (HA-PNIPAM), were synthesized [163]. Human 

adipose-derived stem cells was encapsulated within the hydrogel. The result indicates that 

the gel system can increase cell survival rate and kept human adipose-derived stem cells 

spherical morphology. In order to investigate in-vivo biocompatibity, hydrogels were 

injected into the dorsal subcutaneous region of athymic nude mice for 5 days. The retention 

of the hydrogel in the tissue was high. Also no excessive infection was observed in the skin 

and subcutaneous tissues, which showed the potential of the AHA-g-PNIPAAm copolymer 

as an injectable hydrogel for adipose tissue engineering. 

Fibroblasts and PNIPAM-gelatin mixture in DMEM was injected into the subcutaneous 

tissue of Wistar rats. White, opaque gel and cell mixture was formed immediately [164]. The 

shape of fibroblasts was spherical inside gel matrix and cells were homogeneously 

distributed. After two days’ post-injection, fibroblasts had spread and grew. Therefore, 

PNIPAM-gelatin can be served as an injectable, in situ-formed scaffold on and in which 

fibroblasts can grow, spread and proliferate. In addition, PNIPAM-gelatin was high 

biocompatible without any further inflammatory reactions with great biodegradability.  

 Discussion and the future  

With the advancement in MCSs culture, the in-vitro model is able to mimic the in-vivo 

animal in many aspects. The MCSs complex structure allows a better understanding of cell-
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cell interactions. In addition, recapitulation of the in-vivo microenvironment by MCSs enable 

fundamental research on cancers and tissue development and provides an opportunity for 

culturing functional tissues in-vitro. However, many challenges for current fabricating 

methods. Firstly, a high initial cell density is required to form spheroids and cells in the 

MCSs structure are not required for further expansion while in-vivo tumour spheroids form 

from a relatively low cell density and the size of the tumour spheroids increases due to cell 

expansion inside the structure. Secondly, the reproductive and quality assurance of 

conventional means are low. Thirdly, the microenvironment and marcoenvironment for 

MCSs formation from current methods are still different from in-vivo, which results in 

different cellular behaviors. For instance, cell migration from MCSs is not realized from 

current methods. There is a gap to produce functional tissues cell through the multicellular 

in-vitro culture due to heterogeneous cell-cell interactions, cell and ECM organization and 

cell signaling pathway within the tissue. Hence, the correlation between real tissue and 

MCSs should be thoroughly documented through gene expression profiling analysis. 

Moreover, cells behaviors may alter to the microenvironment/marcoenvironment and cells 

are adapted to different type of MCSs formation in real tissue, which are still missing in the 

in-vitro MCSs model. Furthermore, the heterogeneous metabolism and gene expression in 

MCSs can be influenced by the MCSs size. Thus, uniform size in the approximate range of 

MCSs should be determined for different applications. 

The method for fabrication of MCSs in-vitro has been developed significantly in the past 

decade. The integration of microfluidics with scaffolds can be considered as a new promising 

approach since it can not only produce controlled uniform-sized MCSs but also restore the 

complex cell-matrix/cell-cell interaction which are vital for MCSs morphology and 

functionality. The physical matrix support provided by the scaffold can facilitate in MCSs 

developing their extracellular matrices that are crucial for cell functions. Scaffold from the 

microfluidics allows fabrication of MCSs in a confined space to develop controllable 

uniform-sized MCSs. This approach is also able to tune the microenvironment for MCSs 

formation and growth to mimic the in-vivo conditions. In addition, the potential of 

commercialization makes the approach even more attractive. More elegant designs for 

microfluidics and scaffold approaches for MCSs formation are needed to create 

physiological relevant microenvironment and marcoenvironment to address the above 

challenges for MCSs formation. 
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 Abstract 

A tumour is a complex, growing tissue with a dynamic microenvironment. Its shape and size 

affect mass transport and thus the ability of drugs to penetrate into the tumour. Three-

dimensional (3D) tumour spheroid culture has thus been recognised as an advanced tool for 

anti-cancer drug screening. However, the use of tumour spheroids has been hampered by the 

large variation in the spheroid size distribution, their irregular shape and the labour-intensive 

culture process. We explore thermosensitive hydrogels, pNIPAM-AA, for culturing tumor 

spheroids and compare our approach with a traditional suspension culture method (non-

adhesive surface) in terms of cell proliferation, tumour spheroid size distribution and 

spheroid morphology. Spheroids cultured in the microgel network show a narrower size 

distribution and a more spherical shape. We hypothesised that these observations could be 

explained by that cells are homogeneously retained inside the hydrogels, cell aggregate 

formation is much slower due to network resistance and the cell death rate is smaller in 

comparison with suspension culture. We developed a cellular automata (CA) model to 

validate these hypotheses. Spheroid formation with different parameter values representing 

culture in suspension and in microgels is simulated. Our results are consistent with the 

hypothesis that microgel culture produces a more uniform size distribution of spheroids as a 

result of reduced cell death and the gel network resistance. 

Key words: Biomaterial, Thermal sensitive microgels, Tumour spheroids, Cellular 

automata 
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 Introduction  

Cancer is a leading cause for human death. 7.9 million people died of the disease in 2007 

and the number is estimated to reach 12 million per year by 2030 [1]. This has motivated 

intense research efforts to develop new drugs over several decades [2]. As part of these 

efforts, two dimensional cancer cell culture has been widely used to screen cancer 

therapeutic drugs. However, these culture methods have limitations when it comes to 

replicating the cell-cell and cell-extracellular matrix (ECM) interactions which are important 

regulators of cell behaviour in physiological tissues. Three-dimensional (3D) cell culture 

methods which mimic, to some extent, the complex spatial and temporal structure of tissues 

observed in in-vivo models, are increasingly being used to help us understand cancer biology 

and screen potential treatments. In addition, the in-vitro 3D culture system can restore 

functional, environmental, and histomorphological features of human tissues [3].  

Numerous 3D culture models currently exist for cancer-related research, such as liquid 

overlay based culture on non-adhesive surfaces [4-6], suspension culture in mechanically 

stirred spinner flasks [7-9], and hanging drops [10-14]. However, these conventional means 

either have a high labour cost or limited capacity for generating large-scale uniform-sized 

tumour spheroids. The National Aeronautics and Space Administration developed a rotary 

cell culture system that can achieve a large scalable production of tumour spheroids. 

However the micro-environment experienced by cells during spheroid formation is very 

different to that in-vivo [15, 16], as without the physical resistance given by ECM, 

multicellular spheroids grow as individual cell agglomerates and do not interact with their 

extracellular milieu. Naturally derived hydrogels [17-19] have been employed as scaffolds 

in tissue engineering to mimic the in-vivo microenvironments due to their rich networks of 

ECM proteins and cellular support matrices [20-22]. Cells grown in hydrogels not only 

interact with each other but also exhibit matrix attachment. The scaffold provides physical 

and structural support for the formation of tumour spheroids [23]. However, these naturally 

derived hydrogels lack design flexibility in manipulating individual matrix properties, have 

poor handling characteristics and display poor reproducibility due to different compositions 

from batch to batch [24]. Synthetic hydrogels have emerged as a replacement for naturally 

derived hydrogels for 3D cell culture since they are not only able to mimic the key features 

of the natural extracellular microenvironment [25-28], but also can be modified with specific 

functional groups to modulate cell behaviour [29-33].  However, harvesting tumour 
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spheroids from hydrogels for subsequent use in screening potential therapeutic drugs 

remains a significant challenge. 

 

Figure 3-1 Thermal sensitive microgels for culturing tumour spheroids: (a) HeLa cells 
are homogenously mixed with microgels at room temperature; (b) At 37 ºC, P(NIPAM-AA) 
microgels constrain single cells in a three-dimensional network as the microgels are 
solidified due to the hydrophobic attraction; (c) After incubating HeLa-laden microgels in 
cell culture medium for a pre-determined period, HeLa multicellular spheroids are generated 
in P(NIPAM-AA) microgels; (d) By cooling down the temperature to 25ºC, the 3D microgel 
turns into solution as microgels become hydrophilic again and are re-dispersed into medium, 
and HeLa spheroids are released from the liquefied solution. 

 

We have previously developed a range of thermo-reversible hydrogels or microgels, and 

used them to mimic the extracellular microenvironment for mesenchyme stem cells [34-36]. 

In this study we employ these thermo-reversible microgels to culture and harvest tumour 

spheroids. In our method, as shown in Scheme 1, single cells are homogeneously embedded 

inside the microgel network that have been heated to 37 ˚C. Cells proliferate in the cell 

culture medium, and multiple cells interact to form clusters. After the clusters reach the 

desired size, the spheroids are easily released and collected by cooling the system down to 

room temperature. In this confined environment, we expect to obtain uniform-sized 

spheroids with a narrow size-distribution. We characterize the spheroid size, size distribution 

and shape, and examine the detailed structure of spheroids through fluorescent images and 

SEM analysis for the tumour spheroid biology that is missing from the previous study [37]. 
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This approach can be easily adapted for producing large quantities of tumor spheroids for 

high throughput screening potential drugs. We put forward possible mechanisms for 

spheroid formation, which we then investigate using an agent-based or cellular automata 

(CA) model. CA models have previously been widely used to investigate various biological 

phenomena [38, 39], including tumour growth [40-42]. However the study of tumour 

spheroid formation progression within the hydrogel scaffold has not been conducted yet. By 

changing some of the parameters in our model, we are able to take into account the different 

environments experienced by cells in hydrogel and suspension cultures, and investigate their 

effects on spheroid formation. Of particular interest was to determine the factors affecting 

the uniformity of the spheroid size distribution. Combined the CA model and experimental 

results, we explored the mechanism for tumour spheroid formation between microgel 

scaffold culture and suspension culture.  

 Experimental  

3.3.1 Materials 

N-Isopopylacrylamide (NIPAM), acrylic acid (AA), N,N’-methylenebis(acrylamide) 

(MBA), potassium persulphate(KPS) were purchased from Sigma-Aldrich, sodium dodecyl 

sulphate (SDS) was purchased from VWR. NIPAM was recrystallized in n- hexane and dried 

in vacuum at room temperature. AA was purified by vacuum distillation. Dulbecco’s 

Modified Eagle’s Medium (DMEM), trypsin-EDTA, pencillin-streptomycin PS) and fetal 

bovine serum (FBS) were ordered from Gibco. 3-(4,5-Dimethlthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) was purchased from Merck. The LIVE/DEAD® 

Viability/Cytotoxicity Kit was purchased from Life Technologies.  

3.3.2 Microgels synthesis 

The P(NIPAM-AA) microgels were synthesized by free radical emulsion polymerization 

based on the method reported previously [34].  Based on table 1, 9.9 mmol NIPAM, 0.1 

mmol AA, 0.2 mmol MBA and 0.12 mmol of SDS were dissolved in 97 mL of water. After 

thoroughly mixing, the solution was transferred to a 250 mL three-necked flask fitted with a 

condenser and a mechanical stirrer. Before the polymerization, the solution was under 

nitrogen atmosphere for degassing 30 min. After degassing, the flask was placed into a pre-

heated oil batch (70 ˚C). 3.0 mL of KPS aqueous solution (0.1 mmol) was injected into the 

mixture solution to initiate the polymerization. The polymerization was carried out for 5 h 
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under the protection of nitrogen atmosphere with continuous stirring.  After reducing the 

temperature to the ambient temperature, the microgels were purified by membrane dialysis 

with a cut-off molecular weight of 12-14 kDa against Milli-Q water for one week with a 

daily water change. The purified microgels were concentrated at 70˚C with continuous 

stirring. The success of copolymerization was confirmed by FTIR (Fig. 3-11) and titration 

(Fig. 3-12 document) in supporting document. 

3.3.3 Tumor spheroid formation from three dimensional cell culture 

HeLa cells were cultured in a growth medium (DMEM with 10% FBS and 1% PS) in a T-

75 flask. The flask was incubated at 37 ˚C in a humidified atmosphere with 5 % CO2 until it 

was confluent. Trypsin was added into the flask to harvest cells. Cells were resuspended in 

a complete growth medium at a cell concentration of 1.4×106 cells/mL.  

To prevent Hela cells attached to the bottom of the 24 well plates, all wells were pre-

coated with 400 µL 5% agarose. After coating, HeLa cell dispersion was mixed with 50 

mg/mL microgels (in phosphate buffered saline (PBS), pH≈7.2) at a volumetric ratio of 2: 

3. Therefore, the initial concentration of cells was 5.6 ×105 cells/mL, and the concentration 

of microgels was 30 mg/mL. 0.5 mL of mixture was seeded to each well of a 24-well plate. 

The cell-microgel mixture was incubated at 37˚C for 2 h until the mixture becomes soft gel. 

1 mL growth medium was added on the top of the soft gel in each well. Cells were incubated 

at 37 ˚C in a humidified atmosphere with 5 % CO2 and the growth medium was changed 

daily. Cells were harvested for further analysis at day 7, 14, and 21. For  comparison of cell 

culture in the absence of microgels, 0.5 mL of the HeLa cell dispersion in the complete 

growth medium with a concentration of 5.6×105 was seeded to each coated well of a 24-well 

plate, and then another 1 mL culture medium was added to each well. Other experimental 

conditions were identical to 3D cell culture in the microgels.  

3.3.4 Cell proliferation assay 

Cell proliferation was determined by the standard MTT assay. After culturing for a 

predetermined period, 100 µL MTT solution (5.0 mg/mL) was added into each well with 

microgels or without microgels. After further incubating for 4 h, the medium was completely 

removed. 1 mL DMSO was added to dissolve the formazan crystals.  All solutions from each 

well were transferred to a 96 well plate and the absorbance of the solubilized formazan 

crystals was recorded using an ELx808 Absorbance Microplate Reader (BioTek Instruments 

In., USA) at a wavelength of 490 nm.    
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3.3.5 Spheroid release and collection 

After the culture period has elapsed, the scaffold and cells structure are left at room 

temperature for 1 h. The microgels liquefy when the temperature is below LCST, and the 

released spheroids can be easily collected through centrifuge.  

3.3.6 Spheroid morphology and structure analysis 

After the Hela cells were cultured in the microgels for a fixed time point, the cell-microgel 

mixture was cooled down to the room temperature. The microgels turned into solution and 

spheroids were released. The morphology of the HeLa cell spheroids in the microgel solution 

was observed under an Olympus IX50 inverted microspore (USA). The optical images were 

analysed by a software package Analysis LSR (USA) to quantify the cell size distribution 

and sphericity. The spheroids size was analysed through 12 pictures that were taken from 3 

wells (3 pictures per well) for each day and the total number of spheroids analysed was at 

least 100. 

The Live/Dead cell viability/cytotoxicity kit was used to assess live and dead cells in the 

spheroid structure. The dye solution was prepared according to protocol. 3μL Ethidium 

homodimer-1 (red) and 0.75μL calcein AM (green) was added 1.5 mL PBS buffer. Before 

staining, the gel and cells mixture was washed with pre-warmed PBS buffer 2 times. Then 

200 μL dye solution was added to each well.  After another 30 minutes incubation at 37°C, 

gel and cells mixture was washed with pre-warmed PBS buffer for two more times. A fresh 

300μL PBS buffer was added after rinse process. The stained mixture was observed under 

confocal microscopy for spheroid morphology examination. The excitation wavelength for 

calcein Am was selected to be 504 nm-553 nm, and for Ethidium homodimer-1 was 569 nm-

619 nm. The Leica TCS SP5 confocal microscope was used to record fluorescent images.   

The scanning electron microscopy (SEM) was also further employed for spheroid 

structure analysis. The cellular spheroid was fixed for 30 min in the EM fixative (4% 

paraformaldehyde / 1.25% glutaraldehyde in PBS, and 4% sucrose, pH7.2). The sample was 

rinsed in a washing buffer (PBS + 4% sucrose) for 5 min. The spheroid was post-fixed in a 

2% OsO4 aqueous solution for 30 min. After fixing the sample, the sample was dehydrated 

by rinsing it by 70%, 90% and 100% ethanol thrice and 10 min for each step. The sample 

was submerged into a mixture of HMDS (hexamethyldisilazane) and 100% ethanol at a 

volumetric ratio of 1:1 for 10 min. The sample was further placed into 100% HMDS for 10 

min. HMDS was removed and the sample was dried. The dried sample was coated with 



Chapter III 

66 

 

platinum and observed under a Philips XL30 Field Emission Scanning Electron Microscope 

at an accelerating voltage of 10 kV. 

3.3.7 Development of CA model 

The CA model consists of a lattice, where each site on the lattice can either be empty or 

occupied by a cell. At the beginning of a simulation, a specified number of cells are placed 

at random on the lattice. The number and position of the cells are updated at discrete intervals 

of time, Dt. During each timestep, cells are selected in random order, and act according to 

rules for cell behaviour (including cell movement, proliferation and death) that are described 

in detail below. Our model uses a two-dimensional lattice, as the experimental data derives 

from two-dimensional images. This has the further advantage of reducing the computational 

cost compared to a three-dimensional model. The method by which we take into account the 

three-dimensional nature of the experiments is explained in detail below. 

3.3.7.1 Cell movement  

We let the probability that a cell will attempt to move during a time step be Pm.  We assume 

this probability will depend upon the cell’s environment.  We take a higher value of Pm to 

represent cells in suspension, and a lower value of Pm for cells in microgels, 

representing some resistance to movement (such as cell-ECM adhesion). Cell movement 

is assumed to involve two component behaviours: unbiased random motion (in which a cell 

will attempt to move to one of the four neighbouring lattice sites with equal probability) and 

biased motion (where cells will preferentially move towards other cells).  In our model, cells 

attempt to move according to the biased motion rule with probability Pb (hence the 

probability of moving according to the unbiased random motion rule is 1- Pb). Thus the 

tendency of cells to aggregation is represented by the probability of biased motion, Pb: for 

cell types that are strongly inclined to create clusters after seeding, Pb will be close to one, 

whilst for those that do not tend to aggregate, Pb is close to zero [38]. Pb and Pm are chosen 

based on the hypothesised characteristics of the cells in the medium before the start of each 

simulation. 

When a cell attempts to move using the biased motion rule, the direction in which it 

moves is determined as follows.  For each of the four directions, we calculate the 

following probability: This can be implemented by the following probability 

𝑃𝑣(k) =
𝑣(𝑘)

∑ 𝑣(𝑖)4
𝑖=1

  for k= 1, 2, 3, 4                                                                                (3.1) 
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where v(k) is the number of cells at the right (k = 1), left (k = 2), up (k = 3) and 

down (k = 4) direction of a cell within its range of attraction (l) (see Figure 3-2). Note 

that the Pv(k) sum to unity. We then subdivide the interval [0,1] into four sub-intervals: [0, 

Pv(1)], (Pv(1), Pv(1) + Pv(2)], (Pv(1) + Pv(2), 1- Pv(4)), (1-Pv(4), 1], and draw a random 

number uniformly distributed on [0,1]. If the number chosen lies in the first interval, the cell 

attempts to move right, if in the second, it attempts to move left, etc. 

 

Figure 3-2 A sample distribution of cells is depicted. For example, the red cell marked out 
with the black border senses 7 cells at its right side, v(k = 1) = 7, where l = 3 is the radius of 
the attraction range, illustrated by the shaded sites. 

 

Area exclusion is accounted for in the cell movement rules [39]: two or more cells cannot 

occupy a site at a time. Therefore, at any point a cell attempts to move to an already occupied 

site, the movement is aborted.  

Mombach and Glazier [40] suggest that in Brownian motion a cell moves 1/6 of its size 

in 30 minutes. Therefore, in 3 hours each cell moves one site in the lattice when Pm = 1. 

The probability of biased motion is set to Pb = 0.9 with the range of attraction, l = 3 for 

both types of culture. Thus, it is very likely that the cells move towards each other when they 

are very close to each other (e.g. close enough that some parts of the cell may make physical 

contact). Long range attractions are not considered here as the chemotactic signals are 

assumed to be negligible. 

3.3.7.2 Cell proliferation  

The probability of proliferation, Pp, determines the rate of proliferation at each timestep. 

When proliferation occurs for a cell, the parent cell keeps its position and the daughter cell 

occupies one of the four adjacent sites. Area exclusion is accounted for in the proliferation 
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rules as well, i.e. if a cell already occupies the chosen site for the daughter, the proliferation 

event is aborted. 

We follow the model of Qi et al. [41]who take into account the effects of nutrient 

depletion as cancer cells proliferate by making the probability of proliferation dependent 

upon the total number of cells. We define the two-dimensional cell density, ρ, as the area 

fraction occupied by the cells, given by 

𝜌 =
𝑁(𝑡)𝐵
𝐴

 

where N(t) is the number of cells at time t, B is the cell area (152 µm2) and A is the area 

of the lattice in µm2. The area of a well in the experiments is around 20 mm2. Thus, the 

length of each side of the well is 𝑎 = √𝐴 ≈ 4.5mm. Therefore, a lattice representing the wells 

has a length of L = a/0.015 = 300 sites. As the proliferation rate is assumed to decrease when 

cell density increases, due to lack of nutrients, we define the probability of proliferation as 

𝑃 = 𝑘(1 −
𝜌(𝑡)
𝐶

) 

where C is carrying capacity and k is growth rate. Qi et al. [41] suggest 0.26 d-1 < k < 

0.48 d-1. From the experimental data shown in Figure 2, cells have approximately the same 

rate of proliferation in suspension and microgel: we hence use the same probability of 

proliferation for both types of culture with k = 0.48 d-1 = 0.06 (3h)-1. C is estimated to be 0.6 

by processed the images of the experiments to obtain the maximum area fraction that may 

occur. 

 

Figure 3-3 The probability of death (Pd) applied in the CA model, described in Eqn. 
(1.2). ∆t is the number of timesteps (each of 3h) where a cell is not adhered to another cell 
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3.3.7.3 Cell death  

Cells need to adhere to another cell or a surface to survive and proliferate [42]. As the cells 

in suspension culture are prevented from adhering to the substrate, based on our 

experimental observations, we assume that they are likely to die after one day if they do not 

adhere to other cells [42].(In the model, we assume a cell is adhered to another cell if there 

is a least one cell in the four squares adjacent to it.) However, in microgel culture, the cells 

can survive and proliferate by adhering to the microgel. We thus considered two different 

death probabilities, Pd, in simulations of suspension and microgel experiments. In 

suspension simulations, Pd for an isolated cell is low during the first day of culture, 

increasing rapidly to unity thereafter. For microgel simulations, for the sake of simplicity, 

Pd is taken to be zero. 

Thus, the probability of death for isolated cells in suspension and microgel culture 

respectively can be defined as follows 

𝑃𝑑 == {
1

1+𝑒−100(∆𝑡−8)
,   suspension

0, microgel 
                                                                                     (3.2) 

where ∆t is the number of timesteps (each timestep represents 3h) where a cell is not 

adhered to another cell. This equation  

gives a rapid increase in the death probability after ∆t = 8 (1 day) for suspension culture, 

whilst Pd = 0 for microgel cultures for 0 ≤ ∆t ≤ 168 timesteps, see Figure2. Note that the 

functional form of Pd in Eqn. (1.2) is simply chosen to reproduce the assumed qualitative 

behaviour of the cells in the two different culture environments described above. In the case 

of suspension culture, other functions that increase rapidly to unity after a period of 1 day 

would be expected to produce similar results.  

The CA model was run at a timestep of Ts of 3 hours. The initial population was set to 

ρ0 = ρ(0) = 0.05 in suspension and ρ0 = 0.005 in microgel to have the best fit to the 

experiments. The reason for this difference is that in suspension most cells settle down and 

interact in a layer close to the substrate, whereas the cells in microgels lie in multiple layers. 

Note that ρ0 represents the effective initial population of cells in our 2D CA model, i.e. the 

cells that interact with each other within a layer, not the total population of cells in a well.  

This leads to a considerably higher effective ρ0 for the suspension culture case where the 

cells are mainly within one layer, compared to the microgel, where they are distributed more 

evenly throughout the gel.  
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The length of the lattice side was scaled down to half: 150 sites, similar to the size of the 

images of the experiments. Moreover, a periodic boundary condition was applied in the 

simulations. This means that when a cell moves out of the domain at one side, it will re-enter 

from the opposite side. Applying periodic boundary conditions mitigates the effect of 

boundaries on the distribution of cells [38], since there is no physical boundary present at 

the edge of the experimental images with which we aim to compare our results. 

The size of the clusters (cluster diameter) was calculated as follows. Firstly, the areas of 

the clusters were computed, using the function #bwarea in MATLAB. This function gives 

an estimate of the area, n, created from adjacent connected pixels, using the algorithm 

explained in [43]. Multiplying the area by 152 (area of a cell), gave the area of a cluster in 

µm2.  The cluster diameter, D, was then calculated as the diameter of a circular cluster of 

equivalent  area – i.e.: 

𝐷 = 30√
𝑁
𝜋

 

3.3.8 Data analysis 

All experimental data were expressed with mean ± standard deviation. Student’s t test was 

used to for statistical analysis. Data were considered to be significantly different at p ˂ 0.05.  

 Results and discussion 

3.4.1 Cell proliferation 

We have previously used synthesized microgels to culture mesenchymal stem cells and cell 

proliferation in the microgels was found to be better than that by the conventional two-

dimensional cell culture [34-36]. We again employed this novel three-dimensional cell 

culture platform in this study to form HeLa tumor spheroids and compare them with 

suspension culture controls. When HeLa cells are cultured in the microgels, the cells display 

rapid proliferation in the first 7 days, maintain a dynamically balanced cell growth from day 

7 to 14, and start to decrease in cell number from day 14 to 21 as shown in Fig. 3-4. A similar 

trend of cell proliferation was also observed for the cells in suspension culture. Interestingly, 

the growth kinetics for HeLa cells in microgels are quite similar to those of tumour in vivo 

[44].  
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Figure 3-4 HeLa cell proliferation inside microgel network 
 

At day 1 the MTT result shows cells growing within microgels or in suspension have a 

very similar absorbance rates which indicates good biocompatibility of the P(NIPAM-AA) 

microgels with HeLa cells. At day 7, cells in suspension proliferate relatively faster than 

those within the microgels. However, the number of viable cells increases significantly in 

microgels, which means oxygen and nutrients can diffuse through the microgel pore 

networks to support cell growth. As cell growth progresses, the number of proliferating cells 

starts to decrease and the proportion of non-proliferating (quiescent) cells starts to increase 

[44]. This may be due to the maximum cell density being achieved in each well [37]. 

However, the lower growth rate in the microgels in the previous 7 days results in more rapid 

growth from day 7 to day 14 in comparison with suspension culture. At day 21, the viable 

cell number with and without gels shows a dramatic drop. This may be due to formation of 

large clusters in which the inner cells are dead because of limited oxygen and nutrients. At 

this stage, the maximum size of clusters is reached, and there are many more inner dead 

cells. Cell death may also due to toxic products discharged by the cells [37].  

3.4.2 Spheroid structure analysis  

The Live/Dead viability and cytotoxicity kit was further employed to examine the structure 

of individual tumour spheroids. Live cells are coloured green, whilst dead cells are red. The 

fluorescent images clearly show the inner structure of the spheroids. Fig. 3-5(a-d) illustrates 
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the progression of spheroid development. At day 1, the single cells are dispersed in the 

microgel network. At day 7, as shown in Fig. 3-5 (b), small clusters are able to be seen and 

the inner cells become dead due to starvation of oxygen, glucose and other nutrients as well 

as accumulation of toxic metabolites secreted by cells [44]. A solid and compact spheroid 

structure appears at day 14, and dead cells in the central core are distinguishable from those 

in the outer layers. At day 21, the compact structure becomes loose and some cells detach 

from it and start to migrate. High-resolution SEM images in Figure 4 clearly reveal the 

spheroid structure. Cells are tightly bound to each other to form a nearly spherical structure 

(Fig. 3-5(e)). The strong interactions between cells are due to the extracellular matrix (ECM) 

derived from cells (Fig. 3-5(f) and Fig. 3-13, supporting document). This confirms that the 

ECM is one of the key driving forces which maintains the structure.  

 

Figure 3-5 HeLa cell Live/Dead and SEM images. (a-e) HeLa cells fluorescent images 
within microgels network at day 1, day 7, day14, day 21 respectively. Scale bar is 100µm. 
(e,f) SEM of a HeLa cell spheroid at day 7.  

 

3.4.3 Spheroid size analysis 

The physiological state of spheroids is dependent on their size, and the cell density within 

them. Three dimensional cell-cell and cell-matrix interactions are established when the 

spheroid size reaches 150 μm and gene expression profiles are significantly altered, 

compared to 2D culture. Chemical gradients, such as oxygen, nutrients and catabolizes, are 

developed at diameters between 200 and 500 μm, and a central secondary necrosis is 
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established for a diameter greater than 500 μm. Thus, spheroid size has a great impact on 

drug screening. Optical images were used to study the morphology of the spheroids, and the 

images are presented in Figure 4. 4x magnification images reveal the evolution of cluster 

sizes at each time stage. It can be seen that cells remaining inside microgels tend to form a 

cluster structure at a slower rate than those in suspension. At day 7, without the control of 

microgels, cells cultured in the suspension medium have been packed a cluster structure (Fig. 

3-6a), while cells grown in the microgels form a much smaller cluster containing two or 

three cells (Fig. 3-6b). At day 14, a clear spheroid structure can be observed both within and 

without microgels. However, the size of the cluster in microgels (Fig. 3-6c) is considerably 

less than those in suspension medium (Fig. 3-6d). A number of single cells are seen in the 

microgel system. After culturing for 21 days, the number of clusters within microgels 

increases although some single cells can still be observed (Fig. 3-6e). In suspension culture, 

the number of clusters begins to drop but the size of the clusters continues to increase (Fig. 

3-6f).  

 

Figure 3-6 HeLa cells within and without microgel at different culture days released 
from microgel at room temperature. Scale bar is 500µm. (a),(c),(e) is HeLa cells within 
microgels culture after 7 days, 14 days, 21 days respectively. (b), (d), (f) is HeLa cells in 
suspension culture after 7 days, 14 days and 21 days respectively.   

 

Clusters may be formed due to interactions between two neighboring cells or between 

parent and the daughter cells, depending on their physical locations and the secretory 
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molecules surrounding them [31]. Clusters in the suspension medium may be formed due to 

interactions between parent and daughter cells as well as neighboring cells. Further increases 

in cluster size may be due to cluster-cluster, cluster-cell and cell-cell interactions. However, 

inside the microgels, the restraint provided by the microgel networks slows down the 

formation of cell clusters. Neighboring cells inside the scaffold are separated by the physical 

barriers formed by the microgel network and they cannot migrate freely to form clusters. 

Most likely, clusters are formed by parent cells and their adjacent daughters. In the first day, 

the initial cell density is low, and cells are scattered inside the microgel network. Gradually 

cells start to proliferate and two-cell clusters are formed. As the culture time extends, 

multicellular spheroid structure are generated.  

3.4.4 Cluster size distribution 

The optical images were further analyzed using an imaging software package to obtain the 

size distribution of the clusters which is shown in Fig. 3-7. At the first 7 days, cells grown 

in microgels form clusters with a size range of 20 µm to 70 µm (Fig. 3-7a). By contrast, cells 

grown in suspension form larger clusters more rapidly. More than 60% of the clusters are 

bigger than 70 µm. Most clusters are around 70 µm to 120 µm (Fig. 3-7b). At day 14, a shift 

in spheroid size towards larger sizes becomes more evident in both types of culture. The 

majority of clusters in microgels are around 70 µm to 120 µm with a narrow size distribution, 

while the cluster size in the suspension medium shows a much wider distribution. Equal 

numbers of spheroids are found in the range of 70 µm to 120 µm and 120 µm to 170 µm. 

Bigger-sized clusters can be observed in the suspension medium than in microgels. At day 

21, the cluster size increases again. The incremental rate of cluster size growth in the 

suspension medium is much faster than that in the microgels. In microgel scaffold culture, 

the majority of the cluster size is at a range of 70 µm to 120 µm, with a relevantly narrower 

size distribution than that without microgels.  

The stiff microenvironment formed by the microgels has a significant impact on the size 

distribution of spheroids. It has been reported that a higher stiffness surrounding cells results 

in much smaller spheroids [45]. The microgels generated in the study are relatively soft, with 

an elastic modulus (G’) of around 1 Pa, far less than the values reported ranging from 241 

to 1201 Pa G’ of other hydrogels[45]. It would be expected that a higher stiffness may also 

lead to a very narrow size distribution. However, spheroids with a size below 150 μm 

generated in the in vitro environment may not be able to represent the tumors in the human 

body. It is clearly shown that the soft microgels in our study can significantly reduce 
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variability in spheroid size and also produce spheroids with a size range similar to the in 

vivo environment.  

 

Figure 3-7 HeLa cells spheroids size distribution. (a),(c),(e) is HeLa cells within 
microgels culture after 7 days, 14 days, 21 days respectively. (b), (d), (f) is HeLa cells in 
suspension culture after 7 days, 14 days and 21 days respectively. 

 

3.4.5 Sphericity 

The measurement of sphericity was based on the central moment, and the sphericity was 

defined as the ratio of perimeter of the object (P) to that of a circle with the same projected 

area as the object (πdeq) [46]. The calculated sphericities for spheroids with and without 

microgels are shown in Fig. 3-8. 

𝑠 = 𝑃/𝜋𝑑𝑒𝑞 

It can be seen from Figure 7 that the sphericity in the suspension does not vary with the 

culture time. Above 70% of clusters have sphericity of 0.4 to 0.6, which means the shape of 
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the clusters is far from spherical. In the microgel culture, at day 7, the sphericity seems 

similar to that in the suspension medium. However, over 70% of clusters present sphericity 

of 0.8-1.0, showing that the most of clusters exhibit a spherical shape. As the culture time 

extends to 21 days, the sphericity shifts from 0.8-1.0 to 0.6-0.8, with the frequency of 

eccentric shapes increasing after 14 days in culture.  The results demonstrate the stiffness of 

the microenvironment formed by microgels also plays a role in maintaining the spherical 

shape of spheroids.  

 

Figure 3-8 Shpericity of HeLa clusters within and without microgels. (a),(c),(e) is HeLa 
cells within microgels culture after 7 days, 14 days, 21 days respectively. (b), (d), (f) is HeLa 
cells in suspension culture after 7 days, 14 days and 21 days respectively.  

 

3.4.6 CA model 

Fig. 3-9 shows the pattern and distribution of clusters in suspension and microgel 

simulations.  Here, we consider extreme cases for Pm of is 1 for suspension and 0 for 

microgels respectively. Thus, the cells are very motile in suspension and the cells in microgel 

do not move at all. Note that in the histograms clusters with n < 7 are not included, since 

they are too small to be considered as spheroids. 
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Figure 3-9 Patterns of spheroid formation and distribution of cluster size in microgel 
(left box) and suspension (right box) simulations. (a,d) day 7, (b,e) day 14 and (c,f) day 
21. The average with the %95 confidence intervals of t-distribution are depicted for 50 
simulations. In suspension: Pm = 1 and ρ0 = 0.05. In microgel: Pm = 0 and ρ0= 0.005. The 
lattice has side of L = 150 sites, the range of attraction is l = 3, the probability of biased 
movement is Pb = 0.9, the proliferation constant is k = 0.06, the carrying capacity is C = 0.6 
and the death probability is defined in Eqn. (1.1). The dead cells are not shown in the images.  

 

Comparing Fig. 3-9 with Fig. 3-6 shows that the simulation results are in good agreement 

with the experimental results. At day 21, the average cluster size is �̅� ≈ 160 µm and the 

standard deviation of the cluster size is δ ≈ 220 µm for simulated suspension cultures, while 

�̅� ≈ 72 µm and δ ≈ 67 µm for simulated microgel cultures. Hence, the distribution of 

clusters is more uniform in the microgel with a lower standard deviation and the average 

cluster size is smaller as well. 
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Figure 3-10 Parameter sweeping test. Standard deviation, δ, and average, �̅�, of cluster size 
are depicted. (a,b) microgel: ρ0  = {0.005, 0.01, 0.015, 0.02}. Pm = 0 black, Pm = 0.005 blue 
and Pm = 0.01 red. (c,d) suspension: ρ0 = {0.035, 0.04, 0.045, 0.05}. Pm = 0.8 black, Pm = 
0.9 blue, Pm = 1 red. The points in the graphs are computed average over 50 simulations and 
the error bars are %95 confidence intervals of t-distribution. The values of the other 
parameters are the same as in Fig. 3-9. 

 

The main differences between the simulated suspension and microgel experiments are in 

the motion of cells and the initial cell density. We aim to understand how each of them 

affects the distribution of cluster size, and so, parameter-sweeping tests were carried out in 

which one of the parameters is varied while the others are kept constant. We swept the 

parameters in a physically plausible region, i.e. where their values are within a range that is 

consistent with the physical properties of the medium. Small variations about the previous 

values of Pm and ρ0 (see the caption of Fig. 3-10) are analyzed. 

We have also examined general cases where the parameter ranges are not necessarily in 

the plausible region, see supporting document Fig. 3-14and Fig. 3-15. This allows us to 

analyses other different media that might be used for spheroid formation in future work. 
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The parameter sweeping was done for 150×150 lattice with ρ0 = {0.005, 0.01, 0.015, 

0.02} and Pm = {0, 0.005, 0.01} in the microgel and ρ0 = {0.035, 0.04, 0.045, 0.05} and Pm 

= {0.8, 0.9, 1} in suspension. Fig. 3-10 shows that �̅� and δ increase with ρ0. Thus our model 

suggests that using a higher initial cell density, ρ0, leads to formation of bigger clusters, 

which is desirable, but this has the unwanted effect of reducing the uniformity of cluster size. 

Hence the choice of ρ0 would involve a trade-off between cluster size and size-variability. 

As illustrated in Fig. 3-10b and 3-10d, our model predicts that the rate of increase of δ 

with ρ0 for microgel culture is greater than for suspension culture. Thus, increasing the initial 

population would have a more deleterious effect on the uniformity of the clusters in 

microgels compared to suspension culture. 

Sweeping the values of Pm in a wider range, we determined that motility of cells can 

strongly affect �̅� and δ. Figure S4 in supporting document shows that increasing Pm leads 

to the formation of bigger clusters. The reason is that, when Pm is high enough, randomly 

moving cells can find bigger clusters nearby and attach to them. In addition, the highly motile 

cells in small clusters are more likely to find bigger clusters and attach to them. Therefore, 

increasing Pm can reduce the number of small clusters and increase the number of larger 

ones. Further details can be found in the supporting document. 

 Conclusion 

In summary, we conducted a serial of experiment to demonstrate the advantages of using 

microgel scaffolds to culture tumour spheroids instead of conventional suspension culture 

methods. Microgel culture produces more uniformly-sized spheroids, with a more spherical 

shape. Also it could be used for saleable production of multicellular spheroids. The 

introduction of the microgel network can be helpful to mimic the stiff environment of tumour 

growth in vivo. Spheroids produced by our technique can be easy released and collected. 

Further study on the mechanism of cells’ behavior in microgels can be conducted, and it will 

be meaningful to understand the spheroid formation progress in real tissue. This material, 

with some modifications, could be used to re-create a controlled microenvironment for other 

scaffold applications such as regeneration medicine, tissue engineering and so forth.  

We developed a CA model to explore the reasons for the different size distributions 

observed in spheroids grown in microgels and suspension culture. In the model, the cells 

behave according to rules for movement, proliferation and death.  We tried to keep the model 

as simple as possible in order to focus on the effect of the major parameters on the spheroid 
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formation. The CA model was developed in two-dimensions, since this facilitates 

comparison with the two-dimensional experimental images, and also reduces the 

computation time required.  

Our CA model was successfully able to reproduce the experimental results for spheroid 

formation rate and size distribution, for both microgel and suspension cultures. Our results 

are thus consistent with the main differences between cells in the two different cultures being 

in their proliferation and death rates, and their initial effective density. Hence, the more 

uniform size distribution of spheroids produced by microgel culture could be due to its 

ability to separate the cells in multiple layers, reducing the effective initial density. However, 

even when the number of cells is low, the microgel provides a substrate for cells to survive 

and proliferate, so spheroids can still be produced. By contrast it is not possible to reduce 

the initial population of cells significantly in suspension cultures, since the cells would die 

out and spheroid formation would not occur.  

 The model predicts that the initial cell density plays a crucial role in determining the 

features of the formed spheroids. For the parameter ranges we considered, higher initial 

densities led to larger spheroids, but at the cost of introducing greater variability in spheroid 

size. This effect was predicted to be more pronounced for microgel cultures than suspension 

cultures. Further experiments will be required to test these predictions. 
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1.  

 

Figure 3-11 FTIR for P(NIPAM-AA) 
  

70

75

80

85

90

95

100

5001000150020002500300035004000

%
Tr

an
sm

it
ta

nc
e

Wavenumber(cm-1)

17001800



  Chapter III 

87 

 

2. 

 

Figure 3-12 pH and conductive Titration of P(NIPAM-AA) microgel 
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3. 

 

Figure 3-13 SEM of a HeLa spheroid showing cell to cell interaction 
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4.  

 

Figure 3-14 Parameter sweeping with a same range of Pm for the culture media. 
Standard deviation, δ, and average, �̅� , of cluster size are depicted for (a,b) microgel and 
(c,d) suspension. The curves are for Pm = {0, 0.2, 0.4, 0.6, 0.8, 0.1} with the colours as 
indicated in the legends of the graphs. Other parameters are the same as for the simulations 
of Figure 3-9 

 

Here, we assess spheroid formation for a wider range of Pm values. This allows to analyse 

this process for culture methods with different characteristics than those of the experiments 

reported in this paper. 

Fig. 3-14(a) and 3-14(c) show that �̅� increases with Pm (see also Figure 3-15(a) for 

further simulations of microgel). This is because when the cells are able to move freely, 

random movements help them to find clusters in their surrounding area and adhere to them. 

The simulations show that even cells in small clusters may find larger ones in their 

neighbourhood and attach to them. This leads to removal of some of small clusters and 

formation of bigger ones.  

Fig. 3-14(d) illustrates a big gap between δ for Pm=0 and δ for other values of Pm in 

suspension. This occurs due to the fact that cells die when they cannot move towards the 

other cells and adhere to them. Hence, few clusters remain after 21 days and this results in a 

lower standard deviation of cluster size. However, we note that this is not practically 
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desirable. This figure indicates that there is no significant difference between the curves of 

δ for higher values of Pm. 

The standard deviation of cluster size for microgels is quite different: δ reduces with Pm, 

see Fig. 3-14(b). This means that a hypothetical medium allowing higher cell motility (whilst 

retaining the other features of microgels) might improve the uniformity of size of the 

clusters. However, this is not applicable to the experiments undertaken here as the parameter 

regime for those cases is quite different. However, these results give insights into how 

different culture methods might affect spheroid formation. 
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5. 

 

Figure 3-15 Microgel simulations with low values of Pm = {0, 0.005, 0.01, 0.05, 0.1, 0.2}. 
(a) standard deviation, δ, and (b) average, �̅� , of cluster size are depicted. The value of Pm 
for each curve is indicated in the legends. Other parameters are the same as for the 
simulations of Figure 3-10. 
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Table 3-1 Preparation of P(NIPAM-AA) microgels 

NIPAM AA MBA SDS KPS 

9.9 mmol 0.1 mmol 0.2 mmol 0.12 mmol 0.1 mmol 

1.12g 6.86 µL 31 mg 35 mg 27 mg 
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 Abstract  

Multicellular spheroids (MCSs) have a unique structure to represent the in vivo complex 

tissues and they have many potential applications, such as drug screening and evaluation. 

Traditional methods of fabricating MCSs have a low throughput and are incapable of 

controlling the MCS size and recovering MCSs during the harvest process. We developed a 

microfluidic approach to encapsulate Hela cells in thermoresponsive microgel-based droplet. 

After the microgels were turned into gel by raising the temperature to 37 °C, the oil residues 

were removed and the droplets were suspended in the cell culture medium to culture cells 

into spheroids. The microgel network provided a physical scaffold for cells so that cell 

aggregates formed in a mimicking in vivo condition. Due to the thermal reversibility of 

microgels, MCSs were released and harvested from the microgels droplets by simply cooling 

the droplets down to room temperature. This approach may open a new door for generating 

and harvesting uniform-sized MCSs 

Key words: Biomaterial, Droplet, Thermal sensitive microgels, Tumour spheroids  
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 Introduction 

Most cells in the human body are living in a three-dimensional (3D) environment through 

interactions with neighboring cells and extracellular matrices (ECM) which are missing in 

traditional two dimensional monolayer culture [1]. Cell-cell and cell-ECM interactions have 

great impact on many biological activities such as homeostasis and cell signaling through 

functional junctions between cells [2]. The 3D cell culture model based on multicellular 

spheroids (MCSs) is a powerful tool to recapitulate the cell-cell and cell-matrix interactions 

that have been found in vivo [3] to preserve cellular viability, functionality and phenotype 

[4, 5] as well as a building bridge to connect cell-based and animal-based study [6]. Hence, 

a myriad of methods have been developed for fabrication of MCSs.  

Conventional methods such as the hanging drop [7-9], the gyratory method [10, 11], non-

adhesive culture [12], micro-fabricated confined culture [13, 14], accelerated aggregate-

forming method [15] as well as liquid overlay culture [16] has been explored. Among them, 

micro-fabrication technology have been recently pursued due to the manipulatable sizes and 

shapes of MCSs in the confined environment. Microarrays [17], microwells [18] and 

microfluidic devices [19] are fabricated to generate small cavities and a high cell density is 

seeded in these cavities so that cells aggregate rapidly in such a confined environment to 

form MCSs. However, in this method, cells tend to settle in the bottom of the cavity due to 

gravity and the formed MCSs are unable to easily recover from the microfabrication devices.  

Cell encapsulated in microfluidic channels is achieved by mixing the cell-laden 

hydrogels in one channel with crosslinking agents from another channel(s). This approach 

allows rapid formation of high-throughput [20] and miniaturized bioreactors for cell culture 

[21]. To date, hydrogels like alginate, agarose, gelatin and poly (ethylene glycol) [22-25], as 

well as double emulsion [26] have been attempted to encapsulate cells inside of droplets. 

Very few attempts are reported to culture cells in the crosslinked gel for a long term. Since 

the polymers are chemical crosslinked, potent or toxic chemicals may be required to break 

the shell to release MCSs [27]. For the double emulsion encapsulation since the middle layer 

between cells and the culture medium is an oil phase, the oxygen and nutrient diffusion rate 

is low, and this becomes the constraints for MCS growth.  

In this study, we proposed a droplet-based microfluidics system to form and release 

spheroids as described in Fig. 4-1. HeLa cells were encapsulated inside the Poly (N-

Isopropylacrylamide-co-acrylic acid) (P(NIAM-AA)) microgel based droplets. P(NIPAM-
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AA) has a unique amphiphilic structure so the microgel network is thermal reversible. Its 

porous structure not only provides the physical support to embed cells in a 3D 

microenvironment but also allows sufficient oxygen and nutrient transportation. Our group 

has succeeded in using P(NIPAM-AA) microgels for culture of stem cells and HeLa tumor 

spheroids [28]. The cell-laden P(NIPAM-AA) microgel aqueous solution was squeezed into 

individual droplets by the oil phase from two side channels. The droplets were collected, 

heated and re-suspended in the cell culture medium for long-term culture for MCS formation 

after removal of oil residues. MCSs were harvested by cooling the gel to room temperature. 

The Lattice Boltzmann model (LBM) was employed to simulate the droplet formation 

process to optimize the control parameters. We are the first group to propose a droplet-based 

microfluidics system to form and release spheroids using thermal-responsive synthetic 

polymers. Different from natural polymers, this unique thermoresponsive material can 

release MCSs easily after long-term culture without introduction of toxic chemicals. In 

addition, through copolymerizing different co-monomers, the properties of the synthesized 

polymers can be tuned for different types of cells. 

 

Figure 4-1 Droplet generation and cell encapsulation through microfluidics. (a) Droplet 
generation process inside a micro-channel; (b) Dimension and geometry of the micro-
channel; (c) Multicellular spheroid formation inside the droplets and release from the 
droplets. 
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  Materials and methods 

4.3.1  Materials  

N-Isopropylacrylamide(NIPAM, 99%+), acrylic acid (AA), N,N-

methylenebisacrylamide(MBA, 98%+), potassium persulfate (KPS,99%+), and sodium 

dodecyl sulphate (SDS, 98.5%+) were purchased from Sigma-Aldrich. NIPAM was 

recrystallized in n-hexane for purification and dried in vacuum at room temperature. 

Dulbecco’s Modified Eagle’s Medium (DMEM), penicillin-streptomycin, phosphate-

buffered saline (PBS), fetal bovine serum (FBS) as well as the Live/Dead 

viability/cytotoxicity kit (L3224) were purchase from Life Technologies.  

4.3.2  Microchip fabrication  

The geometry of the microchannel with its dimensions is shown in Fig.1. SU-8 50 

photoresist (MicroChem, USA) was used to prepare the photolithography on silicon wafers. 

The soft-lithography technology was used to fabricate the PDMS-based micro-channels. 

PDMS was mixed with the curing agent at a ratio of 10:1 before pouring onto the silicon 

wafer. After placing it in the oven at 80 °C for 2 hr, PDMS was peeled off from the wafer. 

The inlet and outlet holes were punched.  A cover slide was coupled with the micro-channel 

side after oxygen plasma treatment for 40 s at 20 W.  

4.3.3  Microgel synthesis  

Free radical emulsion polymerization was carried out for P(NIPAM-AA) microgels based 

on the formula provided in Table 1. For a standard procedure, 9.9 mmol NIPAM and 0.1 

mmol AA, 0.2 mmol MBA (31 mg) along with 0.2 mmol SDS (57.5 mg) were dissolved in 

97 mL Milli-Q water. After mixing thoroughly, the solution was transferred into a 250 ml 

three-necked flask. The flask was fitted with a condenser and a mechanical stirrer.  The 

solution was degassed under a nitrogen atmosphere for 30 min before moving to a pre-heated 

70 °C bath. 3.0 mL KPS aqueous solution (0.1 mmol, 27 mg) was injected into the solution 

to trigger the polymerization. The synthesis lasted 5 hr under continuous stirring and 

nitrogen atmosphere. After the polymerization, the microgels were purified by membrane 

dialysis (the cut-off Mw of 12-14 kDa) against Milli-Q water for a week and Milli-Q water 

was changed daily. The purified microgels were concentrated by heating up to 70 °C with 

continuous stirring. 200 μL microgel dispersion was dried at 70 °C in order to calculate the 

concentration of microgels. 
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4.3.4  Cell culture  

The HeLa cells were incubated in a pre-mixed culture medium (DMEM with 10 % FBS, 100 

units per mL penicillin) in a humidified environment with 5 % CO2 supply at 37 °C until 

confluence and they were harvested for droplet encapsulation. 

4.3.5  Droplet generation and cell encapsulation  

The microgel dispersion was mixed with cells at a cell density of 2.5×105 /mL at a ratio of 

3:2 to obtain a final concentration of 1.0 ×105 cells/mL. The mixed solution was pumped 

through a syringe pump at a flow rate 20 μL/hr into the middle inlet. Cooking oil was pumped 

into both side inlets at a flow rate of 100 μL/hr. The droplets were collected from the outlet 

of the microchannel, and stored in the oil in a 24 well-plate.  

4.3.6  Three-dimensional cell culture in the droplet  

After collecting all droplets, the cooking oil was heated up to 37 °C and the temperature 

maintained at 37 °C until all the droplets turned into white. The droplets were washed with 

pre-warmed PBS buffer 3 times to remove any oil residues. The droplets were dispersed in 

the pre-warmed culture medium. Cells were cultured for a predefined period and the culture 

medium was changed every two days.  

4.3.7  Spheroid morphologies   

The Live/Dead cytotoxicity/viability kit was applied to stain live and dead cells so that the 

cell cluster morphologies were observed. Typically, 1 µM calcein AM and 2.5 µM ethidium 

homodimer-1 (EthD-1) solutions was prepared based on the protocol provided from the 

supplier. Before staining the cells, the culture medium was removed first. The droplets were 

washed with warmed PBS buffer two times then the stain solution was added into the 

droplets. After 30 min incubation, the droplets were washed with warm PBS buffer again to 

remove the dye residue. The droplets were picked up by pipettes, and placed on a glass slide. 

The droplets were observed under a fluorescent microscopy.  

4.3.8  LBM modelling: Lattice Boltzmann immiscible two-phase model 

The Reis and Phillips model [29], which belongs to the RothmanKeller(RK) family and is 

based on the colour gradients to maintain a sharp interface, was used in this study. The 

advantage of this approach is its flexibility with the model parameters to be chosen, such as 

surface tension, density ratio and viscosity ratio between fluids on either side of an interface. 
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In this model, The Lattice Boltzmann equation with a single relaxation parameter for each 

fluid was applied with a D2Q9 lattice.  

The distribution function for a fluid of colour k (with k = r for red and k = b for blue) 

was noted as 𝑁𝑖𝑘 = (�⃗�, 𝑡), and 𝑁𝑖 = (�⃗�, 𝑡) was the sum of 𝑁𝑖𝑟 = (�⃗�, 𝑡) and 𝑁𝑖𝑏 = (�⃗�, 𝑡). If 

the time step was set as △t = 1, the algorithm was based on the following evolution equation:  

𝑁𝑖𝑘(�⃗� + 𝑐𝑖, 𝑡 + 1) = 𝑁𝑖𝑘(�⃗�𝑖, 𝑡) + 𝛺𝑖𝑘(𝑁𝑖𝑘(�⃗�𝑖, 𝑡))      (1) 

Where 𝑐𝑖 was the velocity vectors[30], and 𝛺𝑖𝑘 was the collision operator, which was the 

combination of two sub-operators[30] 

𝛺𝑖𝑘 = (𝛺𝑖𝑘)(1) + (𝛺𝑖𝑘)(2)    𝑖 = 0… .8       (2) 

The first sub-operator (𝛺𝑖𝑘)(1) was the standard BGK operator for the single-phase LBM, 

and (Ω𝑖𝑘)(2) was the two-phase collision operator[29]. The distribution functions were 

relaxed towards a local equilibrium and ωk was the relaxation factor: 

(𝛺𝑖𝑘)
(1)
(𝑁𝑖𝑘) = 𝑁𝑖𝑘 − 𝜔𝑘(𝑁𝑖𝑘 − 𝑁𝑖

𝑘(𝑒))       (3) 

 The density of the fluid k was given by: 

𝜌𝑘 = ∑ 𝑁𝑖𝑘𝑖 = ∑ 𝑁𝑖
𝑘(𝑒)

𝑖           (4) 

The total fluid density was the summation of the density of two phases ρ = ρr + ρb, and 

the total momentum was defined as: 

𝜌�⃗⃗� = ∑ ∑ 𝑁𝑖𝑘𝑐𝑖𝑘𝑖 = ∑ ∑ 𝑁𝑖
𝑘(𝑒)𝑐𝑖𝑘𝑖         (5) 

in which �⃗⃗� was the local velocity of the fluid. The equilibrium functions were formulated 

by [29]: 

𝑁𝑖
𝑘(𝑒) = 𝜌𝑘(∅𝑖𝑘 +𝑊𝑖 [3𝑐𝑖 × �⃗⃗� + 9

2
(3𝑐𝑖 × �⃗⃗�)2 − 3

2
(�⃗⃗�)2])    (6) 

These equilibrium distribution functions, 𝑁𝑖
𝑘(𝑒), were chosen for the conservation of 

mass and momentum [29]. The weight, Wi , was assigned for a standard D2Q9 lattice: 

𝑊𝑖 = {
4 9⁄ , 𝑖 = 1

1 9⁄ , 𝑖 = 2,4,6,8
1 36, 𝑖 = 3,5,7,9⁄

          (7) 

Moreover, ∅𝑖𝑘 as 
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∅𝑖𝑘 = {
𝛼𝑘,                𝑖 = 1

(1 − 𝛼𝑘) 5, 𝑖 = 2,4,6,8⁄
(1 − 𝛼𝑘) 20,      𝑖 = 3,5,7,9⁄

      (8) 

Where 𝛼𝑘 was a free parameter[29].  

Further, the color field ψ was a function with its value between -1 and 1.  The value of -

1 and 1 represented only red fluid or only blue fluid in the calculated grid, respectively. In 

an interface, the color field was between -1 and 1. 

𝛹 = 𝜌𝑟−𝜌𝑏
𝜌𝑟+𝜌𝑏

            (9) 

The LBM method was implemented in the Matlab code, which was modified from 

Leclaire et al. [30]  

  Result and discussion  

4.4.1  Droplet formation  

A polydimethylsiloxane (PDMS) microfluidic microchannel was fabricated using the soft-

lithography technique. The PDMS microchannel was designed as a flow focusing device, 

which was composed of one water channel in the middle and two oil channels at both sides 

to produce the immiscible interfaces when the two flows focused at the intersection. Two 

streams of continuous oil phase flowed through two sides and squeezed the forefront stream 

of the dispersed fluid into droplets. One of the important control parameters in the droplet 

generation was the flow ratio between the dispersed and continuous phase. When the flow 

ratio was beyond a certain point, the shear force generated from continuous flow streams 

was no longer strong enough to cut off the dispersed phase to form individual droplets, and 

a jetting flow pattern was produced [31]. We first used LBM simulations to map the flow 

patterns inside the microchannel by varying the flow ratios and then to determine the 

optimized flow ratio for droplet generation.  
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Figure 4-2 LBM simulation results at different flow ratios and comparison between 
simulation and experimental results. The dispersed aqueous solution entered the middle 
inlet at a fixed flow rate at 5 µL/h, and the continuous oil phase flew from the side inlets at 
different flow rates. Red represents water and blue represents oil. (a) LBM temporal results 
at a flow ratio of 1:4 of microgel dispersion phase to the oil phase. (b) Experiment results 
for temporal droplet formation in the same microchannel and at the same flow conditions as 
(a). The red arrow indicates the satellite droplet occurring during the experiment. (c) LBM 
results at a flow ratio of 1:1. (d) Experimental results in the same microchannel and at the 
same flow conditions as (c). (e) LBM results at a flow ratio of 1:6. (f) Experiment result in 
the same microchannel and at the same flow conditions as (e). (g) Droplet size distribution 
at a flow ratio of 1:4 between the dispersed and the continuous phase. Scale bar is 200µm. 

 

The LBM approach has been widely applied to predict and simulate the fluid flow in the 

microchannel due to its well-defined boundary conditions [32]. Fig. 4-2a,c,e show temporal 

development of droplet generation at different flow ratios and the simulation results are also 

compared with experimental results shown in Fig. 4-2b,d,f. At a flow ratio of 1:4 between 

the dispersed and continuous fluid as shown in Fig. 4-2a, the flow of the central fluid was 

disturbed by two flows from the side inlets and a spherical shape was formed at the forefront 

of the flow. The central stream was attenuated at the merging position by side streams. The 

attenuated part was further stretched and a single droplet was produced because the surface 

tension force was not able to maintain the neck of the spherical part at the forefront. Due to 

disparity of the capillary force during the droplet formation, satellite droplets were observed 

as indicated by the red arrow in Fig. 4-2a and Fig. 4-2b [33]. The droplet evolution as the 

flow development inside the channel from LBM was further compared with that from 

experimental observations shown in Fig. 4-2b. The predictions were able to map the fluid 

flow from the experimental observations. To further increasing the fluid flowrate at the side 

inlets to keep a flow ratio of 1:6, individual single droplets were generated as shown in Fig. 
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4-2e. As the force generated from the side streams was larger than that at a flow ratio of 1:4, 

the attenuated part was less stretched. The size of droplets was around 100 μm, smaller than 

that for the flow ratio of 1:4 (around 200 - 300 μm). At a flow ratio of 1:1, a jetting flow 

pattern [31] was observed inside the microchannel (Fig. 4-2c). A stable immiscible oil/water 

interface was developed as the central fluid traveled along with the continuous phase. The 

force from the side flows was not strong enough to squeeze the central fluid into droplets, 

and the spherical shape at the forefront was elongated as the fluid further developed inside 

the channel. The predictions were in agreement with the experimental image as shown in 

Fig. 4-2d. Fig. 4-2g shows the size distribution of the droplet at a flow ratio of 1:4. The 

majority (more than 40%) of the droplets have the size around 260 μm. More than 80% of 

the droplets are in the range between 250 - 350 μm. The distribution may reflect the nature 

of droplet coalescence within the microchannel in the absence of surfactants [34]. Based on 

the LBM simulations, the optimal flow ratio was chosen to be 1:4 for the following 

experiments.  

4.4.2  Droplet collection and thermal –reversibility  

P(NIPAM-AA) has a unique amphiphilic structure so the microgel network is thermally 

reversible, which was confirmed from the temperature dependence of its hydrodynamic size 

(Fig. 4-6) and elastic/viscous modulus (Fig. 4-7). The SEM image (Fig. 4-8) in supporting 

document shows a porous structure which not only provides the physical support for 

embedding cells in a 3D microenvironment but also allows sufficient oxygen and nutrient 

transportation. After collecting the droplets at the exit of the microchannel, the droplets were 

heated up to 37 °C, and their colour changed from transparent (Fig. 4-3a) into white which 

is shown at Fig. 4-3b. When the temperature of the microgels within the droplets was above 

the volume phase transition temperature of the microgels (VPTT, around 32ºC from our 

previous report [28]), the microgels became hydrophobic from hydrophilic due to the 

presence of N-isopropylacrylamide. In additional, due to hydrophobic attractions and 

electrostatic repulsions, physical gel was formed [28]. The physical gel presented a white 

cloudy colour, which is shown darkness under an optical microscope. The size of the droplet 

slightly decreased during the heating up process since the microgels shrank due to loss of 

surrounding water molecules.  

After washing the microgels with pre-warmed PBS buffer (37 °C) to remove the oil 

residue, the droplets were transferred into a pre-warmed culture medium. The physical gel 
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was able to maintain its spherical shape as shown in Fig.4-3c since at 37 °C, the hydrophobic 

nature of the microgel prevented water from entering into its inner structure. Fig. 4-3d-h 

demonstrate the collapse process of the microgel structure every two minutes when the 

temperature reduced to the room temperature. During the first 6 min, the colour of the droplet 

gradually changed into transparent and the droplets were able to maintain their size and 

shape. After 6 min, the droplets started to lose their shape, and the size of the droplets 

expanded, which indicated microgels were dispersed into water.  

We hypothesized that cells are encapsulated into the uniform-sized droplets generated 

from the microchannel, and then the droplets gel at 37 °C and disperse in the cell culture 

medium for cell growth and cellular spheroid formation, finally the cellular spheroids are 

released from the droplets after the temperature reduces to the room temperature for harvest, 

as shown in Fig. 4-1. Comparing with other previous reports using droplet encapsulation of 

cells [25, 27], in which cells are unable to release from droplets without strong or toxic 

chemicals.    

4.4.3  Three dimensional culture inside droplets  

We encapsulated HeLa cells inside the microgel-containing droplets. After suspending 

droplets in the cell culture medium for the pre-set days, we collected the droplets and cooled 

down to the room temperature to harvest the MCSs. We found out that it took 20 minutes to 

dissolve the droplets and release the MCSs. Fig. 4-4 shows the HeLa MCS formation process 

inside the droplets for up to 28 days. The microgels inside the droplet provided a 3D structure 

to support cell growth from our previous study [28]. The porous structure inside the droplet 

provided a 3D structure to support growth due to sufficient nutrient, oxygen and bio-waste 

transportation (Figure 4-8, supporting document). At day 7, cells proliferated and aggregated 

to form a few cell clusters in each droplet, and the cell cluster size varied depending on the 

initial cell distribution within the droplets in comparison with single individual cells at day 

1 as shown in Fig. 4-9 (supporting document), which was similar to cluster formation in the 

3D scaffold [35]. After continuing cell culture for another 7 days (Fig. 4-4b), the size of the 

big cluster increased to 40 - 50 μm while a few small clusters scattered around the big 

clusters. The loose structure indicates the first step of multicellular spheroid formation where 

cells are drawn together due to the combination of ECM fibers with multiple RGD motifs. 

At day 21 (Fig. 4-4c), smaller clusters aggregated into the big cluster to have a size of 50 μm 

and a few smaller clusters were observed within the droplet. At day 28, the edge of the big 



Chapter IV 

106 

 

cluster became smoother which indicated the spheroid compaction stage was reached [36] 

where the hemophilic cadherin-cadherin binding and microfilaments of cells become 

localized along the cell. Due to the controlled microenvironment provided from the droplet, 

the spheroid size can be manipulated by adjusting the droplet size, initial cell density and 

cell culture duration. Compared with the normal HeLa cluster size around 250 μm with a 

size variation of 50 µm in the conventional culture condition [21], this approach can provide 

more uniform-sized multicellular spheroids.  

 

Figure 4-3 Droplet collection and thermal response at different temperatures. (a) 
Microgel-containing droplet collection at room temperature in the oil. The dark edge of 
droplets is seen due to light reflection between oil and water. (b) The hydrophilicity of 
droplets turns into hydrophobicity at 37 °C in oil. Opaque hydrophobic droplets show 
complete darkness. (e) to (h) Snapshot of reversible changes of droplets in the cell culture 
medium when cooling down to room temperature every 2 minutes. Scale bar is 100 µm. 
 

To further investigate the cluster morphology, live/dead cells images were taken by 

staining cells with Live/Dead cell kit. Fig. 4-5 shows cluster formation process from variable 

cells within a droplet. This approach was less toxic to cells and most cells were still green 

up to 28 day culture, which means cells had a high viability. At day 7, within the droplet, 

smaller clusters started to form (Fig. 4-5a), and these clusters were drawn closely as cells 

(a) (b)

(c) (d) (e)

(f) (g) (h)



  Chapter IV 

107 

 

synthesized their extracellular matrices. After another 7-day culture (Fig. 4-5b), small 

clusters aggregated to form a loose structure, and a few single cells or small clusters were 

observed around the loose structure. At day 21 (Fig. 4-5c) the loose structure started the 

compaction process, but the cavities were seen inside the structure. After 28 day culture (Fig. 

4-5d), mature spheroids were obtained with a spherical shape and a very compact structure 

was observed.  

In this microgel-containing droplet microenvironment, cells are confined in the given 

space and aggregated to form the spheroids. Meanwhile the nutrients and wastes are 

transferred to the cell clusters to maintain cellular activities. Importantly, the spheroids are 

harvested simply by reversing the temperature to the room temperature without physical or 

chemical damage. Therefore, this technique can be used to generate size-controllable 

spheroids for further drug screening or biological investigations. 

 

Figure 4-4 MCSs formation inside the droplets at (a) day 7, (b) day 14, (c) day 21, (d) day 
28. Scale bar is 50 µm. Dash line is droplet boundary 

 

 

(a) (b)

(c) (d)

MCS
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Figure 4-5 Live/Dead images of the MCSs inside the droplets at (a) day 7, (b) day 14, (c) 
day 21, (d) day 28. Scale bar is 50 µm 

 

 Conclusions  

We developed an approach to encapsulate Hela cells in the thermoresponsive microgel-based 

droplets, and the cells were further cultured in the hydrogel network to form multicellular 

spheroids. A LBM simulation method was used to optimise the droplet formation process 

and a flow ratio between the center stream and two side streams was found to be over 1:4. 

After MCSs were formed in the microgels, the MCSs were recovered by cooling down to 

room temperature without introduction of any toxic chemicals. The full recoverability and 

3D controlled environment in the system render this approach a promising avenue for 

multicellular spheroid formation and harvest. 
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Figure 4-6 Temperature dependent hydrodynamic diameter of P(NIPAM-AA) 
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Figure 4-7 The temperature dependence of the dynamic moduli for 30 mg/mL 
P(NIPAM-AA) in PBS buffer. G’ is elastic (or storage) modulus. G” is viscous (or loss) 
modulus 
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Figure 4-8 SEM of porous microgels scaffold 
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Figure 4-9 Single individual cells are distributed in partially liquefied microgel 
solution. The single cells are shown in black spots in the solution.  
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 Abstract  

Tumor spheroids are considered as an effective 3D in-vitro model in drug screening and 

evaluation. Three-dimensional scaffolds-based cell culture becomes very promising in 

producing multicellular spheroids. Different from other approaches, 3D scaffolds mimic the 

in-vivo cellular microenvironment which encourages intercellular and extracellular 

interactions. The properties of the cellular microenvironment includes the surface 

wettability, chemistry, and charge of the scaffolds which may influence cell attachment, 

proliferation as well as migration and these properties are essential for multicellular 

spheroids formation. Through co-polymerization with different carboxylic acids, we 

demonstrate that the surface charge density and hydrophobicity of the microenvironment 

have a great impact on the tumour spheroids formation progress and their size distribution. 

Our results show that a scaffold with a moderate negative charge density and a highly 

hydrophilic surface promotes cell proliferation, resulting in the formation of larger spheroids 

in a more rapid way.  

Key words: Thermosensitive microgels, Tissue engineering, Microenvironment, 

Multicellular spheroids.  
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 Introduction  

Three dimensional tumour spheroids culture is considered as one of the advanced tools to 

screen and evaluate anti-cancer drugs. It provides a similar complex spatial and temporal 

structure that is seen in the in vivo environment [1], and duplicates the concentration 

gradients observed in the tumours spheroids from patients. This 3D spheroid culture has 

great potential in accelerating the novel drug discovery and development process [2]. 

Traditional approaches of culturing 3D tumour spheroids, such as liquid overlay based 

on non-adhesive surfaces [3-5], suspension culture in mechanically stirred spinner flasks [6-

8], and hanging drops [9-13], have been explored in the laboratory scale. A rotary cell culture 

system developed by National Aeronautics and Space Administration (NASA) has 

demonstrated its potential of commercializing the 3D spheroid culture in a large scale. 

Nevertheless, these approaches cannot create the in-vivo mimicking microenvironment for 

spheroids formation since they fail to provide the necessary physical support for the cells to 

replicate cell-extracellular matrix (ECM) interactions which are important for cell behaviors 

[14]. Furthermore a large variation in the spheroid size distribution and intensive labor 

demand also impede these conventional approaches for commercial success.  

Polymer scaffolds have been pursued for engineering tissues in the lab. Their rich 

networks and cellular mimicking matrices supply physical and structural support for tumour 

spheroids formation, facilitate cell-to-cell interactions and provide surfaces for cell 

attachment [15-17]. Natural hydrogels are one of the best candidates for the scaffold due to 

their biocompatibility. Most natural hydrogel scaffolds enhance cell proliferation as well as 

promote spheroids formation[18]. However, lack of design flexibility, expensive cost for 

some natural polymers, poor handling characteristics and poor reproducibility have 

hampered their applications in spheroids culture [19]. As a result, synthesized hydrogels 

have emerged as alternatives for the engineering scaffolds. Apart from the capability of 

mimicking key features of the extracellular microenvironment, they can also be modified to 

modulate cell behaviors and promote cell attachment [20]. It was reported that the stiffness 

of the hydrogels influenced cell viability and proliferation [21]. Proliferation and adhesion 

of cells on polymer materials were also affected by surface characteristics such as 

wettability, chemical groups, and surface charge [22]. Therefore, we proposed to synthesize 

a range of thermosensitive hydrogels to construct the microenvironment for tumour 

spheroids formation and the microenvironment was tuned for its 
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hydrophobicity/hydrophilicity, surface charge and chemical groups. In addition, cells on 

their own have different capacities of forming spheroids, and cells are also important for 

probing the interactions between cells and polymer scaffolds. Therefore, different cell lines 

were selected for investigating the impact of spheroid formation due to cellular properties. 

 
Figure 5-1 Fabrication and release of HeLa cells spheroids in the P(NIPAM) based 
microgels. (a) Cells are mixed with microgels at room temperature. (b) At 37°C, P(NIPAM) 
based microgels confine single cells in a three-dimensional network. (c) After placing cell-
laden microgels in the cell culture medium for a certain time, tumour spheroids are produced 
in 3D microgels. (d) Reducing the temperature to room temperature, 3D microgels turn into 
solution and spheroids are released from the liquefied solution. 

 

Through manipulation of the co-polymerization, different charged microgels have been 

successfully synthesized for mesenchymal stem cells culture [23-25]. In this study, we 

synthesized a range of microgels by co-polymerizing poly(NIPAM) with different carboxyl 

acids that exhibited different levels of hydrophobicity as well as surface charge density. As 

shown in Fig. 5-1, single cells were homogeneously seeded inside different microgel 

networks after heating to 37 ˚C. Cells grew in the cell culture medium to form clusters due 

to the interaction of multiple cells. After the desired size of clusters has been achieved, 

through cooling the system down to room temperature, the clusters were collected. By tuning 

the microenvironment, we assessed the impact of hydrophobicity/hydrophilicity, surface 
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charge and other chemical groups on the tumor spheroids formation. We also used the 

refined microenvironment for culturing different cell lines for spheroids formation. The 

outcomes will provide great insights into unlocking the mechanisms of tumor spheroids 

formation and establishing the spheroids model for drug screening and evaluation.  

 Materials and Method 

5.3.1 Materials  

N-Isopopylacrylamide (NIPAM), acrylic acid (AA), itaconic acid (IA), malic acid (MA), 

methacrylic acid (MAA), N,N’-methylenebis(acrylamide) (MBA), potassium persulphate 

(KPS) were ordered from Sigma-Aldrich, sodium dodecyl sulphate (SDS) were purchased 

from VWR. NIPAM was recrystallized in n-hexane and dried in vacuum at room 

temperature before synthesis. Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin-

EDTA, pencillin-streptomycin (PS) and fetal bovine serum (FBS) were purchased from 

Gibco.  3-(4,5-Dimethlthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was obtained 

from Merck. The LIVE/DEAD® Viability/Cytotoxicity Kit was purchased from Life 

Technologies. 

5.3.2 Microgel synthesized  

The P(NIPAM-AA) microgels were synthesized by free radical emulsion polymerization 

based on the method reported previously[23]. The same method was used for synthesizing 

P(NIPAM-MA), P(NIPAM-IA), P(NIPAM-MAA), and P(NIPAM) microgels. 9.9 mmol 

NIPAM, 0.1 mmol AA, MA, IA, or MAA, 0.2 mmol MBA and 0.12 mmol of SDS were 

dissolved in 97 mL of water. After stirring to thoroughly mix the solution, the mixture was 

transferred to a 250 mL three-necked flask connected with a condenser and a mechanical 

stirrer. Prior to the polymerization, the solution was under nitrogen atmosphere for degassing 

30 min. After degassing, the flask was placed into a pre-heated oil batch (70 ˚C). 3.0 mL of 

KPS aqueous solution (0.1 mmol) was injected into the mixture solution to initiate the 

polymerization. The polymerization was carried out for 5 h under the protection of nitrogen 

atmosphere with continuous stirring. After the polymerization, the solution was cooled down 

to the ambient temperature. The microgels were purified by membrane dialysis with a cut-

off molecular weight of 12-14 kDa against Milli-Q water for one week with a daily water 

change. The purified microgels were concentrated at 70 ˚C with continuous stirring. 
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5.3.3 Conductometric and potentiometric titration 

The amount of the carboxyl acidic group, MAA, AA, IA and MA, in the as-synthesized 

microgels was measured by conductometric and potentiometric titrations. Typically, the pH 

of a 100 mL microgel dispersion (0.1 mg/mL in Milli-Q water) was adjusted to pH 4.0 using 

1.0 M HCl aqueous solution. The solution was then titrated by adding 0.1M NaOH aqueous 

solution. After each addition of NaOH, the solution conductivity was monitored by a H18733 

conductivity meter and the pH was recorded using a pre-calibrated pH/mV meter 

(smartCHEM-pH, TPS Australia). 

5.3.4 Dynamic light scattering measurement 

Zetasizer (Malvern, Nano-ZS) was employed to measure the hydrodynamic diameter (dh) 

and zeta potential of the synthesized microgels (1.0 mg/mL in physiological saline (pH ≈ 

7.4)) by dynamic light scattering (DLS) at different temperatures. The DLS data were 

collected on an autocorrelator with a detection angle of scattered light at 90o. The intensity 

autocorrelation function was evaluated by the CONTIN software package. Zeta potential 

was obtained by conversion of the electrophoresis mobility using the Smoluchowski model. 

The swelling ratio (SR) of microgels was defined by  

𝑆𝑅 = (
𝑑ℎ(25°𝐶)
𝑑ℎ(40°𝐶)

)3 

Where SR is the swelling ratio, dh,(25° C) is the hydrodynamic diameter of the microgels 

at 25˚C and dh(40 °C) is the hydrodynamic diameter of the microgels at 40˚C. 

5.3.5 Rheological characterization 

Dynamic oscillation experiments of 30 mg/mL microgel dispersions (in physiological saline, 

pH ≈ 7.4) were carried out by a BA universal stress rheometer SR5 (Rheometric Scientific) 

with a 40 mm cone plate geometry. The gap was set as 0.0483 mm, and the temperature was 

controlled by a Peltier system attached to a water bath. The elastic (storage) modulus, G’, 

and the viscous (loss) modulus, G” were obtained at different temperatures from 20 to 40 0C 

under a controlled stress of 0.1 Pa and a frequency of 0.1 Hz. The rheological experiments 

were performed within the linear viscoelastic region. 

5.3.6 Hydrogel morphologies 

3 mL of each microgel dispersion at 30 mg/mL in PBS buffer placing in a 15 mL plastic 

centrifuge tube respectively was heated up in an incubator at 37 °C until microgel dispersions 



  Chapter V 

127 

 

turned into a physical gel. In order to maintain the microstructure of the microgel under the 

SEM, centrifuge tubes with gels were quenched by liquid nitrogen and dried under vacuum 

using a Christ Aplha 2-4 DL freeze dryer. The observation of morphologies of hydrogels 

networks was performed under a FEI Quanta 450 FEG environmental scanning electron 

microscopy (SEM) after surface platinum coating at an accelerating voltage of 20 kV. 

5.3.7 Tumor spheroid formation in microgels 

A T-75 flask was used to culture HeLa cells in a growth medium (DMEM with 10% FBS 

and 1% PS). The culture flask was placed at a 37 ˚C incubator in a humidified atmosphere 

with 5 % CO2 until cells became confluent. Trypsin was added into the flask to detach cells 

from the flask and cells were re-suspended into a complete growth medium at a cell 

concentration of 1.4×106 cells/mL. The HeLa cell dispersion was mixed with 50 mg/mL 

microgels (in phosphate buffered saline (PBS), pH≈7.2) at a volumetric ratio of 2: 3, which 

resulted in a final concentration of microgels at 30 mg/mL. 0.5 mL of cell-microgel mixture 

was seeded into each well of a 24-well plate at a cell density of 4.8×105 cells per well.  The 

cell-microgel mixture was placed in an incubator at 37˚C for 2 h until the mixture was 

converted into gel. 1 mL growth medium was added on the top of the soft gel in each well. 

Cells were incubated at 37 ˚C in a humidified atmosphere with 5 % CO2 and the growth 

medium was changed daily. Cells were harvested for further analysis at day 7, 14, and 21.  

5.3.8 Cell proliferation assay 

The standard MTT assay was employed to measure the cell viability during the cell harvest 

process. 100 µL MTT solution (5.0 mg/mL) was added into each well. After another 4 hr 

incubation, the medium was completely removed. 1 mL DMSO was added to dissolve the 

formazan crystals. All solutions from each well were transferred to a 96 well plate and the 

absorbance of the solubilized formazan crystals was recorded using an ELx808 Absorbance 

Microplate Reader (BioTek Instruments In., USA) at a wavelength of 490 nm.    

5.3.9 Spheroid morphology and structure analysis  

The spheroids were released and harvested by placing the cell-gel mixture at room 

temperature for 1 h until gels became solution and centrifuging the cell-microgel solution. 

An Olympus IX50 inverted microscope (USA) was utilized to observe the morphology of 

harvested HeLa cell spheroids. 
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The Live/Dead cell viability/cytotoxicity kit was used to assess live and dead cells in the 

spheroid structure. Based on the protocol from the supplier, a mixture of 0.75 µL calcein 

AM (green) and 3 µL Ethidium homodimer-1 (red) was added into 1.5 mL PBS. After 

removing the culture medium and washing the cell/gel mixture with pre-warmed PBS buffer 

for two times, 200 µL dye solution was added into each well. After dying, the mixture was 

incubated at 37 °C for another 30 min before rinsing spheroids with fresh PBS buffer two 

times. The stained spheroids were observed under a florescent microscopy. The excitation 

wavelength for calcein Am was selected to be 504 nm-553 nm, and for Ethidium 

homodimer-1 was 569 nm-619 nm.  

5.3.10 Data analysis 

All experimental data were shown as mean ± standard deviation. Student’s t test was 

performed for analyzing statistics. Data were considered to be as significantly different when 

p˂0.05.  

 Results and discussion  

5.4.1 Synthesis and characterization of thermo-responsive acidic microgels  

Different P(NIPAM) based microgels were synthesized by free radical emulsion 

polymerization. The crosslinker MBA, SDS emulsifier, and KPS initiator were fixed to be 

0.02 mmol, 0.012 mmol, and 0.01 mmol respectively. In this study, different carboxylic 

acidic monomers were used to represent the different degree of deprotonation of acidic 

monomers. There are two groups of carboxylic acid monomers. Acrylic acid (AA) and 

methacrylic acid (MAA) are monocaboxylic acids, while maleic acid (MA) and itaconic acid 

(IA) are dicarboxylic acids. The feeding amount of carboxylic acidic monomers were fixed 

at 0.1 mmol. Membrane dialysis was utilized after polymer synthesis to remove all the un-

reacted monomers and the emulsifier. The details on the polymerization conditions and 

microgel characterizations results are shown in Table 5-1. Fig. 5-2 shows the chemical 

structure for all microgels synthesized in this study. 
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Figure 5-2 Scheme for synthesis of P(NIPAM) based microgels 
 

Conductomertic (Fig. 5-10, supporting document) and pH titrations were used to confirm 

the success of co-polymerization by the buffer range between the decreasing and increasing 

legs as shown in Fig. 5-10 (supporting document) for the diluted P(NIPAM) based 

microgels. In the buffer region, carboxylic acids in the co-polymer neutralized counterion 

condensation and the conductivity increased slowly upon the alkali addition, while without 

carboxylic acids, the conductivity of the P(NIPAM) microgels dropped rapidly as the excess 

HCL was added [23].  

5.4.2 Hydrodynamic diameter and swilling ratio  

Dynamic light scattering (DLS) was utilized to measure the hydrodynamic diameter, dh, of 

the dilute aqueous synthesized microgels (1.0 mg /mL) at different temperatures. The 

hydrodynamic diameter of the microgels is dependent on temperature as shown in the plot 

of dh versus temperature (Fig. 5-3a). The dh of PNIPAM is the smallest due to the absence 

of carboxyl acidic monomers in comparison with other microgels [26]. The dh of five 
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microgels decreases with an increase in the temperature. The dh of P(NIPAM-MAA) 

microgels has a sharp decrease between 25-30 °C, while the sharp decrease of dh occurs 

around 30-35 °C for the other four microgels. The critical transition temperature for sharp 

change of dh is the volume phase transition temperature (VPTT) of microgels, equivalent to 

the lower critical solution temperature of a linear polymer. Because of addition of functional 

carboxyl acidic monomers into the microgels, the VPPT of p(NIPAM) is shifted and the 

extent of shift is determined by the degree of ionization and the hydrophobicities of the co-

polymers [27, 28]. The monocarboxyl acid microgels have a lower volume phase transition 

temperature compared with the dicarboxyl acid microgels.  

The swelling ratio is often used to represent the degree of hydrophobicity of the 

microgels. The swelling ratios of the copolymer microgels are shown in Fig. 5- 3b. Because 

of the presence of a more hydrophobic methyl group in the P(NIPAM-MAA) microgels, the 

swelling ratio of P(NIPAM-MAA) is the highest compared with other four microgels. 

P(NIPAM-MA) and P(NIPAM-IA), on the other hand, have more carboxylic groups which 

result in a more hydrophilic environment due to the strong hydrogen bonding between –coo- 

and water molecule. As a result, they have a lower swelling ratio [29].  

5.4.3 Surface charge of microgels  

Zeta potential is often employed to measure the surface charge density of microgels and the 

charge density of as-synthesized microgels is shown in Table 5-1. The introduction of 

carboxylic acids into the P(NIPAM) influence the zeta potential of microgels. The surface 

charge density have an order of P(NIPAM-MA) > P(NIPAM-IA) > P(NIPAM-AA) > 

P(NIPAM-MAA) > P(NIPAM). The partial deprotonation of the carboxyl acid group 

elevates the negative surface charges, and the introduction of KPS initiator also contributes 

to the negatives surface charges [30]. More carboxyl acid groups in the P(NIPAM-IA) and 

P(NIPAM-MA) renders two polymers to exhibit a higher negative charge density while KPS 

initiator is the only contributor for the negative charge in P(NIPAM) microgels.  
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Figure 5-3 Microgel size and swelling ratio are temperature dependent. (a) 
Hydrodynamic dimeter (dh). (b) Swelling ratio. (mean ± SD).  

5.4.4 Thermal gelation of the microgels 

Five microgels at 30 mg mL-1 (in PBS buffer) presents as the solution state at room 

temperature and increasing the temperature to 37 ˚C, all the microgels form gels. All 

microgels possess the thermal reversibility. Once the hydrogels are cooled down to room 

temperature, they exhibit a sol state (Fig. 5-4a). The gelation is caused by the balance of the 

hydrophobic attractions and electrostatic repulsion [31]. Itaconic acid and malic acid have 

more hydrophilic groups than other carboxyl acids in this study which weaken the 

hydrophobic effect and enhance the electrostatic repulsion due to the deprotonation of the 

carboxyl group. Physiological saline introduces Na+ and K+ ions, which can reduce the 

electrostatic repulsion to mitigate the hydrophobic effect for formation of physical gels. 

Dynamic rheometric measurement was used for examining the sol-gel transition 

properties of these microgel dispersions at different temperatures. P(NIPAM-MAA) and 

P(NIPAM) microgel solution were excluded for the rheological measurements because 

phase separation of both mcirogels occurred under the measurement conditions. Fig. 5-4b 

shows that the dynamic modulus of 30 mg mL-1 of the P(NIPAM-AA), P(NIPAM-IA) and 

P(NIPAM-MA) microgel dispersions (pH, ~7.0) is temperature dependent. At a low 

temperature (25 to 32˚C), viscous modulus (G”) is dominant over elastic modulus (G’), 

which indicates the microgel dispersion presentes in the liquid form and the solution 

behavior is predominated by viscous flow characteristics. Because of the domination of in 
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the flow property, G’ is not measured accurately at a low oscillation frequency. Both G’ and 

G” increase significantly when the temperature continues to increase but G’ increases much 

faster than G". At a certain temperature, G’ is higher than G”, which indicates the gel 

formation.  

 
Figure 5-4 Thermal gelation of microgels. (a) Sol-gel thermoreversibility of 30 mg/mL of 
microgels (in PBS buffer) at the dispersed sol state (25°C) and the gel state (37°C). (b) 
Temperature dependent dynamic rheological moduli of 30 mg/mL of microgels (in PBS 
buffer). G’ is elastic (or storage) modulus and G” is viscous (or loss) modulus. 
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The temperature at which G’ and G” intersect during the heating process is defined as 

the gelation temperature Tg. As shown in Table 5-1, Tg of each microgel is close to the 

corresponding VPTT of the microgel. This result indicates that hydrophobic interaction 

among these shrunk microgels is the main driving force for the microgel thermal gelation 

which is associated with transformation of P(NIPAM) moieties from hydrophilic to 

hydrophobic beyond VPTTs [32]. In addition, the G’ of P(NIPAM-IA) and P(NIPAM-MA) 

is higher than that of P(IPAM-AA), which indicates both microgels have stronger 

mechanical properties compared with P(NIPAM-AA). This may be due to the stronger 

hydrogen bonds in both P(NIPAM-IA) and P(NIPAM-MA) than P(NIPAM-AA) [33]. The 

PNIPAM-IA microgel has a higher G’ than P(NIPAM-MA) due to its larger size. The 

dangling chains of the microgel are relatively longer when the microgel size is bigger. The 

longer dangling chains are, the stronger inter microgel interaction is in both the number of 

active junctions and the strength of each junction, which result in a higher elastic modulus 

shown in the dynamic oscillation measurement [25]. 

5.4.5 Microstructure of the hydrogels 

The microstructure of the microgel network was observed under the SEM. The freezing 

process by rapid liquid nitrogen quenching results in an amorphous structure instead of a 

crystalline one [34]. As a result, the minimum damage occurs during the frozen and dry 

stages. Fig. 5-5 shows that P(NIPAM-IA) and P(NIPAM-MA) have a larger pore size of 40 

µm. This was due to higher electrostatic repulsion forces driven by the deprotonation of the 

carboxyl groups of the microgels. P(NIPAM-AA) has a slightly smaller pore size around 10-

20µm. P(NIPAM) has the smallest pore due to the strong hydrophobic attractions and the 

absence of electrostatic repulsion. The pores of the P(NIPAM-MAA) microgel is also small 

due to its high hydrophobicity contributed from the co-monomer MAA. This interconnected 

porous microstructure is valuable for mass transportation such as nutrients, oxygen and 

wastes, which promotes cell growth and enhance cell survivial. Furthermore, the larger pore 

size is also beneficial for cell migration for spheroid formation.  
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Figure 5-5 SEM morphologies of the in-situ formed P(NIPAM) based hydrogels. (a) 
P(NIPAM); (b) P(NIPAM-MAA); (c) P(NIPAM-AA); (d) P(NIPAM-MA); (e) P(NIPAM-
IA). Scale bar is 20 µm. 

 

5.4.6 Cell proliferation  

P(NIAM-AA) microgels have been used by our group to culture mesenchymal stem cells as 

well as HeLa cell spheroids [23, 35]. The results have shown stem/Hela cells proliferated 

better in the microgel network than in the conventional two-dimensional petri dishes. This 

microgel-based cell culture platform was further explored to form tumor spheroids. 

However, not all tumor cell types are able to form compacted spheroids. Loose aggregates, 

disconnected or floating cells are observed from spheroid culture [36]. The 

microenvironment surrounding the cells plays a significant role in facilitating cell-to-cell 

interactions such as adhesion and junction connections, and the properties of the 

microenvironment include the extracellular electric charges, hydrophobicity, and special 

functional chemical groups. In this study, five microgels were synthesized to investigate 

these microenvironment properties for spheroid formation. We seeded HeLa cells inside the 

microgels network at a low cell density, and cells generated their own extracellular matrix 

and proteins for forming compacted spheroids. The cell proliferate rapidly in the first 7 days 

as shown in Fig. 5-6, and continue at a high proliferation rate from day 7 to day 14. 
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Afterwards, cell number starts to decrease. This trend is observed for all the microgels, which 

is in agreement with the growth kinetics of tumours in the in vivo environment [37].  

At day 1 the MTT result shows cells growing within different microgels at a very similar 

absorbance rate, which indicates that the same initial cell density was used for different 

microgels. At day 7, cells seeded in hydrophilic microgels (P(NIPAM-AA), P(NIPAM-IA), 

and P(NIPAM-MA)) proliferates much faster than those in relatively hydrophobic microgels 

(P(NIPAM) and P(NIPAM-MAA)). The cell growth kinetics in microgels indicates the 

microgels pore networks are beneficial for cells growth because of rapid diffusion of the 

oxygen and nutrients. The extra carboxylic group from IA and MA increases the 

hydrophilicity of the microgels, which provides a more benign environment for cell growth 

since the hydrophilic environment is better for cell attachment and proliferation [38]. In 

addition, a higher negative charged environment results in a lower cell membrane potential 

which promotes cell functions such as proliferation and migration [38]. However, after day 

7 the highest negative charged environment offered by P(NIPAM-MA) starts to lower the 

cell proliferation rate compared with P(NIPAM-IA) and P(NIAM-AA), which demonstrates 

that the highly negative charged environment has an adverse effect on cell proliferation. The 

optimized charged microenvironment is needed for better cell growth and spheroid 

formation. Besides the localized electric charge of the microenvironment, the 

hydrophobicity of the microenvironment also plays a role in cell growth [39]. This can be 

confirmed by that cells growing in P(NIPAM-MA) is higher than those in more hydrophobic 

hydrogel networks in the  P(NIPAM) and P(NIPAM-MAA) microgels. At day 21, a 

significant drop on the live cell number is observed for all microgels. This may be due to 

formation of large clusters. The starvation of oxygen and nutrient transportation and the 

accumulation of toxic wastes in the cluster result in the death of the inner cells [40]. The 

core surrounding by dead cells and the live cells on the periphery are the characteristic 

structure of a solid tumor.  
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Figure 5-6 HeLa cells proliferation in the 3D microgels. Mean ± SD. n=6. “*” indicates 
P< 0.05 in comparison with P(NIPAM).  

5.4.7 Three dimensional culture of tumor spheroids  

The size of spheroids and the compacted cell density within the spheroids determine the 

physiological state of spheroids. Optical images were taken to examine the morphology of 

the spheroids, and the images are presented in Fig. 5-7 for day 21 and supporting documents 

(Fig. 5-11, 12, 13) for day 1,7 and 14 respectively. These images were taken at 4x 

magnification. It can be seen that in the P(NIPAM) and P(NIPAM-MMA) microgels, cells 

grow slowly and no cluster is observed in both networks due to their high hydrophobicity 

and small pore size networks. A great number of large clusters are observed in the P(NIPAM-

AA), P(NIPAM-IA) and P(NIPAM-MA) networks. The size of the clusters in P(NIPAM-IA 

) is relatively larger which is around 200-500 µm in comparison with P(NIPAM-AA) and 

P(NIPAM-MA). This may ascribe to the high cell proliferation rate in the network, as well 

as the relatively negative charged environment compared with P(NIPAM-AA). The large 

pore size of P(NIPAM-IA) not only maximizes nutrient, oxygen and waste transportation 

for supporting HeLa cell growth but also allows cell migration inside the hydrogel network 

due to the negative charged environment. The P(NIPAM-AA) network also provides a 

benign environment due to its relative hydrophilicity for cancer cell proliferation and 
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migration, which promotes spheroid formation [41]. Spheroids at a small size are produced 

on the other hand in the P(NIPAM-MA) microgel due to its much higher negative charge.  

The Live/Dead viability and cytotoxicity kit was further employed to examine the 

structure of individual tumor spheroids. The green cells represents the live cells and the red 

for the dead cells. The fluorescent images as shown in Fig. 5-7f to Fig. 5-7h illustrate the 

structure of the spheroids at day 21 in the P(NIPAM-AA), P(NIPAM-IA) and P(NIPAM-

MA) networks. Cells have a high degree of viability inside these hydrogels, which indicates 

the high biocompatibility of these microgels.  

 

Figure 5-7 HeLa cell spheroids at day 21 in different microgels. (a) P(NIPAM), (b) 
P(NIPAM-MAA), (c) P(NIPAM-AA), (d) P(NIPAM-MA), (e) P(NIPAM-IA). (f) to (g) are 
live/dead images for HeLa cell spheroids at day 21 in P(NIPAM-AA), P(NIPAM-MA) and 
P(NIPAM-IA) microgels respectively. Scale bar is 200 µm. 

 

The HeLa spheroid formation kinetics in the P(NIPAM-IA) microgels shown in Fig. 5-8 

with optical images and live/dead images indicate three stages in the cellular spheroid 

formation. Cells are drawn together and form small loose aggregates in the first 14 days. The 

initiation of cell aggregation is caused by the cell surface integrin binding between long 

chain ECM fibers and multiple RGD motifs. At day 14, the size of aggregates becomes 

around 250 µm, which is 2 times bigger than the cell pellet at day 7. The structure of the 
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aggregates become more compacted. During the process, cadherin expression is upregulated 

so the protein is accumulated on the surface. After another 7 days, the size of spheroids 

reaches more than 350 µm. The spheroids become smooth and spherical, which indicates 

spheroids arrive at their final compaction stage [19]. Homophilic cadherin-cadherin binding 

leads to strong cell to cell interactions which result in the formation of compacted spheroids 

[9]. 

 

Figure 5-8 Evolution of spheroids formation from single HeLa cells in the P(NIPAM-
IA) microgels at different days. (a), (c) and (e) are optical images of spheroids at day 7, 
day 14, day 21 respectively. (b), (d) and (f) are live/dead images of spheroids at day 7, day 
14, day 21 respectively. Scale bar is 100 µm.   

 

The cellular microenvironment can provide an active component of biochemical signals, 

which regulates cell behavior. Therefore, not all the cells can form spheroids easily within 
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matrix. We expect that cells which cannot easily form spheroids will aggregate into clusters 

with the aid of our microgels. We further cultured MSC, U-87 and HEK 293T cells in the 

microgels-based scaffold. Both MSCs and U-87 cells have a similar spheroid formation 

process as Hela cells, and they form a spheroids structure in P(NIPAM-IA) microgels which 

is shown in Fig. 5-14 (support document). We noticed that HEK239T cells perform 

differently in the P(NIPAM-AA) and P(NIPAM-IA) microgels network (Fig. 5-9). At day 

14, HEK239T cells form spheroids in the P(NIPAM-IA) scaffold but they proliferate as 

single individual cells in the P(NIPAM-AA) scaffold. By examining the difference between 

both microgels, the difference in HEK293T cell performance may be due to the pore size 

and surface charge. P(NIPAM-IA) negative surface charge may repulse cells away from the 

microgel surface and the cells are forced to form a loose aggregate in the initial stage and 

then a compact structure is formed when cadherin is accumulated on the surface. Meanwhile, 

the large porous network of the P(NIPAM-IA) microgels allows cells to migrate freely which 

promotes cell-to-cell contact to form spheroids. 

 

Figure 5-9 Spheroids formation of HEK293T cells within the P(NIPAM-AA) and 
P(NIPAM-IA) microgel scaffold at day 14. (a) and (b) are HEK239T cells in the 
P(NIPAM-AA) microgels. (c) and (d) are HEK293T cells in the P(NIPAM-IA) microgels. 
Scale bar is 100 µm.   
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 Conclusion  

Five microgels with various degrees of hydrophilicity and different charge density are 

developed and used for culturing cell clusters. We demonstrated a benign the 

microenvironment created by P(NIPAM-IA), P(NIPAM-AA) and P(NIPAM-MA) with high 

hydrophilicity and a moderately negative charge density is beneficial for cell proliferation 

and clusters formation. HeLa, MSC, and U-87 cells were found to form spheroids in 

P(NIPAM-IA) microgels. HEK 293 cell only form spheroids in the P(NIPAM-IA) microgels 

which demonstrates that moderate negative charge weakens cell-substrate interactions and 

promotes the formation of tumor spheroids. However, high hydrophobicity (such as the 

P(NIPAM) and P(NIPAM-MAA) microgel) decreases the cell proliferation rate, and highly 

negative charged microenvironment from P(NIPAM-MA) results in spheroids with a small 

size. Hence the microenvironment experience by cells play a crucial role in spheroids 

formation.  

  Reference 

1. Nyga, A., U. Cheema, and M. Loizidou, 3D tumour models: novel in vitro 

approaches to cancer studies. Journal of cell communication and signaling, 2011. 5(3): p. 

239-248. 

2. Mehta, G., et al., Opportunities and challenges for use of tumor spheroids as models 

to test drug delivery and efficacy. J Control Release, 2012. 164(2): p. 192-204. 

3. Landry, J., et al., Spheroidal aggregate culture of rat liver cells: histotypic 

reorganization, biomatrix deposition, and maintenance of functional activities. The Journal 

of cell biology, 1985. 101(3): p. 914-923. 

4. Yuhas, J.M., et al., A simplified method for production and growth of multicellular 

tumor spheroids. Cancer Research, 1977. 37(10): p. 3639-3643. 

5. Hamilton, G.A., C. Westmoreland, and E. George, Effects of medium composition 

on the morphology and function of rat hepatocytes cultured as spheroids and monolayers. In 

Vitro Cellular & Developmental Biology-Animal, 2001. 37(10): p. 656-667. 

6. Nyberg, S.L., et al., Rapid, large‐scale formation of porcine hepatocyte spheroids in 

a novel spheroid reservoir bioartificial liver. Liver transplantation, 2005. 11(8): p. 901-910. 



Chapter V 

142 

 

7. Lazar, A., et al., Extended liver-specific functions of porcine hepatocyte spheroids 

entrapped in collagen gel. In Vitro Cellular & Developmental Biology-Animal, 1995. 31(5): 

p. 340-346. 

8. Song, H., et al., Spatial composition of prostate cancer spheroids in mixed and static 

cultures. Tissue engineering, 2004. 10(7-8): p. 1266-1276. 

9. Lin, R.-Z., et al., Dynamic analysis of hepatoma spheroid formation: roles of E-

cadherin and β1-integrin. Cell and Tissue Research, 2006. 324(3): p. 411-422. 

10. Kelm, J.M., et al., Method for generation of homogeneous multicellular tumor 

spheroids applicable to a wide variety of cell types. Biotechnol Bioeng, 2003. 83(2): p. 173-

80. 

11. Kelm, J.M. and M. Fussenegger, Microscale tissue engineering using gravity-

enforced cell assembly. Trends in biotechnology, 2004. 22(4): p. 195-202. 

12. WARTENBERG, M., et al., Tumor-induced angiogenesis studied in confrontation 

cultures of multicellular tumor spheroids and embryoid bodies grown from pluripotent 

embryonic stem cells. The FASEB Journal, 2001. 15(6): p. 995-1005. 

13. Kelm, J.M., et al., Design of custom-shaped vascularized tissues using microtissue 

spheroids as minimal building units. Tissue engineering, 2006. 12(8): p. 2151-2160. 

14. Ravi, M., et al., 3D cell culture systems: advantages and applications. J Cell Physiol, 

2015. 230(1): p. 16-26. 

15. Holliday, D.L., et al., Novel multicellular organotypic models of normal and 

malignant breast: tools for dissecting the role of the microenvironment in breast cancer 

progression. Breast Cancer Research, 2009. 11(1): p. 1-11. 

16. Gurski, L.A., et al., Hyaluronic acid-based hydrogels as 3D matrices for in vitro 

evaluation of chemotherapeutic drugs using poorly adherent prostate cancer cells. 

Biomaterials, 2009. 30(30): p. 6076-6085. 

17. Talukdar, S., et al., Engineered silk fibroin protein 3D matrices for in vitro tumor 

model. Biomaterials, 2011. 32(8): p. 2149-2159. 

18. Asghar, W., et al., Engineering cancer microenvironments for in vitro 3-D tumor 

models. Materials Today, 2015. 18(10): p. 539-553. 



  Chapter V 

143 

 

19. Lin, R.Z. and H.Y. Chang, Recent advances in three-dimensional multicellular 

spheroid culture for biomedical research. Biotechnol J, 2008. 3(9-10): p. 1172-84. 

20. Liu, Z. and G. Vunjak-Novakovic, Modeling tumor microenvironments using 

custom-designed biomaterial scaffolds. Current Opinion in Chemical Engineering, 2016. 11: 

p. 94-105. 

21. Lee, B.H., et al., Modulation of Huh7.5 Spheroid Formation and Functionality Using 

Modified PEG-Based Hydrogels of Different Stiffness. PLoS ONE, 2015. 10(2): p. 

e0118123. 

22. Lee, J.H., et al., Cell behaviour on polymer surfaces with different functional groups. 

Biomaterials, 1994. 15(9): p. 705-711. 

23. Shen, Z., et al., Exploring thermal reversible hydrogels for stem cell expansion in 

three-dimensions. Soft Matter, 2012. 8(27): p. 7250-7257. 

24. Mellati, A., et al., A biodegradable thermosensitive hydrogel with tuneable 

properties for mimicking three-dimensional microenvironments of stem cells. RSC 

Advances, 2014. 4(109): p. 63951-63961. 

25. Shen, Z., et al., A thermally responsive cationic nanogel-based platform for three-

dimensional cell culture and recovery. RSC Advances, 2014. 4(55): p. 29146-29156. 

26. Saunders, B.R. and B. Vincent, Microgel particles as model colloids: theory, 

properties and applications. Advances in Colloid and Interface Science, 1999. 80(1): p. 1-

25. 

27. Hoare, T. and R. Pelton, Highly pH and temperature responsive microgels 

functionalized with vinylacetic acid. Macromolecules, 2004. 37(7): p. 2544-2550. 

28. Pomogailo, A.D., G.I. Dzhardimalieva, and V.N. Kestelʹman, Macromolecular metal 

carboxylates and their nanocomposites. Vol. 138. 2010: Springer Science & Business Media. 

29. Hartanto, Y., et al., Thermoresponsive Acidic Microgels as Functional Draw Agents 

for Forward Osmosis Desalination. Environ Sci Technol, 2016. 50(8): p. 4221-8. 

30. Schwierz, N., D. Horinek, and R.R. Netz, Specific ion binding to carboxylic surface 

groups and the pH dependence of the Hofmeister series. Langmuir, 2015. 31(1): p. 215-25. 

31. Cho, E.C., et al., Highly Responsive Hydrogel Scaffolds Formed by Three-

Dimensional Organization of Microgel Nanoparticles. Nano Letters, 2008. 8(1): p. 168-172. 



Chapter V 

144 

 

32. Gan, T., Y. Guan, and Y. Zhang, Thermogelable PNIPAM microgel dispersion as 

3D cell scaffold: effect of syneresis. Journal of Materials Chemistry, 2010. 20(28): p. 5937-

5944. 

33. Au, A., et al., Thermally reversible polymer gel for chondrocyte culture. Journal of 

Biomedical Materials Research Part A, 2003. 67(4): p. 1310-1319. 

34. Nègre, M., et al., Characterization of model soil colloids by cryo-scanning electron 

microscopy. Geoderma, 2004. 121(1): p. 1-16. 

35. Cui, X., et al., A mechanistic study on tumour spheroid formation in thermosensitive 

hydrogels: experiments and mathematical modelling. RSC Advances, 2016. 6(77): p. 73282-

73291. 

36. Ivascu, A. and M. Kubbies, Diversity of cell-mediated adhesions in breast cancer 

spheroids. Int J Oncol, 2007. 31(6): p. 1403-13. 

37. Sutherland, R.M., Cell and environment interactions in tumor microregions: the 

multicell spheroid model. Science, 1988. 240(4849): p. 177-184. 

38. Arima, Y. and H. Iwata, Effect of wettability and surface functional groups on protein 

adsorption and cell adhesion using well-defined mixed self-assembled monolayers. 

Biomaterials, 2007. 28(20): p. 3074-3082. 

39. Stevens, M.M. and J.H. George, Exploring and Engineering the Cell Surface 

Interface. Science, 2005. 310(5751): p. 1135-1138. 

40. Wang, D., et al., Thermoreversible Hydrogel for In Situ Generation and Release of 

HepG2 Spheroids. Biomacromolecules, 2011. 12(3): p. 578-584. 

41. Yang, M. and W.J. Brackenbury, Membrane potential and cancer progression. 

Frontiers in Physiology, 2013. 4: p. 185. 

  



  Chapter V 

145 

 

 Supporting document 

Chapter 5: Tuning the microenvironment for tumour 
spheroids formation  

 

X Cui, Y Hartanto, J Bi, S Dai and H Zhang 

School of Chemical Enigneering, University of Adelaide, Adelaide, Australia 5005 

 

 

 

 

 

 

 

 

 

 

 

 

Corresponding :Dr. Hu Zhang 

                           Hu.zhang@adelaide.edu.au 

  



Chapter V 

146 

 

 

Figure 5-10 Conductivity and pH during back titrations of p(NIPAM)-based microgels 
at room temperature. (a) for P(NIPAM-MAA); (b) for P(NIPAM-AA); (c) for P(NIPAM-
MA) and (d) for P(NIPAM-IA). 
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Figure 5-11 HeLa cell spheroids formation in the P(NIPAM-AA) microgels. (a) and (b) 
are optical images for spheroids at day 7 at different magnifications: (a) for 4x magnification 
, and (b) for 20x magnification. (c) is the Live/Dead image of spheroids at day 7. (d) and (e) 
are optical images for spheroids at day 14 at different magnification: (d) for low 
magnification, and (e) for high magnification. (f) is the Live/Dead image of spheroids at day 
14. Scale bar is 100 µm. 
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Figure 5-12 HeLa cell spheroids formation in the P(NIPAM-MA) microgels. (a) and (b) 
are optical images for spheroids at day 7 at different magnifications: (a) for 4x magnification 
, and (b) for 20x magnification. (c) is the Live/Dead image of spheroids at day 7. (d) and (e) 
are optical images for spheroids at day 14 at different magnification: (d) for low 
magnification, and (e) for high magnification. (f) is the Live/Dead image of spheroids at day 
14. Scale bar is 100 µm. 
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Figure 5-13 HeLa cell spheroids formation in the P(NIPAM-IA) microgels at low 
magnification (x4 ): (a) for Day 7 and (b) for Day 14. Scale bar is 100 µm.  

  

(a) (b)
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Figure 5-14 Cellular spheroids formation in the P(NIPAM-IA) microgels scaffold. (a) 
to (d) are for MSC: (a) Hoechst, (b) Calcein, (c) EthD and (d) merged image. (e) to (h) are 
for U-87 spheroids: (e) Hoechst, (f) Calcein, (g) EthD and (h) merged image. Scale bar is 10 
µm.  

 

  

(a) (b) (c) (d)

(e) (f) (g) (h)



   

151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                             CHAPTER SIX 
6. Exploring thermally reversible hydrogels for heart regeneration 

  



Chapter VI 

152 

 

  



  Chapter VI 

153 

 

Chapter 6: Exploring thermally reversible hydrogels for 
heart regeneration 

Xiaolin Cuia, Junnan Tangb, Yusak Hartantoa, Jingxiu Bia, Sheng Daia, Ke Chengb and Hu 

Zhanga 

 

a School of Chemical Engineering, The University of Adelaide, Adelaide, SA, Australia, 

5005 

b Department of Molecular Biomedical Sciences and Comparative Medicine Institute, North 

Carolina State University, Raleigh, North Carolina, USA, 27607 

 

Graphical Abstract 

 
*Corresponding author: Dr Hu Zhang 

Email: hu.zhang@adelaide.edu.au 

  



Chapter VI 

154 

 

 Abstract  

Injectable hydrogels for acute myocardial infarction treatment have attracted great attention 

due to its chronic treatment and effectiveness. Natural polymers as well as few synthetic 

polymers have been used for post myocardial infarction cardiac repair due to their ability to 

interact with and facilitate recruitment of cardiac stem cells. However, the impact of 

microenvironment created by the hydrogel on cardiac stem cells behavior is not yet 

addressed. since cell will behave differently in different microenvironment. Hence, here we 

synthesized serials of thermally sensitive microgels exhibiting different electrical charge 

(cationic, anionic and neutral) and different degrees of hydrophobicity, and explored the 

impact of the microgel microenvironment on cardiac stem cell viability and functions. The 

results indicate the negatively charged and hydrophilic microenvironment offered from the 

microgels is favorable for maintaining high viability of cardiac stem cells and to releasing a 

large amount of growth factor that is vital for neonatal rat cardiomyocytes growth.  In 

addition, poly(N-Isoproylacrylamide-co- itaconic acid) P(NIPAM-IA) microgels was 

injected into mice as an injectable hydrogels. The result shows P(NIPAM-IA) not only will 

not elicit immune response, but also can improve post MI cardiac function and regenerate 

cardiomyocytes.  

Key words: Injectable hydrogels, Thermosensitive microgels, Stem cells, Myocardial 

infarction. 
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 Introduction 

Acute myocardial infarction (MI) leads to heart failure which is one of the leading causes 

for death worldwide. More than 3 million people every year suffer from an acute ST-

elevation myocardial infarction (STEMI), and the number of people with a non-ST-elevation 

myocardial infarction (NSTEMI) is estimated to be 4 million [1]. The hospital mortality rate 

has dropped significantly due to the development of coronary care units in the 1960s, the 

introduction of pharmacological reperfusion therapy in the 1980s as well as the widespread 

application of catheter-based interventions in the 1990s [2-4]. Moreover, aspirin [5], β 

blockers [6], angiotensin-converting enzyme (ACE) inhibitors [7] and statins [8] as chronic 

treatment, have been employed to improve long-term prognosis for survivors. Despite these 

advancements, myocardial infarction treatment still remains a challenge and more effective 

chronic approaches are still being pursued [9].  

Introduction of injectable hydrogels into the MI region is considered as a promising 

approach to treat MI due to its effectiveness and chronic durability. Hydrogels increase the 

wall thickness and reduce the wall stress in the damaged tissues [10], and according to the 

LaPlace’s Law, they may improve cardiac functions. Natural polymers, such as fibrin [11], 

collagen [12, 13], matrigel [13, 14], chitosan [15, 16], keratin [17] and hyaluronic acid [18, 

19], have been used on the animal model to treat MI. These hydrogels were found to have 

positive treatment results and improve hear functions after treatment because they are highly 

biocompatible and their enriched ECM proteins/carbohydrates interact with cells to facilitate 

stem cell migration into the MI region. The migrated stem cell in the microenvironment 

created from the hydrogels may continuously release growth factors for regeneration or 

repair of myocytes in the damaged tissue [20]. However, drawbacks of natural polymer 

hydrogels such as poor handling characteristics, batch-to batch-variability, inflexibility in 

design, incompetence in rapid gelation prevents them from unitization in the MI therapy 

[21]. The synthetic polymer-derived injectable hydrogels are explored to be the replacement 

of natural polymer hydrogels. Synthetic polymer hydrogels have been developed for tissue 

engineering applications because they can mimic natural extracellular microenvironment 

[22-24], and they are also tuned with functional groups in order to modulate cell behaviors 

[25-27]. Poly(ethylene glycol) (PEG) [28], poly(lactide-co-glycolide) (PLG) [29], 

ploy(latide-co-glycolic acid) (PLGA) [30], poly(N-isoproylacrylamide) (PNIPAM) [31, 32], 

and poly(ɛ-carpolacton) (PCL) [33] are the most intensively studied. However, very few 

attempts have been made to inject synthetic hydrogels to treat MI. The poly(N-
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Isoproylacrylamide-co- acrylic acid) (P(NIPAM-AA)) with hydroxyethyl methacrylate-

poly(trimethylene carbonate) (HEMAPTMC) copolymer was used to treat chronic infarcted 

myocardium [34]. The high mechanical strength of the hydrogel provided physical support 

for the heart tissue. However, the impact hof other microenvironment properties on the heart 

regeneration remains to be investigated.  

 

Figure 6-1 Reaction scheme for different charged thermally sensitive microgels 
 

Our group has demonstrated that the cellular microenvironment created from the 

scaffold, including the surface charge, microstructure, chemical groups, and 

hydrophobicity/hydrophilicity, affects cell attachment, growth, migration, differentiation, 
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examined the effect of the microenvironment offered from the injectable hydrogels on 
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microgels as shown in Fig. 6-2a, hCSCs proliferated within the microgel (Fig. 6-2c&d) and 

formed a multicellular spheroid structure (Fig. 6-2e). The biological factors such as vascular 

endothelial growth factor (VEGF), stromal-derived factor-1 alpha (SDF-1α) and insulin-like 

growth factor I (IGF-I) released from the hCSC spheroid structure in the microgels were 

quantified to assess the impact of the microenvironment on the hCSC functions and the 

conditional culture medium collected from the hCSCs culture in the microgels was applied 

to culture neonatal rat cardiomyocytes (NRCMs) culture in vitro (Fig. 2b). We future 

injected the best microgel, P(NIPAM-IA), into immune-competent mice as an injectable 

hydrogel to evaluate the immune responses and assess the efficacy of the MI repair (Fig. 6-

2f&g.  

 

Figure 6-2 The use of thermal sensitive microgel scaffold for human cardiac stem cells 
(hCSC) spheroid for heart regeneration. (a) hCSCs spheroid culture within microgel 
network. (b) Conditional medium collected from hCSCs spheroids culture was used for 
neonatal rat cardiomyocytes (NRCM) culture. The growth factor from hCSC spheroids 
stimulates NRCM growth. (c) to (e) hCSCs spheroid formation inside microgel scaffold. (c) 
hCSCs are mixed with microgels at 25°C. (d) At 37°C, microgels confine single cells in a 
three-dimensional network. (e) After certain days culture regenerative growth factor release 
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from hCSC spheroids. (f) Assessment of immune responses of microgels and evaluation of 
MI treatment. (g) Injection of microgels into mouse hearts for MI treatment.  

 Method and materials  

6.3.1 Materials 

N-Isoproylacrylamide (NIPAM, 99%+), N,N-methylenebisacrylamide (MBA, 98+), 

potassium persulfate (KPS, 99%+), sodium dodecyl sulphate (SDS, 98.5%+),  itonatic acid 

(IA, 99%+), 2-hydroxyethyl methacrylate (HEMA), dimethyl amino ethyl 

methacrylate(DMAEMA) were ordered from Sigma-Aldrich. Acrylic acid (AA, 99.5%) was 

purchased from Acros Organics Co. (New Jersey, USA). Before synthesis, NIPAM was 

recrystallized in n-hexane and dried in vacuum at room temperature to achieve high 

purification. Collagenase solution was bought from Sigma (St. Louis, MO). Fiberonectin 

was ordered from Biosciences (San Jose, CA). Iscove’s Modified Dulbecco’s Medium 

(IMDM), 2-mercaptoethanol, L-glutamine, and LIVE/DEAD® Viability/Cytotoxicity kit 

were bought from Invitrogen (Carlsbab, CA). Fetal bovine serum and ultralow attachment 

flask were ordered from Corning (Corning, NY). Gentanicin and trypsin were purchased 

from Gibco, Life technologies (CA, USA). VEGF and IGF-1 were purchased from R&D 

Systems (Mineapolis MN) and the SDF-1 ELISA kits from B-Bridge International 

(Cupertion, CA).  

6.3.2 Microgel synthesis  

Free radical emulsion polymerization was carried out to synthesize P(NIPAM) based 

microgels according to our previous study [32]. Based on the recipe in Table 6-1, 9.9 mmol 

NIPAM, 0.1mmol co-monomer, 0.2 mmol (31 mg) MBA and 0.2 mmol SDS (for positive-

charge DMAEMA microgel, no SDS was added to avoid introducing the surfactant with 

negative charges) were dissolved in 97 mL of water before the mixture was transferred into 

a 250 mL three-necked flask connected with a condenser and a mechanical stirrer. After 30 

min degassing under nitrogen atmosphere, the flask was placed into a pre-heated oil bath at 

70°C. 3mL of KPS aqueous solution (0.1 mmol) (for DMAEMA microgel, the positively 

charged initiator APPS at 0.1 mmol was used instead) was injected into the flask to initiate 

the reaction. After 5 hr polymerization with continuous stirring under a nitrogen atmosphere 

at 70ºC, the solution was cooled down to room temperature and purified by membrane 

dialysis (cut-off Mw 12-14kDa) against Milli-Q water for a week with daily water change. 
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After purification, the solution was concentrated through heating up to 70 ºC to evaporate 

the water. An aliquot of solution was totally dried at 70ºC to estimate the concentration.  

Table 6-1 Synthesis and characterization of different P(NIPAM) based microgels. 

Name NIPAM Co- 

monomer 

MBA SDS KPS Zeta potential mV VPTT Tgel 

 mmol mmol mmol mmol mmol 25 ºC 37ºC ºC ºC 

P(NIPAM-

IA) 

9.9 0.1 0.2 0.2 0.1 -10.2±0.2 -

12.8±0.5 

34 32 

P(NIPAM-

PEGA) 

9.9 0.1 0.2 0.2 0.1 -1.9±1.0 -

1.8±0.56 

33 30.5 

P(NIPAM-

HEMA) 

9.9 0.1 0.2 0.2 0.1 -3.8±1.1 -4.9±0.4 30 27 

P(NIPAM-

DMAEMA) 

9.9 0.1 0.2 0 0.1 6.49±0.5 7.6±0.2 32 31 

 

6.3.3 Dynamic light scattering measurement and Fourier transform infrared 
spectroscopy 

The hydrodynamic diameter (dh) and the zeta potential of microgels at 1.0 mg/mL in PBS 

buffer were measured by a Zetasizer (Malvern, Nano-ZS) at different temperatures. 

Attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used 

to identify functional co-monomers in the microgels to confirm the success of co-

polymerization. A Thermos Scientific NICOLET 6700 spectrometer equipped with a 

diamond ATR was used to record FTIR bands. Wavenumber resolution was 4 cm–1 in the 

range of 400–4000 cm–1. 

6.3.4 Rheological characterization  

Dynamic oscillation experiments were performed in a universal stress rheometer SR5 

(Rheometric Scientific) with a 40 mm cone plate geometry for 30 mg/mL microgel 

dispersions in PBS buffer. The gap was set up at 0.0483mm, and the temperature was 

controlled by a Peltier system connected to a water bath. The elastic (storage) modulus G’ 

and viscous (loss) modulus G” were measured at different temperatures from 20 to 40 °C. 

The stress was fixed at 0.1 Pa, and the frequency at 0.1 Hz. The experiments were tested in 

the linear viscoelastic region.  
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6.3.5 Hydrogel morphologies  

30 mg/mL microgels dispersions in PBS buffer were prepared in centrifuge tubes. The tubes 

were placed into a water bath at 37°C until the solution was gelled. The samples were quickly 

quenched by liquid nitrogen then dried under vacuum using a Christ Alpha 2-4 LD free 

dryer. A FEI Quanta 450 FEG Environmental SEM (scanning electron microscopy) was 

employed to record microgel morphologies after coating with platinum at an acceleration 

voltage of 20 kV.  

6.3.6 Derivation and culture of human CSCs 

The experimental procedures were approved by the Institutional Review Board (IRB) of 

North Caroline University. Human CSCs were isolated from endomycardial heart biopsies 

obtained from the ventricular aspect of septum in patients during operating heart 

transplantation. Heart biopsies were chopped into small pieces (around 2 mm3). After 

washing with PBS, the collagenase solution was used to digest the tissue. The tissue pieces 

were cultured as cardiac explants on a culture plate that was coated with 0.5 mg/mL 

fiberonectin in culture medium (IMDM with 20% FBS, 0.5% gantanicin, 0.1 m 2-

mecaptoethanol and 1% L-glutamine). In 1-2 weeks, a stratum of stromal-like flat cells were 

observed at the cardiac explant with phase-bright round cells on the top. 0.25% trypsin was 

used to harvest cells and then cells were seeded at a density of 2×104 cells/mL in an 

ultraLow-attachment flask for cardiosphere formation. It took around one week for cells to 

spontaneously cluster together and form cardiospheres. The cardiosphere-derived cardiac 

stem cells (hCSCs) were produced by seeding collected cardiospehres on fibronectin-coated 

plates. All cultures were under the same conditions with continuous supply of 5% CO2 in a 

humidity environment at 37ºC.  

6.3.7 Three-dimensional hCSC and NRCM cell culture in the microgel  

hCSCs and 50 mg/mL of microgels (in PBS buffer) were mixed at a ratio of 2:3. 500 µL 

cell/gel mixture was seeded into each well in 24 a well-plate for hCSC culture at a cell 

density of 104 per well. hCSCs were further proliferated in 96 wells plates with 50 µL cell/gel 

mixture in each well at a cell density of 2,500 cells per well. After incubation at 37 ºC for 1 

hr to form gel, 150µL cell culture medium was added to each well of 96 wells plate. Cells 

were incubated up to 7 days under a humidified environment with 5% CO2 with a daily 

medium change. After culturing for pre-determined days, 10 Pl CCk-8 (cell count kit 8) was 

added into each well to perform the cell proliferation assay for hCSCs. After 4 hr incubation 
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at 37°C, the gel/cell mixture was cooled down to room temperature until the gel was 

liquefied, then the plate was placed into a microplate reader (Tecan sunrise, Switzerland) to 

read the absorbance at 490nm. 

NRCMs culture was performed in 96 wells plate with 50 µL cell gel mixture in each well 

at a cell density of 1.5×105 cells per well. The cell culture and cell proliferation assay were 

conducted in the same procedure as for hCSCs. 

6.3.8 Live/dead cell image  

The cell viability test was performed by the Live/Dead cell viability/cytotoxicity kit. After 

cell culture, the gel / cell mixture was washed with pre-warmed PBS buffer twice. 200 µL 

(for 24 wells) or 50 µL (for 96 wells) dye solution (0.2% Ethidium homodimer-1 (red) and 

0.05% calcein AM (green) in PBS buffer) was added into each well. After incubation for 

another 30 min? at 37°C, cells were rinsed by PBS buffer twice. Then cells were observed 

under a ZEISS LSM 880 WITH Airyscan microscope (Carl Zeiss, Oberkochen, Germany). 

6.3.9 ELISA and NRCM cell culture with conditional medium 

200 µL of cardiac stem cells (hCSCs) was mixed with 300 µL 50 mg/mL of microgels (in 

PBS buff, 7.2) to seed into each well in 24 well-plates. The cell density was 10,000 in each 

well. The plate was placed in an incubator at 37°C for 45 min to allow microgel gelation. 1 

mL cell culture medium was added into each well. Cells were cultured up to 7 days with 

medium change every two days. The cell culture medium was replaced by FBS free medium 

and cells were incubated for another 2 days. The FBS free cell culture medium was collected 

for ELISA assays and further NRCM cell culture. The concentration of IGF-1, VEGF, and 

SDF-1 was determined by the ELISA kits following the manufacturer’s instructions. The 

collected conditioned medium was added into wells in a 96 well-plate seeded with 7500 

freshly harvested NRCMs in each well. NRCMs were cultured with conditioned medium for 

3 days. The LIVE/DEAD vibility/cytotoxicity kit was used to assess the cell viability.  

6.3.10 Inflammation and immunogenicity of P(NIPAM-IA) microgel in 
immune-competent mice 

To assess the biocompatibility of P(NIPAM-IA) microgel in vivo, a cohort of  immune-

competent male CD1 mice were anesthetized with 3% isofluorane combined with 2% 

oxygen inhalation. Under sterile conditions, the heart was exposed by a minimally invasive 

left thoracotomy, and the heart was randomized to be injected with 50 μl P(NIPAM-IA) 
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microgel. Mice were sacrificed to harvest the heart and blood at day 7 for immunochemistry, 

while heart and spleen at day 21 post-injection for H&E stain. The heart or spleen were 

frozen in the OCT compound and sectioned at 10 μm thickness from the apex to the ligation 

level with 100 μm intervals for histology analysis. Haematoxylin and Eosin (HE) staining 

was performed as described in our previous paper [7]. The vein blood was harvested in an 

Edta tube and centrifuged for 20 min at 2000 rpm to obtain plasma which was stored at -80 

°C. The mouse inflammation antibody array C1 (Raybio, Norcross, GA) was used for 

quantification of inflammatory proteins in the plasma. 

6.3.11 Heart morphometry  

After the echocardiography study at 3 weeks, animals were euthanized and hearts were 

harvested and frozen in the OCT compound. Specimens were sectioned at a 10 μm thickness 

from the apex to the ligation level with 100 μm intervals. Masson's trichrome staining was 

performed according to the manufacturer's instructions (HT15 Trichrome Staining (Masson) 

Kit; Sigma-Aldrich). From the Masson's trichrome stained images, morphometric 

parameters including viable myocardium, scar size and infarct thickness were measured in 

each section with the NIH ImageJ software. The percentage of viable myocardium as a 

fraction of the scar area (infarcted size) was quantified based on the previous report [7]. 

Three selected sections were quantified for each animal.  

6.3.12 Cardiac function assessment 

The transthoracic echocardiography procedure was performed by an animal cardiologist who 

was blind to the experimental design using a Philips CX30 ultrasound system coupled with 

a L15 high-frequency probe. All animals underwent anesthesia by inhaling 1.5% 

isofluorane-oxygen mixture in the supine position at the 4 hr and 3 weeks. Hearts were 

imaged in the long-axis views at the level of the longest LV diameter. Ejection fraction (EF) 

was determined by measurement of the images taken from the infarcted area. 

6.3.13 Histology 

For immunohistochemistry staining, heart cryosections were fixed with 4% 

paraformaldehyde, permeabilized and blocked with the Protein Block Solution (DAKO, 

Carpinteria, CA) containing 1% saponin (Sigma), and then incubated with the following 

antibodies overnight at 4 °C: rabbit anti-CD3 (ab16669, Abcam, Cambridge, United 

Kingdom), mouse anti-CD8 alpha (mca48r, abd Serotec, Raleigh, NC), mouse anti-CD68 
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(ab955, Abcam) and rabbit anti-vWF (ab6994, Abcam). FITC- or Texas-Red secondary 

antibodies (Abcam) were used in conjunction with the above primary antibodies. For 

assessment of cell apoptosis, heart cryosections were incubated with the TUNEL solution 

(Roche Diagnostics GmbH, Mannheim, Germany) and counter-stained with DAPI (Life 

Technology, NY, USA). Images were taken under an Olympus epi-fluorescence microscopy. 

6.3.14 Statistical analysis  

All results were expressed as mean ± standard deviation (SD). Comparison between two 

groups were conducted by two-tailed Student's t test. One-way ANOVA test was used for 

comparison among three or more groups with Bonferroni post hoc correction. Differences 

were considered statistically significant when P-values were <0.05. 

 Result and discussion  

6.4.1 Microgel synthesis 

Free radical emulsion polymerization was utilized to synthesize poly(N-Isoproylacrylamide) 

(P(NIPAM)) based microgels. Fourier transform infrared spectroscopy (FTIR) analysis was 

employed to identify the functional groups of the co-monomer in the as-synthesized 

microgels (Fig. 6-3a). C=O asymmetric stretching and C-N bending within N-

isopropylacrylamide are shown at 1640 cm-1 and 1550 cm-1 respectively [38]. The methyl 

groups of NIPAM associated with C-C stretching and bending as well as asymmetric C-H 

bonding are assigned to 1450 cm-1. The C=O bond in carboxylic group of itonatic acid (IA) 

is around 1710-1720 cm-1. The hydroxyl group from 2-hydroxyethyl methacrylate (HEMA) 

is associated with the peak at 3440 cm-1 [39]. The C-O stretching bands in the ether group 

from polyethylene glycol acrylate (PEGA) are assigned to 1050 cm-1 [40]. The C=O bond 

(around 1640 cm-1) and C-N bond (around 1566 cm-1) in 2-(N,N-dimethylamino)ethyl 

methacrylate (DMAEMA) [41] are overlapped with those from NIPAM. The FTIR results 

confirm the co-monomers except DMAEMA have been incorporated into NIPAM. The 

p(DMAEMA-NIPAM) microgels were assessed through their zeta potential measurements. 

A highly positive zeta potential value for this microgel demonstrates the DMAEMA 

monomer has been successfully co-polymerized with NIPAM.  

The zeta potential indicates the surface charge of the microgels, which was shown in 

Table 6-1. The incorporated co-monomers influence the zeta potential of the as-synthesized 

microgels. The partial deprotonation of the carboxyl group in P(NIPAM-IA) raises the 
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negative surface charge of the microgel. Apart from the carboxyl group contribution to the 

negative charge, the introduction of the KPS initiator also results in a negative surface charge 

of the synthesized microgels, and this is the reason for a slightly negative charge of both 

P(NIPAM-PEGA) and P(NIPAM-HEMA) microgels even they only have neutral 

monomers. The amino group in the P(NIPAM-DMAEMA) and the positively charged 

initiator contribute to a positive surface charge of this  microgel.  

 

Figure 6-3 FITR and temperature dependent microgel size. (a) FTIR for P(NIPAM) 
based microgels. The enlarged figures shows the peaks for individual co-monomer 
functional groups; (b) hydrodynamic diameter (dh) and (c) the shrinkage ratio dh(T)/ dh(25 
ºC) for 1.0 mg mL-1 P(NIPAM) based microgels in physiological saline (pH≈7.4). 

0

50

100

150

200

250

5001000150020002500300035004000

P(NIPAM-IA)

P(NIPAM-HEMA)

P(NIPAM-PEGA)

P(NIPAM-DMAEMA)

1680170017203400345035003550360010001050110011501200

%
Tr

an
sm

it
ta

nc
e

Wavenumber(cm-1)

P(NIPAM-IA)P(NIPAM-HEMA)P(NIPAM-PEGA)

0

50

100

150

200

250

300

20 30 40 50

H
yd

ro
d

yn
a

m
ic

 d
ia

m
e

te
r,

 n
m

 

Temperture, °C 

P(NIPAM-DMAEMA)
P(NIPAM-PEG)
P(NIPAM-HEMA)
P(NIPAM-IA)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

20304050

S
h

ri
n

k
a

g
e

 r
a

ti
o

 

Temperature, °C

P(NIPAM-DMAEMA)
P(NIPAM-PEGA)
P(NIPAM-HEMA)
P(NIPAM-IA)

a

b c



  Chapter VI 

165 

 

6.4.2 Hydrodynamic diameter  

Dynamic light scattering (DLS) was applied to the diluted synthesized microgels (0.1 mg 

mL-1) at various temperatures in PBS buffer to obtain the microgels hydrodynamic diameter 

(dh) as shown in Fig. 6-3b. The dh of all microgels shrinks with an increase in temperature 

because of the presence of the NIPAM moiety. All microgels have a considerable shift of dh 

around 30-35°C. This critical transition temperature is termed as the volume phase transition 

temperature (VPTT) of microgels, which is correspondent to the lower critical solution 

temperature (LCST) of the linear polymer NIPAM. To further illustrate the phase transition 

behaviours as a function of temperature, the plot of the shrinkage ratio dh(T)/dh(25°C) versus 

temperature is shown in Fig. 6-3c. The P(NIPAM-DMAEMA) has the largest shrinkage ratio 

because no SDS surfactant was added during the polymer synthesis procedure, resulting in 

a large microgel size. P(NIPAM-IA) shows the lowest shrinkage ratio in comparison with 

P(NIPAM-HEMA) and P(NIPAM-PEGA) due to a high amount of carboxylic groups which 

lead to stronger hydrogen bonding.  

 

Figure 6-4 SEM morphologies of the in situ formed P(NIPAM) based hydrogels. (a) 
P(NIPAM-DMAEMA); (b) P(NIPAM-PEGA); (c) P(NIPAM-HEMA); (d) P(NIPAM-IA); 
scale bar is 20 µm.  

 

a
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6.4.3 Microstructure and thermal gelation of the microgels  

SEM was employed to characterize the microstructure and morphology of the synthesized 

microgels. Through quick quenching in liquid nitrogen to freeze samples, the microgels 

achieved an amorphous structure rather than a crystalline structure, which maximally 

preserved the original microgel structure [42]. The SEM shows different morphologies and 

structures for five microgels (Fig. 6-4). P(NIPAM-IA) has the largest pore size around 50 

um because of its highest electrostatic repulsion force which is due to the deprotonation of 

the carboxyl groups of the microgels. Such a big pore size may allow cell migration inside 

the network to promote cell-cell interactions. P(NIPAM-HEMA), on the other hand, has the 

smallest pore size around 10 µm due to its almost neutral charge density and strong 

hydrophobic attractions. Overall, all the hydrogel networks present a porous structure which 

allows nutrients, oxygen and wastes to transport into/out of cells inside the microgel. 

All the microgel dispersions at 30 mg mL-1 (in physiological saline, at a pH of 

approximate 7.2) change the state from sol to gel once the temperature is over 37 ºC, and 

reverse back to the sol state again when the gel cools down to room temperature(Fig. 6-14, 

supporting document). The balance of hydrophobic interactions and electrostatic repulsions 

results in the physical hydrogel formation[32]. The rheological study reveals the gelation 

dependence on temperature. The dynamic moduli of all microgels at 30 mg mL-1 were 

plotted against temperature (Fig. 6-5). The stress was fixed at 0.1 Pa and the frequency at 

0.1 Hz. At a lower temperature, the microgel dispersions are in the sol state. With an increase 

in temperature, the elastic modulus (G’) and the loss modulus (G”) of the microgel 

dispersions both increase sharply. The point at which the value of G’ is greater than G” is 

considered as the gelation temperature Tgel. P(NIPAM-HEMA) has the lowest gelation 

temperature due to its highest hydrophobicity ascribed to the strong hydrophobic co-

monomer HEMA. Other microgels have a Tgel at around 32°C to 33°C. All the gelation 

temperatures are close to their VPTTs. This result implies that hydrophobic interactions are 

the main driven force for the hydrogel formation. The hydrophilic microgel becomes 

hydrophobic when the temperature reaches their VPTTs and the hydrophobic attractions 

drive the gelation of the microgel to form a 3D structure. Furthermore, P(NIPAM-IA) has 

the highest mechanical strength, around 25 times higher than P(NIPAM-HEMA). Because 

the crosslink between individual microgels is formed with additional intra- and inter-chain 

interactions, the highest hydrophilic carboxyl groups from itonatic acid result in the strongest 

hydrogen bonding in comparison with the most hydrophobic HEMA[43]. 
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Figure 6-5 The temperature dependence of the dynamic moduli of 30 mg mL-1 of 
P(NIPAM) based microgels (pH≈7.4). (a) P(NIPAM-DMAEMA); (b) P(NIPAM-PEGA); 
(c) P(NIPAM-HEMA); (d) P(NIPAM-IA); G’ is elastic (or storage) modulus and G” is 
viscous (or loss) modulus.   

 

6.4.4 Three-dimensional culture of hCSCs  

The MTT assay was used to evaluate the viability of hCSCs within the 3D microgel scaffold. 

The cell proliferation rate is presented as the absorbance at different incubation durations 

since the absorbance values are well correlated with the number of live cells[44]. As shown 

in Fig. 6-6, at day one, cells seeded in the microgels exhibit a similar absorbance value 

compared with the 2D culture, which indicates the high biocompatibility of the synthesized 

microgels as well as the same initial cell density for all 3D and 2D cultures. P(NIPAM-

DMAEMA), on the other hand, halves the absorbance value in comparison with the value in 

other microgels or the 2D culture wells, which may be due to the slightly positive-charged 
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effect on the cells viability [45] since the membrane potential of cells is negative and cationic 

surface charges of the microgel 

 

Figure 6-6 Proliferation of hCDCs cultured in the P(NIPAM) based microgel network 
and 2D culture  from day 1 to day 7. (Mean± SD, n=3). ‘*’ indicates p<0.5 for cell number 
of P(NIPAM) based microgels in comparison with that in 2D culture.   
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proliferation rate, which means that the microenvironment with slightly negative charges 

and high hydrophilicity may stimulate cell proliferation. In addition, the strong mechanical 

property of the P(NIPAM-IA) microgel may also provide a physical support for facilitating 

cell attachment and further promoting cell proliferation. The large pore size of the 

P(NIPAM-IA) network reduces the resistance in transporting oxygen, nutrients and wastes 

to maintain a high cells viability. Moreover the extra carboxyl (COOH) group introduced to 

the microgels is also demonstrated to perform better in cell attachment and proliferation in 

comparison with the ether group in PEGA and the hydroxyl (OH) group from HEMA [47]. 

Overall, hCSCs are preferable in the microenvironment created by the P(NIPAM-IA) 

microgel with a slightly negative surface charge, high hydrophilicity, a large pore size, a 

strong mechanical property and extra carboxyl groups. 

To investigate cell viability and morphology inside the microgels, the live/dead images 

were taken under a fluorescence microscopy as shown in Fig. 6-7a-e and Fig. 6-15, 

supporting document. Red represents apoptotic cells (EthD positive dead cells), while green 

indicates the live cells. The smallest percentage of the EthD positive cells from hCSCs in 

the P(NIPAM-IA) microgel from the images (Fig. 6-7a-e) and the quantitative figure (Fig. 

6-7g) further confirms that hCSCs have a high proliferation rate and a high viability in this 

microgel compared with other microgels. The cell morphology analysis is shown in Fig. 6-

7f. The morphology of hCSCs in the 3D microgel culture is a round shape, which is similar 

to cell morphology in the 3D cell culture [48]. In addition, the negatively charged network 

of the P(NIPAM-IA) facilitates cell migrations due to the electrostatic repulsion and a large 

pore size structure, and encourages cell-to-cell interactions that leads to formation of 

multicellular spheroids (MCSs). The MCSs are spotted in the P(NIPAM-IA) and P(NIPAM-

PEGA) microgels. The maximum size of the MCSs in the P(NIPAM-IA) microgel is around 

200 µm. The P(NIPAM-HEAM) microgel also has a slight negative charge, but the small 

pore size (around 5 µm) prevents cells from freely migrating within the microgel and thus 

hinders MCS formation. The P(NIPAM-DMAEMA) microgel has a positive surface charge 

which helps cell attachment [35] but restrains cell migration. Therefore, single individual 

hCSC cells are spotted in both P(NIPAM-HEAM) and P(NIPAM-DMAEMA) microgel 

networks. hCSCs grown on the 2D culture plates display a flattened and well spread shape. 

The formation of hCSCs spheroids was reported to improve hCSCs viability and enhance 

their biological functions [21]. Both the MTT assay and the live/dead images confirm that 
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hCSCs have a better viability and form large clusters by exposing to a microenvironment 

with negative charges and high hydrophilicity. 

 

Figure 6-7 hCSCs morphologies and growth in P(NIPAM) based microgels and 2D 
culture. (a) to (e) Live/Dead images of  hCSCs in P(NIPAM) based microgels at day 7; (a) 
P(NIPAM-DMAEMA); (b) P(NIPAM-PEGA); (c) P(NIPAM-HEMA); (d) P(NIPAM-IA); 
(e) 2D culture. (f) Enlongated cells morphology was seen in hCSCs culture in different 
microgels and 2D culture at day 7; (g) Live/Dead assay shows cells viability of hCSCs 
cultured in different microgels and 2D condition at day 7. Scale bar is 20 µm. Green is 
Calcein (live cells), Red is EthD (dead cells). Mean± SD( n=3). ‘*’ indicates p<0.0 5 for 
comparison of cells cultured in P(NIPAM) based microgels with 2D condition. 
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6.4.5 Biological factor release from hCSCs in microgels  

hCSCs in the appropriate microenvironment release regenerative growth factors that play a 

great role in survival and growth of cardiomyocytes. Therefore, we examine the growth 

factor release from hCSCs functions in the synthesized microgels. The vascular endothelial 

growth factor (VEGF) released by hCSCs does not only regulate the activation, proliferation 

as well as migration of vascular endothelial cells, but also arguments angiogenesis [49, 50]. 

It contributes to an increase in bloody flow to a healing infarct, which accelerates the healing 

process [51]. Another regenerative growth factor released by hCSCs, the stromal-derived 

factor-1 alpha (SDF-1α), guides stem cells to the injured heart tissue. As a result, SDF-1α 

also augments the angiogenesis [52]. Insulin-like growth factor I (IGF-I) stimulates hCSCs 

proliferation, somatic growth and hCSC differentiation. Meanwhile IGF-I inhibits apoptotic 

cell death and enhance stem cell survival [53]. As shown in Fig. 6-8a to Fig. 6-8c, hCSCs 

incubated in all microgels release a higher amount of IGF-I at three examination days than 

in the 2D culture, and all four microgels have an equivalent performance by inducing hCSCs 

to release IGF-I. hCSCs release a similar amount of SDF-1 in two microgels, P(NIPAM-

PEGA) and P(NIPAM-IA), as well as in the 2D cell culture. At day 5, VEGF release from 

the P(NIPAM-IA) is the highest in comparison with other microgels and 2D cell culture, but 

at day 7, VEGF is produced equivalently in the P(NIPAM-PEGA), P(NIPAM-IA), and the 

2D cell culture. The microenvironment created from both P(NIPAM-DMAEMA) and 

P(NIPAM-HEMA) has a negative impact on both SDF-1 and VEGF release from hCSCs. 

The conditional medium collected from hCSCs culture in the microgels at day 5 culture 

experiment was applied to culture neonatal rat cardiomyocytes (NRCMs) for 3 days. The 

Live/dead assay was employed to assess the NRCMs viability. As shown in Fig. 6-8d to Fig. 

6-8h, the number of live NRCMs in the conditional medium from the P(NIPAM-IA) 

microgel is the highest, while a similar number of live NRCMs is obtained from the 

conditioned medium from the P(NIPAM-PEGA) microgel and the 2D culture. The fewest 

NRCMs survive in the medium from the positive charged P(NIPAM-DMAEMA) and the 

hydrophobic P(NIPAM-HEMA) microgels. This result is in agreement with the ELISA 

assay for VEGF since VEGF release from hCSCs, which means that these factors from 

hCSCs contribute significantly to cardiomyocyte activation and proliferation. The 

microenvironment provided from the microgels are essential for hosting hCSCs and inducing 

them to produce VEGF and SDF-1 for heart regeneration. 
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Figure 6-8 Evaluation of hCSCs function in different microgels. (a) to (c) growth factor 
released from hCSCsin the P(NIPAM) based microgel network and 2D culture at day 3, day 
5 and day 7. (a) SDF-1; (b) VEGF; (c) IGF-I. (Mean± SD, n=3). ‘*’ indicates p<0.05 for 
comparing cells in microgels with those in the 2D culture; (d) to (h) NRCMs cell images of 
conditional medium culture. Conditional medium was collected from different microgel 
network at day 5. (d) P(NIPAM-DMAEMA); (e) P(NIPAM-PEGA); (f) P(NIPAM-HEMA); 
(g) P(NIPAM-IA); (h) 2D culture.  Green is Calcein (live cells), Red is EthD (dead cells), 
Blue is hoechest. Scale bar is 20 µm.   

 

6.4.6 In vitro and vivo biocompatible evaluation of P(NIPAM-IA) microgel  

In order to evaluate the biocompatibility of microgels in the heart tissue, we cultured 

neonatal rat cardiomyocytes (NRCMs) inside the microgels or on the 2D culture plates as a 

control for up to 7 days. The Live/dead assay was employed to assess the viability and 

morphology of NRCMs inside the microgels (Fig. 6-9, Fig. 6-16 in supporting document). 
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The result indicates NRCMs have a relatively high viability in all microgels and the highest 

number of live NRCMs is found in the P(NIPAM-IA) microgel, which indicates the 

P(NIPAM-IA) microgel is the most biocompatible to NRCMs compared to other microgels. 

Because the microenvironment from four these microgels has different surface charges, 

NRCMs in these microenvironments present different morphologies. In an environment with 

slight positive or negative charges, NRCMs interact with each other to form multicellular 

spheroids. While under an environment with a high density of negative charges, they present 

a round shape without cell-cell interactions. NRCMs grown on the 2D culture plate show an 

elongated shape.  

 

Figure 6-9 NRCMs morphologies and growth in P(NIPAM) based microgels and 2D 
culture. (a) to (e) Live/Dead images of NRCMsin P(NIPAM) based microgels at day 7; (a) 
P(NIPAM-DMAEMA); (b) P(NIPAM-PEGA); (c) P(NIPAM-HEMA); (d) P(NIPAM-IA); 
(e) 2D culture. (f) Enlongated cells morphology was seen in NRCMs culture in different 
microgels and 2D culture at day 7; (g) Live/Dead assay shows cells viability of NRCMs 
cultured in different microgels and 2D condition at day 7. Scale bar is 20 µm. Green is 
Calcein (live cells), Red is EthD (dead cells). Mean± SD( n=3). ‘*’ indicates p<00.5 for 
comparison of cells cultured in P(NIPAM) based microgels with 2D condition 
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Figure 6-10 Injection of P(NIPAM-IA) microgel does not elicit systematic inflammation 
in immune-competent mice. (a) Schematic showing the overall animal study design. (b) 
Relative quantity analysis of circulating levels of proinflammatory factors in mice injected 
with P(NIPAM-IA) microgel (blue bar) or healthy control mice (white bar) at 7 day (n=3 
animals per group). (c) HE staning revealed no inflammation was elicited on the heart section 
injected with P(NIPAM-IA) microgel at 21 day. Red box indicated the higher magnification 
of injected area, red arrow indicated the injected P(NIPAM-IA) microgel. (d) HE staining 
reveals normal spleen function in the mice injected with P(NIPAM-IA) microgel at day 21. 
* indicates P < 0.05. 

 

From the in-vitro evaluation, the P(NIPAM-IA) microgel was selected for further in-vivo 

assessment of immunogenicity in the immune-competent mice. The immune-competent 

male CD1 mice were injected with P(NIPAM-IA) microgel (Fig. 6-10a). To evaluate the 

acute inflammation and T cell immune reaction induced by the microgel, blood and hearts 

were collected at day 7 after injection.  Analysis of mouse inflammatory proteins shows that 

the plasma levels of pro-inflammatory factors in mice treated with the microgel are 

comparable to those in normal control mice (Fig. 6-10b), which indicates that injection of 

the microgel does not induce systematic inflammation. To evaluate the chronic inflammation 

induced by the microgel, hearts and spleens were collected at day 21 after injection. The HE 

staining reveals no obvious inflammation in the heart and spleen section of mice injected 
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with the microgel. After injection of the microgel in the liquid solution, the microgel 

becomes gel and retains in the injected area as shown from the images at a higher 

magnification (Fig. 6-10c & d). Furthermore, presence of the microgel in mice does not elicit 

obvious local T cell immune rejection or exacerbate cardiac inflammation. As shown in Fig. 

6-11, the amount of CD3+, CD8+, or CD68+ cells (green) detected in the heart treated with 

the microgel is similar to those in the normal heart. The result indicates that the P(NIPAM-

IA) microgel does not elicit obvious inflammation, T cell immune-response and macrophage 

cell  infiltrations. 

 

Figure 6-11 Injection of P(NIPAM-IA) microgel does not elicit local T cell immune-
response and macrophage cells infiltration in immune-competent mice. (a - b) 
Representative fluorescent images showing the presence of CD3+ T cells and CD8+ T cells 
(green) in hearts injected with P(NIPAM-IA) microgel or normal control heart at Day 7. 
Quantitative analysis indicated that the number of CD3+ T cells and CD8+ T cells were 
comparable between hearts injected with microgel or normal control (n=3 animals per 
group).   (c) Representative fluorescent images showing the presence of CD68+ macrophage 
cells (green) in hearts injected with P(NIPAM-IA) microgel or normal control heart at Day 
7. Quantitative analysis indicated that the number of CD68+ macrophage cells were 
comparable between hearts injected with microgel or normal control (n=3 animals per 
group).  Scale bar, 200 μm.  
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6.4.7 Injectable hydrogel for MI treatment. 

We further injected theP(NIPAM-IA) microgel into mice with MI by ligation of the left 

anterior descending artery (LAD) (Fig. 6-12a). The vWF positive endothelial cells are found 

to populate into the microgel-treated area after 3 weeks (Fig. 6-12b), and the number of the 

vWF positive endothelial cells are much more in the microgel-treated area than those in the 

control heart tissue (Fig. 6-12d). The TUNEL staining reveals the anti-apoptosis effects of 

the microgel: much less apoptotic nuclei are detected in the microgel treated area than in the 

controls (Fig. 6-12c & e).  

 
Figure 6-12 Injection of P(NIPAM-IA) microgel reduces myocardial apoptosis but 
promotes angiogenesis. (a) Schematic showing the overall design of animal experiments to 
test the therapeutic benefits of microgel in a mouse model of myocardial infarction (MI). (b) 
Representative images showing vWF-positive endothelial cells (green) in microgel-treated 
hearts (n=3 hearts per group) after 3 weeks. Scale bar=100 μm. (c) Representative 
fluorescent micrographs and showing the presence of TUNEL+ apoptotic cells (green) 
microgel-treated MI heart or PBS control treated MI heart after 3 weeks. Scale bar = 200um. 
(d) The numbers of vWF-positive endothelial cells were quantified. (n=3 animals per group). 
(e) The numbers TUNEL+ apoptotic cells were quantified (n=3 hearts per group) * indicates 
P < 0.05. 
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Figure 6-13 Injection of P(NIPAM-IA) microgel could attenuate LV remodeling and 
preserve cardiac function in myocardial infarction heart. (a, b) Representative Masson’s 
trichrome-stained myocardial sections 3 weeks after PBS control (a) or injection of 
P(NIPAM-IA) microgel treatment (b) (blue = scar tissue and red = viable myocardium). (c-
e) Quantitative analyses of viable myocardium, scar size and infarct thickness from the 
Masson’s trichrome images (n=5 animals per group). (f-g) Left ventricular ejection fractions 
(LVEFs) measured by echocardiography at baseline (4 hrs post-MI) and 3 weeks afterward. 
(h) Treatment effects were calculated (n=6 animals per group). * indicated P<0.05 when 
compared to “MI Control” group. 

 

The representative Masson’s trichrome-stained myocardial sections 3 weeks after 

treatment (red = viable myocardium and blue = scar tissue) display severe LV chamber 

dilation and infarct wall thinning in the non-treated hearts (Fig. 6-13a) in comparison with 

microgel treated hearts (Fig. 6-13b). Notably, the microgel-treated hearts exhibit attenuated 

LV remodeling and less abnormal heart morphology is observed with more viable 

myocardium (Fig. 6-13c), a smaller scar size (Fig. 6-13d) and thicker infarcted walls (Fig. 

6-13e). The left ventricular ejection fractions (LVEFs) were measured by echocardiography 

at the baseline (4 hr post infarct) and 3 weeks afterwards. The LVEFs are indistinguishable 

at the baseline for all groups (Fig. 6-13f), indicating a similar initial injury degree. Over the 

3 week period, the LVEFs in control (white bars, Fig. 6-13g) are decreased while the 

microgel-treated mice exhibit the enhanced LVEF (blue bar, Fig. 6-13g). The treatment 
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effects was evaluated by changes in LVEFs from the baseline as shown in Figure 6-13h. The 

controls have a negative treatment effect, while microgel-treated hearts preserve cardiac 

functions.  

 Conclusion  

We have examined the impact of the microenvironment created from P(NIPAM) based 

microgels with different degrees of hydrophobic and different surface charge on hCSC 

growth, growth factor release and NRCMs viability. The results demonstrate hCSCs and 

NRCMs have higher viability and proliferate better by exposure to a t negative charged and 

hydrophilic microenvironment from the P(NIPAM-IA) microgel. hCSCs in the P(NIPAM-

IA) microgel release regenerative growth factors which are vital for growth and viability of 

NRCMSs. The initial in-vivo results shows that injection of this microgel into mice did not 

elicit immune system responses and T cells/macrophages infiltrations. The P(NIPAM-IA) 

microgel attenuate LV remodeling and facilitates heart repair/regeneration in the treatment 

of MI in the immune competent mice.  
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Figure 6-14 Comparison of 30 mg mL-1 of P(NIPAM) based microgels (pH, ~7.2) in the 
dispersed state (25ºC) and the hydrogel state (37ºC) 
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Figure 6-15 hCSCs morphologies and growth in P(NIPAM) based microgels and 2D 
culture at day 1, day 3 and day 5. (a) to (c) P(NIPAM-DMAEMA); (d) to (f) P(NIPAM-
PEGA); (g) to (i) P(NIPAM-HEMA); (j) to (l) P(NIPAM-IA); (m) to (o) 2D culture. Scale 
bar is 20 µm. Green is Calcein(live cells), Red is EthD (Dead cells). 
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Figure 6-16 NRCMs morphologies and growth in P(NIPAM) based microgels and 2D 
culture at day 1, day 3 and day 5. (a) to (c) P(NIPAM-DMAEMA); (d) to (f) P(NIPAM-
PEGA); (g) to (i) P(NIPAM-HEMA); (j) to (l) P(NIPAM-IA); (m) to (o) 2D culture. Scale 
bar is 20 µm. Green is Calcein(live cells), Red is EthD (Dead cells). 
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Chapter 7:  Conclusion and future directions  

 Conclusions  

The overall objective of this thesis is to apply thermally sensitive microgels to fabricate 

multicellular spheroids for different bio-applications. The thesis investigates the synthesis 

of a range of N-isopropylacrylamide (NIPAM) based microgels by copolymerizing with 

different co-monomer materials to examine the impact of microenvironment properties such 

as surface density and hydrophobicity on formation of different types of multicellular 

spheroids.  

We have explored the mechanics of tumour spheroids formation in the thermally 

sensitive scaffold. The microgel culture produced more uniform-sized spheroids with a more 

spherical shape. It may be utilized for scalable production of multicellular spheroids because 

MCSs were easily released and collected from the microgel. The introduction of the microgel 

network was able to re-create a stiff environment that is seen in-vivo, which is important to 

restore tumour biological features in- vivo. The cellular automata (CA) model combined with 

experimental results showed the effective initial cell density played a crucial role in 

determining the MCSs size distribution. The microgel network did not only reduce the 

effective initial cell density, but also provided the substrate for cellular survival and 

proliferation.  

Basing on the promising results of formation of Hela cell spheroids in the P(NIPAM-

AA) microgels in Chapter 3, we developed microgel droplet-based culture of spheroids to 

obtain uniform-sized spheroids in Chapter 4. The uniform droplet size was achieved by the 

pre-defined microfluidic channel width. After the droplet was heated to form the gel, the 

cell-laden gel was cultured in the full medium for formation of MCSs. The MCSs were also 

released from the droplets by reversing the cell culture temperature to room temperature. 

In Chapter 5, we demonstrated the microenvironment with high hydrophilicity and a 

moderate negative charge density promoted cell proliferation and formation of multicellular 

clusters. The P(NIPAM-IA) microgel was found to perform the best in cell proliferation and 

spheroid formation because it provided a benign microenvironment for cell attachment and 

growth, and its moderate negative charge weakened cell-substrate interactions and facilitated 

the formation of tumor spheroids. However, high hydrophobicity (such as the P(NIPAM-
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HEMA) microgel) decreased the cell proliferation rate, and a highly negative charged 

microenvironment was also detrimental to cellular growth.  

The microenvironment created from the microgels was further examined on the 

proliferation and biological functions of human cardiac stem cells (hCSCs) for potential 

applications in tissue engineering and regenerative medicine in Chapter 6. The result 

demonstrated that hCSCs preferred to a negative charged microenvironment in comparison 

with a cationic and neutral microenvironment. The hydrophilic microenvironment played an 

equal role in hCSC growth and biological functions. hCSCs spheroids formation within the 

anionic microgel with high hydrophilicity, p(NIPAM-IA), significantly improved cell 

proliferation rate and enhanced release of growth factors. The P(NIPAM-IA) microgel was 

found to be biocompatible with myocytes in-vitro and the immune responses after injection 

of the P(NIPAM-IA) microgel in the mouse model were negligible. The P(NIPAM-IA) 

microgel was also found to exhibit attenuated LV remodeling and help MI repair after 

injection into the MI region in the immune-competent mice.  

 Future directions  

This thesis contributions to cancer cell spheroids formation, including uniform-sized 

spheroids formation within microgels and microfluidically forming droplets, which is 

essential for anti-cancer drug screening. Also, the microgels enhance spheroid formation 

from some cells which are not easy to form spheroids. Another major contribution of this 

thesis is to form stem cell spheroids for regenerative therapy, especially heart stem cells for 

MI repair, which offers the potential applications in other cell encapsulation such as beta-

cells or T-cells. The copolymerization contributions to polymer synthesis. Different 

monomers with various charges, functional groups have been incorporated to P(NIPAM) via 

the emulsion polymerization technique. New polymers synthesized in this thesis study can 

not only be used for tissue engineering, but also employed in other engineering areas such 

as water desalination. There are still some limitations: such P(NIPAM) biodegradation and 

3D culture for other cell types, especially human primary cancer cells. 

Although in this thesis, comprehensive studies on thermal P(NIPAM) based microgels 

for bioapplications have been conducted, further development derived from this thesis may 

be made from the following four directions. 

1. Large-scale production of tumour spheroids in the microgels for drug screening. The 

combination of microfluidics with the microgels to culture tumour spheroids offers the great 
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promise in producing uniform-sized tumour spheroids, however, distribution of even number 

of cells in each droplet remains a challenge. Modification of current microfluidic 

configuration may improve the cell distribution. 

2. Further studies on the impact of the microenvironment on multicellular spheroids 

formation may be explored, especially chemical functional groups such as –COOH, -NH2 

and –OH on the cell attachment, proliferation, and behaviours.  

3. The P(NIPAM) based microgels due to their thermal reversibility may be delivered 

into patients’ injured area as injectable hydrogels for tissue engineering and regeneration 

medicine. This thesis has demonstrated the safety of using these microgels in the animal 

model. However more extensive studies on encapsulation of stem cells and protection of 

stem cells from attack by the immune system are required. The introduction of 

immunosuppressive drugs within the microgels may achieve local immunosuppression 

which may generate positive outcomes while the whole body immune system will not be 

compromised.  

4. Biodegradability of the synthetic polymers in the animal models is the most 

challenging issue. The P(NIPAM) based microgels may be co-polymerized with other 

biodegradable natural polymers such as chitosan or matrigel for stem cell therapy.  
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A mechanistic study on tumour spheroid formation
in thermosensitive hydrogels: experiments and
mathematical modelling†

X. Cui,a S. Dini,b S. Dai,a J. Bi,a B. J. Binder,b J. E. F. Greenb and H. Zhang*a

A tumour is a complex, growing tissue with a dynamic microenvironment. Its shape and size affect mass

transport and thus the ability of drugs to penetrate into the tumour. Three-dimensional (3D) tumour

spheroid culture has thus been recognised as an advanced tool for anti-cancer drug screening.

However, the use of tumour spheroids has been hampered by the large variations in spheroid size, their

irregular shape and the labour-intensive culture process. We explore thermosensitive hydrogels,

P(NIPAM-AA), for culturing tumour spheroids and compare our approach with a traditional suspension

culture method (non-adhesive surface) in terms of cell proliferation, tumour spheroid size distribution

and spheroid morphology. Spheroids cultured in the microgel network show a narrower size distribution

and a more spherical shape. We hypothesised that these observations could be explained by the fact that

cells are homogeneously retained inside the hydrogels, cell aggregate formation is much slower due to

network resistance and the cell death rate is smaller in comparison with the suspension culture. We

developed a cellular automata (CA) model to validate these hypotheses. Spheroid formation with

different parameter values, representing culture in suspension and in microgels, is simulated. Our results

are consistent with the hypothesis that the microgel culture produces a more uniform size distribution of

spheroids as a result of reduced cell death and the gel network resistance.

Introduction
Cancer is a leading cause of human death: 7.9 million people
died of the disease in 2007 and the number is estimated to
reach 12 million per year by 2030.1 This has motivated intense
research efforts to develop new drugs over several decades.2 As
part of these efforts, a two dimensional cancer cell culture has
been widely used to screen cancer therapeutic drugs. However,
these culture methods have limitations when it comes to
replicating the cell–cell and cell–extracellular matrix (ECM)
interactions which are important regulators of cell behaviour in
physiological tissues. Three-dimensional (3D) cell culture
methods which mimic, to some extent, the complex spatial
structure of tissues observed in in vivo models, are increasingly
being used to help us understand cancer biology and screen
potential treatments. In addition, in vitro 3D culture systems
can recreate the functional, environmental, and histomorpho-
logical features of human tissues.3

Numerous 3D culture models currently exist for cancer-
related research, such as liquid overlay based culture non-

adhesive surfaces,4–6 suspension culture in mechanically stir-
red spinner asks,7–9 and hanging drops.10–14 However, these
conventional means either have a high labour cost or limited
capacity for generating large-scale uniform-sized tumour
spheroids. The National Aeronautics and Space Administration
developed a rotary cell culture system that can achieve a large
scalable production of tumour spheroids. However the micro-
environment experienced by cells during spheroid formation
is very different to that in vivo,15,16 as without the physical
resistance given by ECM, multicellular spheroids grow as indi-
vidual cell agglomerates and do not interact with their extra-
cellular milieu. Naturally derived hydrogels17–19 have been
employed as scaffolds in tissue engineering to mimic the in vivo
microenvironments due to their rich networks of ECM proteins
and cellular support matrices.20–22 Cells grown in hydrogels not
only interact with each other but also exhibit matrix attach-
ment. The scaffold provides physical and structural support for
the formation of tumour spheroids.23 However, these naturally
derived hydrogels lack design exibility in manipulating indi-
vidual matrix properties, have poor handling characteristics
and display poor reproducibility due to different compositions
from batch to batch.24 Synthetic hydrogels have emerged as
a replacement for naturally derived hydrogels for 3D cell culture
since they are not only able to mimic the key features of the
natural extracellular microenvironment,25–28 but also can be
modied with specic functional groups to modulate cell
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behaviour.29–33 However, harvesting tumour spheroids from
hydrogels for subsequent use in screening potential therapeutic
drugs remains a signicant challenge.

We have previously developed a range of thermo-reversible
hydrogels or microgels, and used them to mimic the extracel-
lular microenvironment for mesenchyme stem cells.34–36 In this
study we employ these thermo-reversible microgels to culture
and harvest tumour spheroids. In our method, as shown in
Scheme 1, single cells are homogeneously embedded inside the
microgel network that have been heated to 37 !C. Cells prolif-
erate in the cell culture medium, and multiple cells interact to
form clusters. Aer the clusters reach the desired size, the
spheroids are easily released and collected by cooling the
system down to room temperature. In this conned environ-
ment, we expect to obtain uniform-sized spheroids with
a narrow size-distribution. We characterize the spheroid size,
size distribution and shape, and examine the detailed structure
of spheroids through uorescent images and SEM analysis that
is missing from the previous study.37 This approach can be
easily adapted for producing large quantities of tumor spher-
oids for high throughput screening potential drugs.

We put forward possible mechanisms for spheroid formation,
which we then investigate using an agent-based or cellular
automata (CA) model. CA models have previously been widely
used to investigate various biological phenomena,38,39 including
tumour growth.40–42 However, to our knowledge they have not
previously been applied to the study of tumour spheroid forma-
tion within hydrogel scaffolds. By changing some of the param-
eters in our model, we are able to take into account the different
environments experienced by cells in hydrogel and suspension

cultures, and investigate their effects on spheroid formation. Of
particular interest was to determine the factors affecting the
uniformity of the spheroid size distribution. Combining the CA
model and experimental results, allows us to explore the different
mechanisms for tumour spheroid formation in microgel scaffold
culture and suspension cultures.

Experimental
Materials

N-Isopropylacrylamide (NIPAM), acrylic acid (AA), N,N0-methyl-
enebis(acrylamide) (MBA), potassium persulphate (KPS) were
purchased from Sigma-Aldrich, sodium dodecyl sulphate (SDS)
was purchased from VWR. NIPAM was recrystallized in n-
hexane and dried in vacuum at room temperature. AA was
puried by vacuum distillation. Dulbecco's Modied Eagle's
Medium (DMEM), trypsin-EDTA, penicillin–streptomycin (PS)
and fetal bovine serum (FBS) were ordered from Gibco. 3-(4,5-
Dimethlthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was purchased from Merck. The LIVE/DEAD® Viability/
Cytotoxicity Kit was purchased from Life Technologies.

Microgels synthesis

The P(NIPAM-AA) microgels were synthesized by free radical
emulsion polymerization based on the method reported previ-
ously34 and the recipe was shown in Table S1.† 9.9 mmol
NIPAM, 0.1 mmol AA, 0.2 mmol MBA and 0.12 mmol of SDS
were dissolved in 97 mL of water. Aer thoroughly mixing, the
solution was transferred to a 250 mL three-necked ask tted
with a condenser and a mechanical stirrer. Before the poly-
merization, the solution was under nitrogen atmosphere for
degassing 30 min. Aer degassing, the ask was placed into
a pre-heated oil batch (70 !C). 3.0 mL of KPS aqueous solution
(0.1 mmol) was injected into the mixture solution to initiate the
polymerization. The polymerization was carried out for 5 h
under the protection of nitrogen atmosphere with continuous
stirring. Aer reducing the temperature to the ambient
temperature, the microgels were puried by membrane dialysis
with a cut-off molecular weight of 12–14 kDa against Milli-Q
water for one week with a daily water change. The puried
microgels were concentrated at 70 !C with continuous stirring.
The success of copolymerization was conrmed by FTIR
(Fig. S1) and titration (Fig. S2) in ESI document.†

Tumor spheroid formation from three dimensional cell
culture

HeLa cells were cultured in a growth medium (DMEM with 10%
FBS and 1% PS) in a T-75 ask. The ask was incubated at 37 !C
in a humidied atmosphere with 5% CO2 until it was conuent.
Trypsin was added into the ask to harvest cells. Cells were
resuspended in a complete growth medium at a cell concen-
tration of 1.4 " 106 cells per mL.

To prevent HeLa cells attached to the bottom of the 24 well
plates, all wells were pre-coated with 400 mL 5% agarose. Aer
coating, HeLa cell dispersion was mixed with 50 mg mL#1

microgels (in phosphate buffered saline (PBS), pH z 7.2) at

Scheme 1 Thermally sensitive microgels for culturing tumour spher-
oids: (a) HeLa cells are homogenously mixed with microgels at room
temperature; (b) at 37 !C, P(NIPAM-AA) microgels constrain single cells
in a three-dimensional network as the microgels are solidified due to
the hydrophobic attraction; (c) after incubating HeLa-laden microgels
in cell culture medium for a pre-determined period, HeLa multicellular
spheroids are generated in P(NIPAM-AA) microgels; (d) by cooling
down the temperature to 25 !C, the 3D microgel turns into solution as
microgels become hydrophilic again and are re-dispersed into
medium, and HeLa spheroids are released from the liquefied solution.
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a volumetric ratio of 2 : 3. Therefore, the initial concentration of
cells was 5.6 " 105 cells per mL, and the concentration of
microgels was 30 mg mL#1. 0.5 mL of mixture was seeded to
each well of a 24-well plate. The cell–microgel mixture was
incubated at 37 !C for 2 h until the mixture became so gel. 1
mL growth medium was added on the top of the so gel in each
well. Cells were incubated at 37 !C in a humidied atmosphere
with 5% CO2 and the growth medium was changed daily. Cells
were harvested for further analysis at day 7, 14, and 21. For
comparison of cell culture in the absence of microgels, 0.5 mL
of the HeLa cell dispersion in the complete growth medium
with a concentration of 5.6 " 105 cells per mL was seeded to
each coated well of a 24-well plate, and then another 1 mL
culture medium was added to each well. Other experimental
conditions were identical to 3D cell culture in the microgels.

Cell proliferation assay

Cell proliferation was determined by the standard MTT assay.
Aer culturing for a predetermined period, 100 mL MTT solu-
tion (5.0 mg mL#1) was added into each well with microgels or
without microgels. Aer further incubating for 4 h, the medium
was completely removed. 1 mL DMSO was added to dissolve the
formazan crystals. All solutions from each well were transferred
to a 96 well plate and the absorbance of the solubilized for-
mazan crystals was recorded using an ELx808 Absorbance
Microplate Reader (BioTek Instruments In., USA) at a wave-
length of 490 nm.

Spheroid release and collection

Aer the culture period has elapsed, the scaffold and cells
structure are le at room temperature for 1 h. The microgels
liquefy when the temperature is below LCST, and the released
spheroids can be easily collected through centrifuge.

Spheroid morphology and structure analysis

Aer the HeLa cells were cultured in the microgels for a xed
time point, the cell-microgel mixture was cooled down to the
room temperature. The microgels turned into solution and
spheroids were released. The morphology of the HeLa cell
spheroids in the microgel solution was observed under an
Olympus IX50 inverted microspore (USA). The optical images
were analysed by a soware package Analysis LSR (USA) to
quantify the cell size distribution and sphericity. The spheroids'
size was analysed through pictures that were taken from 3 wells
(3 pictures per well) for each day and the total number of
spheroids analysed was at least 100.

The Live/Dead cell viability/cytotoxicity kit was used to assess
live and dead cells in the spheroid structure. The dye solution
was prepared according to the protocol from the supplier. 0.3 mL
ethidium homodimer-1 (red) and 0.75 mL calcein AM (green)
was added 1.5 mL PBS buffer. Before staining, the gel and cells
mixture was washed with pre-warmed PBS buffer twice. Then
200 mL dye solution was added to each well. Aer another 30
minutes incubation at 37 !C, gel and cells mixture was washed
with pre-warmed PBS buffer for two more times. A fresh 300 mL
PBS buffer was added aer rinse process. The stained mixture

was observed under confocal microscopy for spheroid
morphology examination. The excitation wavelength for calcein
AM was selected to be 504–553 nm, and for ethidium
homodimer-1 was 569–619 nm. The Leica TCS SP5 confocal
microscope was used to record uorescent images.

The scanning electron microscopy (SEM) was also further
employed for spheroid structure analysis. The cellular
spheroid was xed for 30 min in the EM xative (4% para-
formaldehyde/1.25% glutaraldehyde in PBS, and 4% sucrose,
pH 7.2). The sample was rinsed in a washing buffer (PBS + 4%
sucrose) for 5 min. The spheroid was post-xed in a 2% OsO4

aqueous solution for 30 min. Aer xing the sample, the
sample was dehydrated by rinsing it by 70%, 90% and 100%
ethanol thrice and 10 min for each step. The sample was
submerged into a mixture of HMDS (hexamethyldisilazane)
and 100% ethanol at a volumetric ratio of 1 : 1 for 10 min. The
sample was further placed into 100% HMDS for 10 min. HMDS
was removed and the sample was dried. The dried sample was
coated with platinum and observed under a Philips XL30 Field
Emission Scanning Electron Microscope at an accelerating
voltage of 10 kV.

Development of CA model

The CA model consists of a lattice, where each site on the lattice
can either be empty or occupied by a cell. At the beginning of
a simulation, a specied number of cells are placed at random
on the lattice. The number and position of the cells are updated
at discrete time intervals. During each timestep, cells are
selected in random order, and act according to rules for cell
behaviour (including cell movement, proliferation and death)
that are described in detail below. Our model uses a two-
dimensional lattice, as the experimental data derives from
two-dimensional images. This has the further advantage of
reducing the computational cost compared to a three-
dimensional model. The method by which we take into
account the three-dimensional nature of the experiments is
explained in detail below.

Cell movement.We let the probability that a cell will attempt
to move during a time step be Pm. We assume this probability
will depend upon the cell's environment. We take a higher value
of Pm to represent cells in suspension, and a lower value of Pm
for cells in microgels, representing some resistance to move-
ment (such as cell–ECM adhesion, and high viscosity of
microgel solution). Cell movement is assumed to involve two
component behaviours: unbiased random motion (in which
a cell will attempt to move to one of the four neighbouring
lattice sites with equal probability) and biased motion (where
cells will preferentially move towards other cells). In our model,
cells attempt to move according to the biased motion rule with
probability Pb (hence the probability of moving according to the
unbiased random motion rule is 1 # Pb). Thus the tendency of
cells to aggregation is represented by the probability of biased
motion, Pb: for cell types that are strongly inclined to create
clusters aer seeding, Pb will be close to one, whilst for those
that do not tend to aggregate, Pb is close to zero.43 Pb and Pm are
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chosen based on the hypothesised characteristics of the cells in
the medium before the start of each simulation.

When a cell attempts to move using the biased motion rule,
the direction in which it moves is determined as follows. For
each of the four directions, we calculate the following
probability:

PvðkÞ ¼
vðkÞ

X4

i¼1

vðiÞ
for k ¼ 1; 2; 3; 4

where v(k) is the number of cells at the right (k ¼ 1), le (k ¼ 2),
up (k¼ 3) and down (k¼ 4) direction of a cell within its range of
attraction (l) (see Fig. 1). Note that the Pv(k) sum to unity. We
then subdivide the interval [0,1] into four sub-intervals: [0,
Pv(1)], (Pv(1), Pv(1) + Pv(2)], (Pv(1) + Pv(2), 1 # Pv(4)), (1 # Pv(4), 1],
and draw a random number uniformly distributed on [0,1]. If
the number chosen lies in the rst interval, the cell attempts to
move right, if in the second, it attempts to move le, etc.

Area exclusion is accounted for in the cell movement rules:44

two or more cells cannot occupy a site at a time. Therefore, if at
any point a cell attempts tomove to an already occupied site, the
movement is aborted.

Mombach and Glazier45 suggest that in unbiased motion
a cell moves 1/6 of its diameter in 30 minutes. Therefore, in 3
hours each cell moves one site in the lattice when Pm ¼ 1.

The probability of biasedmotion is set to Pb¼ 0.9 with the range
of attraction, l ¼ 3 for both types of culture. Thus, it is very likely
that the cells move towards each other when they are very close to
each other (e.g. close enough that some parts of the cell may make
physical contact). Long range attractions are not considered here as
chemotactic signals are assumed to be negligible.

Cell proliferation. The probability of proliferation, Pp,
determines the rate of proliferation at each timestep. When
proliferation occurs for a cell, the parent cell keeps its position
and the daughter cell occupies one of the four adjacent sites.
Area exclusion is accounted for in the proliferation rules as well,
i.e. if a cell already occupies the chosen site for the daughter, the
proliferation event is aborted.

We follow the model of Qi et al.40 who take into account the
effects of nutrient depletion as cancer cells proliferate by
making the probability of proliferation dependent upon the
total number of cells. We dene the two-dimensional cell
density, r, as the area fraction occupied by the cells, given by

r ¼ NðtÞB
A

where N(t) is the number of cells at time t, B is the cell area (152

mm2) and A is the area of the lattice in mm2. The area of a well in
the experiments is around 20 mm2. Thus, the length of each
side of the well is a ¼

ffiffiffi
A

p
z 4:5 mm: Therefore, a lattice rep-

resenting the wells has a length of L¼ a/0.015¼ 300 sites. As the
proliferation rate is assumed to decrease when cell density
increases, due to lack of nutrients, we dene the probability of
proliferation as

Pp ¼ k

"
1# rðtÞ

C

#

where C is carrying capacity and k is growth rate. Qi et al.40

suggest 0.26 d#1 < k < 0.48 d#1. From the experimental data
shown in Fig. 2, cells have approximately the same rate of
proliferation in suspension and microgel: we hence use the
same probability of proliferation for both types of culture with k
¼ 0.48 d#1 ¼ 0.06 (3 h)#1. C is estimated to be 0.6 by processing
the images of the experiments to obtain the maximum area
fraction that may occur.

Cell death. Cells need to adhere to another cell or a surface to
survive and proliferate.46 As the cells in suspension culture are
prevented from adhering to the substrate, we assume that they
are likely to die aer one day if they do not adhere to other
cells.47,48 In the model, we assume a cell is adhered to another
cell if there is a least one cell in the four squares adjacent to it.
However, in microgel culture, the cells can survive and prolif-
erate by adhering to the microgel. We thus considered two
different death probabilities, Pd, in simulations of suspension
and microgel experiments. In suspension simulations, Pd for an
isolated cell is low during the rst day of culture, increasing
rapidly to unity thereaer. For microgel simulations, for the
sake of simplicity, Pd is taken to be zero.

Thus, the probability of death for isolated cells in suspension
and microgel culture respectively can be dened as follows

Pd ¼

8
<

:

1

1þ e#100ðDt#8Þ ; suspension

0; microgel

(1.1)

where Dt is the number of timesteps (each timestep represents 3
h) where a cell is not adhered to another cell. This equation
gives a rapid increase in the death probability aer Dt ¼ 8 (1
day) for suspension culture, whilst Pd ¼ 0 for microgel cultures
for 0 # Dt # 168 timesteps, see Fig. 2. Note that the functional

Fig. 1 A sample distribution of cells is depicted. For example, the red
cell marked out with the black border senses 7 cells at its right side, v(k
¼ 1) ¼ 7, where l ¼ 3 is the radius of the attraction range, illustrated by
the shaded sites.

Fig. 2 The probability of death (Pd) applied in the CAmodel, described
in eqn (1.1). Dt is the number of timesteps (each of 3 h) where a cell is
not adhered to another cell.
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form of Pd in eqn (1.1) is simply chosen to reproduce the
assumed qualitative behaviour of the cells in the two different
culture environments described above. In the case of suspen-
sion culture, other functions that increase rapidly to unity aer
a period of 1 day would be expected to produce similar
results.

The CA model was run with a timestep, Ts, of 3 hours. The
initial population was set to r0 ¼ r(0) ¼ 0.05 in suspension and
r0 ¼ 0.005 in microgel to have the best t to the experiments.
The reason for this difference is that in suspension most cells
settle down and interact in a layer close to the substrate,
whereas the cells in microgels lie in multiple layers. Note that r0
represents the effective initial population of cells in our 2D CA
model, i.e. the cells that interact with each other within a layer,
not the total population of cells in a well. This leads to
a considerably higher effective r0 for the suspension culture
case where the cells are mainly within one layer, compared
to the microgel, where they are distributed more evenly
throughout the gel.

The length of the lattice side was scaled down to half: 150
sites, similar to the size of the images of the experiments.
Moreover, a periodic boundary condition was applied in the
simulations. This means that when a cell moves out of the
domain at one side, it will re-enter from the opposite side.
Applying periodic boundary conditions mitigates the effect of
boundaries on the distribution of cells,43 since there is no
physical boundary present at the edge of the experimental
images with which we aim to compare our results.

The size of the clusters (cluster diameter) was calculated as
follows. Firstly, the areas of the clusters were computed, using
the function #bwarea in MATLAB. This function gives an esti-
mate of the area, n, created from adjacent connected pixels,
using the algorithm explained in ref. 49. Multiplying the area by
152 (area of a cell), gave the area of a cluster in mm2. The cluster
diameter, D, was then calculated as the diameter of a circular
cluster of equivalent area – i.e.:

D ¼ 30

ffiffiffiffi
n

p

r

Data analysis

All experimental data were expressed with mean ( standard
deviation. Student's t test was used to for statistical analysis.
Data were considered to be signicantly different at p < 0.05.

Results and discussion
Cell proliferation

We have previously used synthesized microgels to culture
mesenchymal stem cells and promote cell proliferation in the
three dimensional network.34–36 We again employed this novel
three-dimensional cell culture platform in this study to form
HeLa tumor spheroids and compare them with suspension
culture controls. When HeLa cells are cultured in the microgels,
the cells display rapid proliferation in the rst 7 days, maintain
a dynamically balanced cell growth from day 7 to 14, and start to
decrease in cell number from day 14 to 21 as shown in Fig. 3. A

similar trend of cell proliferation was also observed for the cells
in suspension culture. Interestingly, the growth kinetics for
HeLa cells in microgels are quite similar to those of tumour in
vivo.50

At day 1 the MTT result shows cells growing within microgels
or in suspension have a very similar absorbance rates which
indicates good biocompatibility of the P(NIPAM-AA) microgels
with HeLa cells. At day 7, cells in suspension proliferate rela-
tively faster than those within the microgels. However, the
number of viable cells increases signicantly in microgels,
which means oxygen and nutrients can diffuse through the
microgel pore networks to support cell growth. As cell growth
progresses, the number of proliferating cells starts to decrease
and the proportion of non-proliferating (quiescent) cells starts
to increase.50 This may be due to the maximum cell density
being achieved in each well.37 However, the lower growth rate in
the microgels in the previous 7 days results in more rapid
growth from day 7 to day 14 in comparison with suspension
culture. At day 21, the viable cell number with and without gels
shows a dramatic drop. This may be due to formation of large
clusters in which the inner cells are dead because of limited
oxygen and nutrients. At this stage, the maximum size of clus-
ters is reached, and there are many more inner dead cells. Cell
death may also due to toxic products discharged by the cells.37

Spheroid structure analysis

The Live/Dead viability and cytotoxicity kit was further
employed to examine the structure of individual tumour
spheroids. Live cells are coloured green, whilst dead cells are
red. The uorescent images clearly show the inner structure of
the spheroids. Fig. 4a–d illustrates the progression of spheroid
development. At day 1, the single cells are dispersed in the
microgel network. At day 7, as shown in Fig. 4b, small clusters
are able to be seen and the inner cells become dead due to
starvation of oxygen, glucose and other nutrients as well as
accumulation of toxic metabolites secreted by cells.50 A solid

Fig. 3 HeLa cell proliferation inside the microgel network. The
experiment was performed in parallel (mean( SD, n¼ 12). ‘*’ indicates
p < 0.05.
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and compact spheroid structure appears at day 14, and dead
cells in the central core are distinguishable from those in the
outer layers. At day 21, the compact structure becomes loose
and some cells detach from it and start to migrate away. High-
resolution SEM images in Fig. 4 clearly reveal the spheroid
structure. Cells are tightly bound to each other to form a nearly
spherical structure (Fig. 4e). The strong interaction between
cells results in the compact spheroid structure (Fig. 4f and S3†).
This conrms that the cell adhesion is one of the key driving
forces to maintain the structure.

Spheroid size analysis

The physiological state of spheroids is dependent on their size
and the cell density within them. Three dimensional cell–cell
and cell–matrix interactions are established when the spheroid
size reaches 150 mm and gene expression proles are signi-
cantly altered, compared to 2D culture. Chemical gradients,
such as oxygen, nutrients and catabolizes, are developed at
diameters between 200 mm and 500 mm, and a central secondary
necrosis is established for a diameter greater than 500 mm.
Thus, spheroid size has a great impact on drug screening.
Optical images were used to study the morphology of the
spheroids, and the images are presented in Fig. 5. 4" magni-
cation images reveal the evolution of cluster sizes at each time
stage. It can be seen that cells remaining inside of microgels
tend to form a cluster structure at a slower rate than those in
suspension. At day 7, without the control of microgels, cells
cultured in the suspension medium have formed a cluster
structure (Fig. 5a), while cells grown in the microgels form
a much smaller cluster containing two or three cells (Fig. 5b). At
day 14, a clear spheroid structure can be observed both within
and without microgels. However, the size of the clusters in
microgels (Fig. 5c) is considerably less than those in suspension
medium (Fig. 5d). A number of single cells are seen in the
microgel system. Aer culturing for 21 days, the number of
clusters within microgels increases although some single cells
can still be observed (Fig. 5e). In suspension culture, the

number of clusters begins to drop but the size of the clusters
continues to increase (Fig. 5f).

Clusters may be formed due to interactions between two
neighbouring cells or between parent and the daughter cells,
depending on their physical locations and the secretory mole-
cules surrounding them.31 Clusters in the suspension medium
may be formed due to interactions between parent and daughter
cells as well as neighbouring cells. Further increases in cluster
size may be due to cluster–cluster, cluster–cell and cell–cell
interactions. However, inside the microgels, the restraint
provided by the microgel networks slows down the formation of
cell clusters. Neighbouring cells inside the scaffold are separated
by the physical barriers formed by the microgel network and they
cannot migrate freely to form clusters. Most likely, clusters are
formed by parent cells and their adjacent daughters. On the rst
day, the cell density is low, and cells are scattered inside the
microgel network. Gradually cells start to proliferate and two-cell
clusters are formed. As the culture time increases, multicellular
spheroid structures are generated.

Cluster size distribution

The optical images were further analysed using an imaging
soware package to obtain the size distribution of the clusters
which is shown in Fig. 6. At the rst 7 days, cells grown in
microgels form clusters with a size range of 20 mm to 70 mm
(Fig. 6a). By contrast, cells grown in suspension form larger
clusters more rapidly. More than 60% of the clusters are bigger
than 70 mm.Most clusters are around 70 mm to 120 mm (Fig. 6b).

Fig. 4 HeLa cell Live/Dead and SEM images. (a–e) HeLa cells fluo-
rescent images within microgel network at day 1, day 7, day 14, day 21
respectively. Scale bar is 100 mm. (e and f) SEM of a HeLa cell spheroid
at day 7 at different scale, 20 mm for (e) and 5 mm for (f).

Fig. 5 HeLa cells in microgel (a, c and e) and suspension culture (b,
d and f) at different culture days at room temperature. Scale bar is 500
mm. (a), (c) and (e) show HeLa cells within microgel culture after 7 days,
14 days and 21 days respectively. (b), (d) and (f) show HeLa cells in
suspension culture after 7 days, 14 days and 21 days respectively.
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At day 14, a shi in spheroid size towards larger sizes becomes
more evident in both types of culture. Themajority of clusters in
microgels are around 70 mm to 120 mm with a narrow size
distribution, while the cluster size in the suspension medium
shows a much wider distribution. Equal numbers of spheroids
are found in the range of 70 mm to 120 mm and 120 mm to 170
mm. Bigger-sized clusters can be observed in the suspension
medium than in microgels. At day 21, the cluster size increases
again. The incremental rate of cluster size growth in the
suspension medium is much faster than that in the microgels.
In microgel scaffold culture, the majority of the cluster sizes are
in the range 70 mm to 120 mm, with a relatively narrower size
distribution than that for suspension culture.

The stiff microenvironment formed by the microgels has
a signicant impact on the size distribution of spheroids. It has
been reported that a higher stiffness surrounding cells results in
much smaller spheroids.51 The microgels generated in the study
are relatively so, with an elastic modulus (G0) of around 1 Pa, far
less than the values reported ranging from 241 to 1201 Pa G0 of
other hydrogels.51 It would be expected that a higher stiffnessmay
also lead to a very narrow size distribution. However, spheroids
with a size below 150 mm generated in the in vitro environment
may not be able to represent the tumours in the human body. It is
clearly shown that the so microgels in our study can signi-
cantly reduce variability in spheroid size and also produce
spheroids with a size range similar to the in vivo environment.

Sphericity

The measurement of sphericity was based on the central
moment, and the sphericity is dened as the ratio of the
perimeter of the circle with the same projected area as the
cluster (pdeq) to the perimeter of the cluster (P):52

s ¼ pdeq/P

The calculated sphericities for spheroids with and without
microgels are shown in Fig. 7. It can be seen from Fig. 7 that the
sphericity in the suspension does not vary with the culture time.
Above 70% of clusters have sphericity of 0.4 to 0.6, which means
the shape of the clusters is far from spherical. In the microgel
culture, at day 7, the sphericity seems similar to that in the
suspension medium. However, over 70% of clusters present
sphericity of 0.8–1.0, showing that the most of clusters exhibit
a spherical shape. As the culture time extends to 21 days, the
sphericity shis from 0.8–1.0 to 0.6–0.8, with the frequency of
eccentric shapes increasing aer 14 days in culture. The results
demonstrate the stiffness of the microenvironment formed by
microgels also plays a role inmaintaining the spherical shape of
spheroids.

CA model

Fig. 8 shows the pattern and distribution of clusters in
suspension and microgel simulations. Here, we consider
extreme cases where Pm is 1 for suspension and 0 for microgels

Fig. 6 HeLa cell spheroid size distribution. (a), (c) and (e) show results
for HeLa cells within microgel culture after 7 days, 14 days, and 21 days
respectively. (b), (d) and (f) show results for HeLa cells in suspension
culture after 7 days, 14 days and 21 days respectively.

Fig. 7 Sphericity of HeLa clusters in microgel and suspension culture.
(a), (c) and (e) show results for HeLa cells withinmicrogel culture after 7
days, 14 days, and 21 days respectively. (b), (d) and (f) show results for
HeLa cells in suspension culture after 7 days, 14 days and 21 days
respectively.
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respectively. Thus, the cells are very motile in suspension and
the cells in microgels do not move at all. Note that in the
histograms clusters with n < 7 are not included, since they are
too small to be considered as spheroids.

Comparing Fig. 8 with 5 shows that the simulation results
are in good agreement with the experimental results. At day 21,
the average cluster size is !D z 186 mm and the standard devi-
ation of the cluster size is dz 107 mm for simulated suspension
cultures, while !D z 133 mm and d z 54 mm for simulated
microgel cultures. Hence, the distribution of clusters is more
uniform in themicrogel with a lower standard deviation and the
average cluster size is smaller as well.

The main differences between the simulated suspension and
microgel experiments are in the motion of cells and the initial
cell density. We aim to understand how each of them affects the
distribution of cluster size, and so, parameter-sweeping tests
were carried out in which one of the parameters is varied while
the others are kept constant. We swept the parameters in
a physically plausible region, i.e. where their values are within
a range that is consistent with the physical properties of the
medium. Small variations about the previous values of Pm and
r0 (see the caption of Fig. 9) are analysed.

We have also examined general cases where the parameter
ranges are not necessarily in the plausible region, see ESI Fig. S4
and S5.† This allows us to analyse other different media that
might be used for spheroid formation in future work.

The parameter sweeping was done for 150 " 150 lattice with
r0 ¼ {0.005, 0.01, 0.015, 0.02} and Pm ¼ {0, 0.005, 0.01} in the
microgel and r0¼ {0.035, 0.04, 0.045, 0.05} and Pm¼ {0.8, 0.9, 1}
in suspension. Fig. 9 shows that !D and d increase with r0. Thus
our model suggests that using a higher initial cell density, r0,
leads to formation of bigger clusters, which is desirable, but this
has the unwanted effect of reducing the uniformity of cluster
size. Hence the choice of r0 would involve a trade-off between
cluster size and size-variability.

As illustrated in Fig. 9b and d, our model predicts that the
rate of increase of d with r0 for microgel culture is greater than
for suspension culture. Thus, increasing the initial population
would have a more deleterious effect on the uniformity of the
clusters in microgels compared to suspension culture.

Sweeping the values of Pm in a wider range, we determined
that motility of cells can strongly affect !D and d. Fig. S4† in ESI
shows that increasing Pm leads to the formation of bigger
clusters. The reason is that, when Pm is high enough, randomly
moving cells can nd bigger clusters nearby and attach to them.
In addition, the highly motile cells in small clusters are more
likely to nd bigger clusters and attach to them. Therefore,
increasing Pm can reduce the number of small clusters and
increase the number of larger ones. Further details can be
found in the ESI.†

Conclusion
In summary, we conducted a series of experiments to demon-
strate the advantages of using microgel scaffolds to culture
tumour spheroids instead of conventional suspension culture
methods. Microgel culture produces more uniformly-sized

Fig. 8 Visualisations of spheroid formation and the distribution of
cluster sizes in microgel (left box) and suspension (right box) simula-
tions. (a and d) day 7, (b and e) day 14 and (c and f) day 21. The average
with the 95% confidence intervals of the t-distribution are depicted for
50 simulations. In suspension: Pm ¼ 1 and r0 ¼ 0.05. In microgel: Pm ¼
0 and r0 ¼ 0.005. The lattice has side of L ¼ 150 sites, the range of
attraction is l ¼ 3, the probability of biased movement is Pb ¼ 0.9, the
proliferation constant is k ¼ 0.06, the carrying capacity is C ¼ 0.6 and
the death probability is defined in eqn (1.1). The dead cells are not
shown in the images. Time lapses of the evolving distribution of cells
for suspension and microgel cultures are shown in the ESI document.†

Fig. 9 Parameter sweeping tests. Standard deviation, d, and average,
D!, of cluster size are depicted. (a and b) Microgel: r0 ¼ {0.005, 0.01,
0.015, 0.02}. Pm ¼ 0 black, Pm ¼ 0.005 blue and Pm ¼ 0.01 red. (c and
d) Suspension: r0 ¼ {0.035, 0.04, 0.045, 0.05}. Pm ¼ 0.8 black, Pm ¼
0.9 blue, Pm ¼ 1 red. The points in the graphs are averages over 50
simulations and the error bars are 95% confidence intervals of the t-
distribution. The values of the other parameters are the same as in
Fig. 8.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 73282–73291 | 73289
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spheroids, with amore spherical shape. Also it could be used for
scalable production of multicellular spheroids. The introduc-
tion of the microgel network can be helpful to mimic the stiff
environment of tumour growth in vivo. Spheroids produced by
our technique can be easily released and collected. Further
study on the details of cells' behaviour in microgels can be
conducted, and the mechanism of spheroid formation will help
understanding of the spheroid formation progress in real
tissue. This material, with somemodications, could be used to
re-create a controlled microenvironment for other scaffold
applications such as regenerative medicine, tissue engineering
and so forth.

We developed a CA model to explore the reasons for the
different size distributions observed in spheroids grown in
microgels and suspension culture. In the model, the cells
behave according to rules for movement, proliferation and
death. We tried to keep the model as simple as possible in order
to focus on the effect of the major parameters on spheroid
formation. The CA model was developed in two-dimensions,
since this facilitates comparison with the two-dimensional
experimental images, and also reduces the computation time
required.

Our CA model was successfully able to reproduce the
experimental results for spheroid formation rate and size
distribution, for both microgel and suspension cultures. Our
results are thus consistent with the main differences between
cells in the two different cultures being in their proliferation
and death rates, and their initial effective density. Hence, the
more uniform size distribution of spheroids produced by
microgel culture could be due to its ability to separate the cells
into multiple layers, reducing the effective initial density.
However, even when the number of cells is low, the microgel
provides a substrate for cells to survive and proliferate, so
spheroids can still be produced. By contrast it is not possible to
reduce the initial population of cells signicantly in suspension
cultures, since the cells would die out and spheroid formation
would not occur.

The model predicts that the initial cell density plays a crucial
role in determining the features of the formed spheroids. For
the parameter ranges we considered, higher initial densities led
to larger spheroids, but at the cost of introducing greater vari-
ability in spheroid size. This effect was predicted to be more
pronounced for microgel cultures than suspension cultures.
Further experiments will be required to test these predictions.
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Multicellular spheroids (MCSs) have a unique structure to represent the in vivo tissues and they have many po-
tential applications, such as in drug screening and evaluation. Traditional methods of fabricating MCSs are inca-
pable of controlling the MCS size and size distribution. For MCS formation in the ion- or photo-crosslinked
hydrogel, recovery ofMCSs from these hydrogelsmay need strong chemicals or enzymes to break the crosslinked
network for release of MCSs. We are the first to develop a microfluidic approach to encapsulate Hela cells in
thermoresponsive microgel-based droplets to generate Hela MCSs. The microgel network provided a physical
scaffold for cells so that cell aggregates formed in a biomimicking condition. Due to the thermal reversibility of
microgels, MCSs were released and harvested from the microgels droplets by simply cooling the droplets
down to room temperature. This approach may open a new door for generating uniform-sized MCSs.

© 2016 Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Most cells in the human body are living in a three-dimensional (3D)
environment through interactingwith neighboring cells and extracellu-
lar matrices (ECM) which are missing in traditional two dimensional
monolayer culture [1]. Cell-cell and cell-ECM interactions have a great
impact onmanybiological activities such as homeostasis and cell signal-
ing through functional junctions between cells [2]. The 3D cell culture
model based onmulticellular spheroids (MCSs) is a powerful tool to re-
capitulate the cell-cell and cell-matrix interactions that have been found
in vivo to preserve cellular viability, functionality and phenotype [3],
and the MCSs serve a building bridge to connect the two-dimensional
cell culture and animal-based studies [4]. Hence, a myriad of methods
have been developed for fabrication of MCSs. Conventional methods
such as the hanging drop [5], the gyratory method [6], non-adhesive
culture [7], micro-fabricated confined culture [8], accelerated aggre-
gate-forming method [9] as well as liquid overlay culture [10] have
been explored. Among them, the micro-fabrication technology has
been recently pursued due to manipulatable sizes and shapes of MCSs
in the confined environment. Microarrays [11], microwells [12] and
microfluidic devices [13] are designed to seed a high cell density in a
small cavity so that cells aggregate in the cavity to formMCSs. However,
in this method, cells tend to settle in the bottom of the cavity due to
gravity and the formed MCSs are unable to easily recover from the
microfabrication devices.

Cell encapsulation inmicrofluidic channels is achievedbymixing the
cell-laden hydrogels in one channel with crosslinking agents from an-
other channel(s). This approach allows rapid formation, high-through-
put [14] and miniaturized bioreactors for cell culture [15]. To date,
hydrogels like alginate, agarose, gelatin and poly (ethylene glycol)
[16–19], aswell as double emulsion [20] have been attempted to encap-
sulate cells in these hydrogels. Very few attempts are reported to culture
cells in the crosslinked gel for a long term. Since the polymers are chem-
ical crosslinked, potent chemicals may be required to break the shell to
release MCSs [21]. For the double emulsion encapsulation since the
middle layer between cells and the culture medium is an oil phase,
the oxygen and nutrient diffusion rate is low, and this becomes the con-
straints for MCS growth. We are the first group to propose a droplet-
based microfluidics system to form and release spheroids using ther-
mal-responsive synthetic polymers. Different from natural polymers,
this unique thermoresponsive material can release MCSs easily after
long-term culture without introduction of toxic chemicals. In addition,
through copolymerizing different co-monomers, the properties of the
synthesized polymers can be tuned for different types of cells.

As described in Fig. 1, HeLa cells were encapsulated inside the Poly
(N-Isopropylacrylamide-co-acrylic acid) (P(NIAM-AA)) microgel
based droplets. P(NIPAM-AA) has a unique amphiphilic structure so
the microgel network is thermally reversible, which was confirmed
from the temperature dependence of its hydrodynamic size (Fig. S1)
and elastic/viscous modulus (Fig. S2). The SEM image (Fig. S3) shows
a porous structure which not only provides the physical support for
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embedding cells in a 3D microenvironment but also allows sufficient
oxygen and nutrient transportation.

The cell-laden P(NIPAM-AA) microgel aqueous solution was
squeezed into individual droplets by the oil phase from two side chan-
nels. The polydimethylsiloxane (PDMS) microfluidic microchannel
was fabricated using the soft-lithography technique. The PDMS
microchannel was designed as a flow-focusing device, which was com-
posed of one water channel in the middle and two oil channels at both
sides to produce the immiscible interfaces when the two flowswere fo-
cused at the intersection. Two streams of continuous oil phase flowed
through two sides and squeezed the forefront stream of the dispersed
fluid into droplets. The Lattice Boltzmannmodel was applied to two im-
miscible phases for simulation of the droplet formation within the
microchannel, and the optimized flow rate to generate discrete droplets
for both phases was used for the following experiments (Fig. S4). Com-
pared to experimental data, the LBM simulation can accurately predict
the flow phenomenon within microchannel. When the flowrate ratio
is at 1:1 between the dispersed phase and the continuous phase, jetting
flowwas observedwithout droplet generation. At aflowrate ratio of 1:4,
the majority (more than 40%) of the droplets have the size around
260 μm. More than 80% of the droplets are in the range between 250
and 350 μm. When increasing the continuous phase flow rate, at
flowrate ratio of 1:6, the droplet size is around 100 μm. In order to ob-
tain reasonable size of droplets to culture MCSs, the flowrate ratio at
1:4 was chosen for future experiments.

After dropletswere generated inside themicrochannel and collected
at the exit, the droplets were heated up to 37 °C, and their colour
changed from transparent (Fig. 2a) into white which is shown at Fig.
2b. When the temperature of the microgels within the droplets was
above the volume phase transition temperature of the microgels
(VPTT, around 32 °C from our previous report [22]), the microgels be-
came hydrophobic from hydrophilic due to the presence of N-
isopropylacrylamide. In additional, due to hydrophobic attractions and
electrostatic repulsions, physical gel was formed [22]. The physical gel
presented a white cloudy colour, which is shown darkness under an

optical microscope. The size of the droplet slightly decreased during
the heating up process since the microgels shrank due to loss of sur-
rounding water molecules. After washing the microgels with pre-
warmed PBS buffer (37 °C) to remove the oil residue, the droplets
were transferred into a pre-warmed culture medium. The physical gel
was able to maintain its spherical shape as shown in Fig.2c, since at
37 °C, the hydrophobic nature of the microgel prevented water from

25
0 µ

m

50
0 µ

m45

Wall

Outlet

Cells in 
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28 days
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Cooling 
down

Oil

Microgel dispersion 
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25°C

°

Fig. 1. Droplet generation and cell encapsulation through microfluidics (a) Droplet generation process inside a micro-channel (b) Dimension and geometry of the micro-channel (c)
Multicellular spheroids formation inside the droplet.

(a) (b)

(c) (d) (e)

(f) (g) (h)

Fig. 2.Droplets collection and thermal response for elevating and decreasing temperature.
(a) Microgel solution droplets collection at room temperature in the oil. The dark edge of
droplets is seen due to light reflection between oil and water. (b) The changes of
hydrophobicity of droplets from hydrophilic to hydrophobic at 37 °C in oil. Opaque
hydrophobic droplets show complete darkness. (e) to (h) Droplets in culture media cool
down to temperature every 2 min. Scale bar is 100 μm.

5X. Cui et al. / Colloid and Interface Science Communications 14 (2016) 4–7



entering into its inner structure. Fig. 2d–hdemonstrate the collapse pro-
cess of the microgel structure every 2 min when the temperature re-
duces to the room temperature. During the first 6 min, the colour of
the droplet gradually changed into transparent and the droplets were
able to maintain their size and shape. After 6 min, the droplets started
to lose their shape, and the size of the droplets expanded,which indicat-
ed microgels were dispersed into water.

We hypothesized that cells are encapsulated into the uniform-sized
droplets generated from the microchannel, and then the droplets gel at
37 °C and disperse in the cell culture medium for cell growth and cellu-
lar spheroid formation, finally the cellular spheroids are released from
the droplets after the temperature reduces to the room temperature
for harvest, as shown in Fig. 1. Comparing with other previous reports
using droplet encapsulation of cells [19,21], in which MSCs are unable
to release fromdropletswithout strong or toxic chemicals.We encapsu-
lated HeLa cells inside the microgel-containing droplets. After
suspending droplets in the cell culture medium for the pre-set days,
we collected the droplets and cooled down to the room temperature
to harvest the MCSs. We found out that it took 20 min to dissolve the
droplets and release theMCSs. Fig.3 shows theHeLaMCS formation pro-
cess inside the droplets for up to 28 days. The porous structure inside
the droplet provided a 3D structure to support cell growth due to suffi-
cient nutrient, oxygen and biowaste transportation (Fig. S3). At day 7,
cells proliferated and aggregated to form a few cell clusters in each
droplet, and the cell cluster size varied depending on the initial cell dis-
tribution within the droplets, which was similar to cluster formation in
the 3D scaffold [23] in comparisonwith single individual cells at day 1 as
shown in Fig. S5. After continuing cell culture for another 7 days
(Fig.3b), the size of the big cluster increased to 40–50 μm while a few
small clusters scattered around the big clusters. The loose structure in-
dicates the first step of multicellular spheroid formation where cells
are drawn together due to the combination of ECM fibres with multiple
RGDmotifs [24]. At day 21 (Fig. 3c), smaller clusters aggregated into the
big cluster to have a size of 50 μmand very few smaller clusterswere ob-
served within the droplet. At day 28, the edge of the big cluster become
smoother which indicates spheroid compaction stage was reached [24]
where the homophilic cadherin-cadherin binding andmicrofilaments of
cells become localized along the cell. Due to controlled microenviron-
ment provided from the droplet, the spheroid size can be manipulated
by adjusting the droplet size, initial cell density and cell culture

duration. Compared with the normal HeLa cluster size around 250 μm
and the size variations of 50 μm in the conventional culture condition,
this approach can provide more uniform-sized multicellular spheroids.

To further investigate the clustermorphology, live/dead cells images
were taken by staining cells with the Live/Dead cell kit. Fig. 4 shows the
cluster formation process from the encapsulated cells within a droplet.
This approach was benign to cells and most cells were still green up to
28 day culture, whichmeans cells have a high viability. At day 7, within
the droplet, smaller clusters started to form (Fig. 4a), and these clusters
were drawn together due to their extracellular matrices. After another
7-day culture (Fig. 4b), small clusters aggregated to form a loose struc-
ture, and a few single cells or small clusters were observed around the
loose structure. At day 21 (Fig. 4c) the loose structure started the com-
paction process, but the cavities were seen inside the structure. After
28 day culture (Fig. 4d), mature spheroids were obtained with a spher-
ical shape and a very compact structure was observed.

In this hydrogel-based droplet microenvironment, Hela cells are
confined in the given space and aggregated to form the spheroids.

Fig. 4. Live/dead images of theMCSs inside the droplets at (a) day 7, (b) day 14, (c) day 21,
(d) day 28. Scale bar is 50 μm.

(a) (b)

(c) (d)

MCS

Fig. 3.MCSs formation inside the droplets at (a) day 7, (b) day 14, (c) day21, (d) day 28. Scale bar is 50 μm. Dash line is droplet boundary.
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Meanwhile the nutrients and wastes are transferred to the cell clusters
to maintain cellular activities. Importantly, the spheroids are harvested
simply by reversing the temperature to the room temperature without
physical or chemical damage. Therefore, the full recoverability and the
3D controlled microenvironment render our approach very promising
for size-controllable multicellular spheroid formation.
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University of South Australia and we acknowledge technical supports
from the team at the node. XCwould like to acknowledge the divisional
scholarship given by the University of Adelaide. HZ thanks the financial
support from ARC Discovery Project (DP160104632) and The Medical
Advancement Without Animal (MAWA) Trust.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
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Single-cell analysis for bioprocessing

Cell population heterogeneity has attracted great interest for understanding the
individual cellular performances in their response to external stimuli and in the
production of targeted products. Physical characterization of single cells and analysis
of dynamic gene expression, synthesized proteins, and cellular metabolites from one
single cell are reviewed. Advanced techniques have been developed to achieve high-
throughput and ultrahigh resolution or sensitivity. Single cell capture methods are
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1 Introduction

Population cells have been traditionally employed to evaluate
the cellular responses to the external environment stimuli, cell–
cell interactions, and cellular performance in the bioprocessing
to achieve the maximum process efficiency and product yield.
Nevertheless, heterogeneous cells are present in the large-scale
bioreactor, which may generate substantial consequences in in-
dustrial fermentation and cell culture processes. Even genetically
identical bacteria display different levels of resistance to antibi-
otics, and clonal yeast populations demonstrate morphological
and growth-rate heterogeneity [1]. Cell population heterogene-
ity has been reduced by modern cell culture and fermentation
technology, such as continuous cultivation at the distinct growth
rate and synchronously growing culture, while understanding
and then employing cell heterogeneity to control and manipulate
cell heterogeneous features for maximizing benefit are gaining
more interests from bioprocess engineers [2]. Single-cell analysis
plays a significant role in understanding the mechanisms and the
information from single-cell analysis will become the foundation
for process control and optimization. Since the single-cell anal-
ysis provides the individual characteristics so that it offers the
opportunity to explore discrete cellular or biological phenomena
which cannot be found from the bulk-averaged measurements.

Population heterogeneity can be attributed to several fac-
tors, and a recent review paper has addressed the origin of
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Australia

Abbreviations: AFM, atomic force microscope; cDNA, complementary
DNA; EYFP, enhanced yellow fluorescence protein; FACS, fluorescence-
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heterogeneity [2]. Three factors have been considered to be
responsible for the heterogeneity of cells distributed inside a
large-scale bioreactor: cell cycle phase, age distribution, and ex-
tracellular micro-environmental conditions. Replication and cell
division are essential for cellular biomass growth within a cer-
tain specific time frame. They are independent of the prevailing
growth conditions, while the remaining of the cell cycle varies
substantially, especially when the overall cell growth rate is low.
During these cell cycles, physiological changes may lead to an
asymmetric division of genetic materials from the parent cell
to the daughter cell, which may give rise to larger and smaller
cells. Newly born daughter cells from young mother cells are also
different from those from old mother cells. For some cells, aged
parent cells show reduction in the cell growth rate on average
and loss of regenerative capacity. Cells also respond differently
to the rapid micro-environmental changes in the nutrient/toxin
concentration, osmolarity, shear stress, pH, and temperature,
which are typically presented in a large-scale bioreactor [3]. The
different responses lead to cell differentiation and population
fragmentation, resulting in the population heterogeneity.

A range of tools and techniques has been developed to moni-
tor and detect the population heterogeneity and single-cell anal-
ysis becomes one of the most important methods. Biochemical,
chemical, physical, immunological, and integrated methods have
been developed for single-cell analysis as schemed in Fig. 1. In
this review paper, these methods will be discussed and compared
for single-cell analysis. These methods have been primarily de-
veloped for general biological basic research, but they can be
adapted for applications in cell culture and fermentation pro-
cess. One of the challenging issues for single-cell analysis is to
isolate the single cells from the samples for the following analy-
sis. The single-cell isolation methods are reviewed first and then
single-cell analysis methods will be detailed. We finish the review
paper with concluding remarks.
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Figure 2. Techniques for isolating single cells. (A) Diluting pop-
ulation cells for microscopic analysis. (B) Trapping single cells
using external forces. (C) Confining single cells by geometrical
constraints. (D) Flowing one single cell through the microcham-
ber for signal detection. (E) Encapsulating single cells in one
droplet.

2 Single-cell isolation

In order to carry out the single-cell analysis, each single cell has to
be isolated from the population cells. The isolation methods have
been schematically described in Fig. 2, including dilution, phys-
ical trapping, geometrical confinement, droplet encapsulation,
and flow-driven single suspension. Traditionally the population
cells are diluted in the solution and these cells are observed from
the microscope. The method can distinguish each single cell but
the information provided from the microscope is limited, only
including morphology, or live/dead state. This dilution method
has been recently used for single cell isolation with the help of
fluorescence signals. To avoid labeling the cell with fluorophores
which severely affect cell viability, the cell carries a reporter gene
which can encode a fluorescent protein. Cells from the sample
are diluted and distributed into microchambers so that one sin-

gle cell is located inside a microchamber. The single cell is further
confirmed by the weak fluorescence intensities. The cell is further
taken out by a glass capillary for single-cell breeding [4].

Alternatively, one or a few individual cells taken from large-
scale bioreactors can be trapped by field gradient traps such as
optical tweezers, magnetic tweezers, and dieletrophoretic traps.
The trapped single cell(s) can be taken out for further analysis,
such as single-cell PCR, or measured in situ by Raman spectrom-
etry or other methods. Gradient traps can arbitrarily holding
single cells in three dimensions. Optical tweezers are 3D traps
which use a highly focused beam of light to trap and manipulate
microscopic, neutral objects, such as small dielectric spherical
particles like biological cells ranging from ten of nanometers to
ten of micrometers [5]. The advantages of using tweezers for
manipulating biological cells include noncontact force for cell
manipulation and amiability to liquid medium environments.
Magnetic tweezers [6] and dieletrophoretic traps [7] are sim-
ilar to optical tweezers, trapping cells in electromagnetic field
gradients that impose a local magnetic force on magnetic beads
attached to the single cell surface or in a high-gradient electric
field with the subtle trapping force determined from the elec-
trode shape and excitation. Another advantage for the trapped
cells is to easily change the microenvironment of the trapped
cells including physical or chemical external stimuli, and then
monitor cellular responses upon these changes. In this way, spe-
cific information about cellular physiological responses upon
microenvironment changes can be obtained and fundamental
causes for cellular heterogeneity can be understood. However,
this method may not be applicable for high-throughput cell
analysis.

Since a large enough number of single cells to represent the
population are needed to accurately reveal the underlying mech-
anisms of cell heterogeneities, high-throughput methods have
been developed to isolate single cells from samples for further
analysis [8]. The widely applied method is to flow the popula-
tion cells into a narrow microchannel and then force one single
cell to pass the detection chamber or confine one single cell in a
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compartment for further analysis. When one single cell is passed
the detection chamber, physical signals, such as fluorescence, are
captured and reported for that cell. This method has the ca-
pacity for a large number of cells and has been widely used in
flow cytometers. This method, fluorescence-activated cell sorting
(FACS), has been widely used for analyzing single mammalian
cells [9]. However, this method requires pretreatment of the cells
by attaching reporting signals and it cannot capture the cellu-
lar responses after exposing to external stimuli in situ. To make
advantage of high-throughput of microfluidic channels, one can
confine one single cell in one droplet so that the cell can be fur-
ther cultivated, manipulated, and detected as shown in [10]. For
example, after individual mouse mast cells have been lysed in
droplets by heating/photolysis, and cell contents were released
into the picoliter container without any interference from other
cells [11]. In this small compartment, cellular responses can be
monitored for a longer cultivation time or after cells are exposed
to a modified microenvironment. Yeast cells and their expres-
sion of β-galactosidase [12], and single bacterial cells and their
alkaline phosphatase expression [13] have been monitored to
provide time series analysis of heterogeneous cell growth rates
and expression variation. Such time-resolved variations obtained
from a large number of individual cells can be used to explore
the heterogeneity in the large-scale bioreactors.

3 Single-cell biophysical characterization

Single cells can be physically characterized through their mor-
phology, fine subcellular structure, electrical and mechanical
properties, viability, and physiological states. The cellular mor-
phology including size and shape is often obtained from the
optical microscopes. This basic method reveals the phenomena
of heterogeneities in a cell sample [14]. Along with the improve-
ments in the microscope, cellular internal fine structure and
molecular distribution can be observed. Advancements in mi-
croscope analysis of single cells can be found in a recent critical
review paper [15]. However, this method is very limited and only
few cells can be measured simultaneously. The atomic force mi-
croscope (AFM) technique is such an example which maps the
surface topology and membrane structure of a single cell based
on the physical interactions between the cell and the tip of a
few nanometers attached to the cantilever. A resolution for the
mammalian cells of approximately 50 nm can be achieved [16].
By varying the external simulations, AFM could be able to detect
the surface changes so that dynamic process of cellular responses
can be monitored.

AFM also allows the measurement the mechanical properties
of single cells at any region of the membrane surface by con-
trolling the position of AFM tips, and it can be further used
for characterizing the rheology of single cells adherent to flat
surfaces by subjecting to fluid shear stress [17]. Because this
technique requires contacting the single cell onto a surface, it
is restricted to those cells that can adhere tightly to a substrate
over the course of an experiment. Hydrodynamic and optical
methods can be used to assay cell mechanical properties of ad-
herent or nonadherent cells. This method is primarily based
on the ability of cells to change shape with an applied load.
Optical tweezers can exert exquisitely controllable forces in the

pN range on a single cell, and they are often used for a variety
of sub-nano-mechanical measurements, such as cell membrane
deformability and cell adhesion [5]. Except optical forces, other
structure-induced, fluid-induced, and electric-induced defor-
mation for a large number of cells has been reported recently.
For example, when one single cell passes a microfluidic constric-
tion channel, the cell is squeezed by the constriction channel
walls. High-speed recording of the cell deformation process can
reveal the duration for cell transit, elongation, and recovery. The
deformation characterization can be further correlated to the
membrane mechanical properties [18]. These mechanical prop-
erties could be correlated with cellular responses to shear stress
or normal stress present in the large-scale bioreactors.

Another physical parameter is cell mass which indicates the
cellular metabolic rate and its physiological state. For example,
cell mass of a single cell can inform of the cell cycle regula-
tion and this information can be used for deriving cell growth
rates. The cell mass can be tracked by the suspended microchan-
nel resonator for a single cell. As the cell passes the suspended
microchannel resonator, changes in the resonant frequency are
detected by measuring the deflection of a laser beam. Since the
changes in the resonate frequency depend on the buoyant mass
and position of the cell, cell mass and cell growth can be precisely
characterized. This method allows simultaneously measuring
single cell mass and cell cycle progression over multiple genera-
tions for up to 1000 h from mouse lymphoblast and pro-B-cell
lymphoid cell line [19].

Cell mass can also be quantified through total DNA content,
which can be measured by stoichiometrically staining individual
cells with fluorescent dyes and analyzing through FACS. FACS
analysis showed that different DNA amount for Pseudomonas
putida mt-2 during growth on toluene [2]. During the lag phase,
around 60% of the cells in the population contained only a single
chromosome equivalent. When the cells entered into exponent
growth phase, this major subpopulation at the lag phase dis-
appeared while the percentage of cells containing the double
chromosome equivalents and more than that considerably in-
creased. This technique can also be applied to study the effect
of cellular microenvironment on the growth effect. More DNA
contents are expected under optimal microenvironment than
the limiting conditions.

Raman spectrometry provides information about the chem-
ical bonds in molecules in a single cell by identifying spectral
patterns excited by a near-infrared laser beam in a noninvasive
and label-free way, therefore, the Raman fingerprint of a bio-
logical cell can yield a vast amount of information about cell’s
structural makeup, and chemical/biological changes. Raman mi-
croscopes have been used to distinguish cell morphology and
subcellular organelles [20]. Cell state can be differentiated from
the Raman spectra when it is coupled with principal component
analysis [21].

4 Single-cell gene expression analysis

Gene expression analysis for single cells can be used to pro-
vide great insights to gene expression variations, gene regula-
tory mechanisms, and protein synthesis dynamics. It has been
reported that in microorganisms, variable gene expression for
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cell to survive antibiotic treatment has led to heterogeneous cell
growth profiles within one clonal population [22]. To trace the
gene expression inside one single cell, the messenger ribonu-
cleic acid (mRNA) needs to be detected. However, the major
challenge for a single-cell gene expression analysis is the small
amount of mRNA obtained from an individual cell. The mRNA
amount needs to be amplified so that low abundance of mRNA
molecules can be detected. Single cell RT-PCR is often used due
to its sensitive detection and the method is able to capture as low
as one mRNA molecule.

The general procedure for single cell gene expression anal-
ysis starts with single-cell capture and lysis, and the released
mRNA is transcribed to complementary DNA (cDNA) by re-
verse transcriptase, and the cDNA is hybridized to a primer for
amplification by DNA polymerase. The amplified DNA is de-
tected by fluorescence signals [23]. The specific gene expression
level is normalized through a house gene. During the proce-
dure, extra care must be taken to prevent any contamination in
mRNA sample preparations since only a few mRNA molecules
are present in the samples. mRNA should also be completely
converted to cDNA. Using this technique, siRNA knockdown
of one specific gene expression from individual Jurkat cells was
found to present two distinct groups: partial knockout (50%)
and complete knockout (100%). The average result from 50 cells
(21%) was not representative of any one individual cell as shown
in Fig. 3A [24].

Many techniques have been developed to improve the single-
cell RT-PCR method. To improve mRNA quantification from
single cells, direct qPCR from a cDNA pool without pre-
amplification was performed for four house-keeping genes [25].
14 single cells were used to quantify these gene expressions. The
amount of each of the four genes was different for each cell,
which supported the evidence of population heterogeneity [25].

In a recent protocol, microfluidic single-cell quantitative RT-
PCR offers real-time analysis of gene expression for a single
cell, providing a novel approach for testing large numbers of
cells and genes simultaneously and also allowing quantitative
high-content analysis and comparison of variations in gene ex-
pression patterns at the single-cell level [26]. In this method,
single live cells sorted from FACS were directly mixed with the
RT-specific target amplification master mix in 96-well plates.
The sample from each well was partitioned into 48 (or 96) mi-
crofluidic chambers and qPCR detection and quantification were
performed for a specific gene in each chamber.

Different from the above approach in which microfluidic
chambers were used for detection and quantification only, a mi-
crofluidic device for integrating cell encapsulation and lysis, and
one single copy RT-PCR within agarose droplets was developed
by Zhang et al. as shown in Fig. 3B [27]. RT-PCR reagents and cell
lysis solution from one inlet and target cells in aqueous agarose
solution from another inlet were mixed in a T-junction and the
mixed solution formed mono-disperse picoliter agarose emul-
sion droplets in carrier oil. Within the agarose droplet, the single
cell was lysed to release DNA and RT-PCR was performed at the
single copy level. After amplification, the droplets was turned
into solid beads at 4°C to remove oil for further fluorescence
signal analysis.

Digital PCR employs compartmentalization of single
molecules at limiting dilution followed by PCR amplification

and end-point detection to make precise measurement of single
cell transcription. Special microfluidic devices have been de-
signed to allow cell capture, cell lysis, mRNA purification, cDNA
synthesis, cDNA purification within one device (Fig. 3C). For
example, Quake’s group designed parallel chambers formed by
micromechanical valves to act as independent PCR reactors and
they have employed such devices to measure the gene expression
from the single NIH/3T3 cell and single bacterial cells [28, 29].
White et al. designed 1020 chambers with a volume of 25 pL using
surface tension-based sample partitioning. Their 10 cm2 small
device can run the analysis of 200 single cells with 204 000 PCR
reactions [30]. Alternatively, after a reverse-transcription and
polyA-tailing sample preparation procedure, single molecules
were sequenced to generate a single read per transcript. Through
this method using spiked-in RNA, the sequencing of yeast tran-
scriptome in a single run was demonstrated and an average of 12
million aligned reads per channel were generated [31]. This will
be used for high-throughput, amplification-free transcriptome
quantitation.

Single-cell RNA sequencing is an emerging technology that is
poised to yield insights about expression-level variability. In this
method, all mRNA molecules are converted to cDNA, and the
cDNA is then sequenced, providing the complete transcriptome
of the single cell. This method is able to provide great insights
into the transcriptional architecture, sequential order of gene
activation, and tempospatial gene expression profiles. Xue et al.
applied the single-cell RNA sequencing to quantitatively reveal
the expression defects from embryos which cannot be detected
by DNA sequencing [32]. While this method is limited to 100–
200 cells per experiment and is applicable to medium-abundance
or high-abundance transcripts [33].

RNA transcription can also be measured indirectly through
RNA fluorescent in situ hybridization (FISH). Fluorescence-
labeled nucleic acid probes are hybridized to the target RNA
sequences. FISH can preserve spatial information regarding the
location of cells within a tissue or subcellular organelles inside
one cell. Remarkable differences in transcription and replication
in mitochondria were found from individual single cells or even
several mitochondria in the same cell [34]. The FISH-positive
cells can be sorted through flow cytometry for high-throughput
analysis. However, to perform FISH, fluorophore-tagged nu-
cleotide probes are required to insert into the cell, and the cell
has to be fixed and permeable, resulting in cell death.

The conventional gene expression analysis involves lysis of
single cells and gene expression dynamics cannot be continu-
ously monitored for the same cell. One approach to monitor gene
expression dynamics in single cells is to continuously stain single
cells with specially treated antibodies. The antibodies interact
with the surface proteins expressed by the single cell. The cell
can be distinguished from the signals generated by the antibod-
ies. Alternatively, cells containing a green fluorescence plasmid
produce a fusion protein composed of a reporter fluorescence
protein and a target protein. Gene expression can be monitored
through the fluorescence signals generated from the reporter
proteins. Transcription as well as translational regulation can
be analyzed through this technology. Dynamic gene expression
from single HeLa cells has been monitored using this technol-
ogy when the cell were simulated by soluble molecules with
concentration gradients generated from upstream microfluidic
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Figure 3. Single-cell dynamic
gene expression. (A) Sin-
gle cell gene expression to
demonstrate population hetero-
geneity [24]. mRNA expression
of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) from
individual Jurkat cells after
siRNA knockout. Responses
from averaged 50 cells, 12
individual cells, zero cells, and
no reverse transcription (RT)
are different. A representative
bulk measurement from 50 cells
shows GAPDH expression at
21 ± 4%. (B) Droplet-based
PCR [27]. Carrier oil in the
microfluidic channel squeezes
an aqueous agarose solution
containing one single cell
mixed with PCR reagents and
cell lysis solution into single
droplets. The droplets are
further processed for gene
amplification before solidifying
into microbeads for gene
expression detection via flow
cytometry. (C) Microfluidic-
digital PCR [30] with a
detailed single microfluidic
module with dimensions for
chambers and channels for
single-cell digital PCR analysis.
Fifty identical modules are
capable of parallel process
up to 200 single cells. After
cell capture, lysis, and reverse
transcription, a fluorinated oil
is then used to displace the
remaining PCR solution in the
channels and compartmentalize
individual PCR digital chambers
for detection. The resulting
cDNA is quantified by positive
hits (green) in chambers with a
high S/N, while a passive dye
(red) is visible in all chambers.
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network, and dynamic outputs from the adherent cells can be
obtained through the fluorescence signals generated from the
reporter protein [35].

5 Single-cell protein analysis

In biological processes, proteins are important in regulating cel-
lular functions or some of them are the products of great interest
for curing human diseases. Gene expression analysis can provide
indicative information of proteins, but cannot offer the infor-
mation on protein concentration, protein distribution, protein
post-translational modifications, and protein interactions [36].
Different techniques have been developed for intracellular, sur-
face, and extracellular protein analysis from one single cell, either
by disrupting cells or keeping cell intact.

MS is the most preferable choice to analyze the intracellular
or extracellular proteins, protein interactions, and modifications.
For low-abundance proteins, proteins enrichment from the cell
lysates is critical for MS analysis. A miniaturized LC column was
used to separate proteins from other impurities and the separated
proteins were characterized by MS. More than 6000 proteins of
nanogram quantities from single pancreatic islets containing
2000–4000 cells were detected with high accuracy (1–2 ppm)
and sensitivity (attomole to femtomole) [37]. This method can
be further extended to one single cell. Another pretreatment
was carried out in 1D and 2D porous layer open-tubular-LC to
solid-phase extract protein mixture from around 20 HeLa cells,
approximately 2.5 ng of protein in 2 µL of solution was further
analyzed using a linear ion trap MS [38]. Two hundred and
thirty seven peptides associated with 163 unique proteins were
identified based on this technique.

Modified MS methods have been developed for identification
and quantification of proteins for single cells. Mass cytometry
described in Fig. 4A is a combination of atomic MS and flow cy-
tometry. It offers quantitation, specificity, and dynamic range of
MS in a similar format as flow cytometry. Instead of fluorescence
signals, the mass cytometer quantifies the stable isotope tags at-
tached to antibodies using metal-chelating labeling reagents [39].
One single cell is stained with epitope-specific 20–30 antibodies,
and then the labeled cell is injected and nebulized and the metal
tags are quantified using MS. Thirty one different antibodies
have been profiled from this powerful technique for single bone
marrow cells as well as viability, DNA content, and cell size [40].

Microfluidics or droplet-based technology combined with
fluorescence signal detection was developed to detect specific
intracellular proteins. In a specially designed microfluidic de-
vice, single cells were manipulated and lysed with lysis buffer;
the cell lysate was labeled with fluorescent antibodies and sepa-
rated. The protein contents of a single cell were quantified using
single-molecule fluorescence counting [41]. Similar principles
were applied to a droplet-based protein analysis [42]. Cells were
controlled to flow into the chamber in which cells were electri-
cally lysed. The cell lysate and special-treated microbeads were
encapsulated into water-in-oil droplets. Inside the droplets, tar-
get proteins were selectively bound to antibody-functionalized
beads. Two intracellular proteins were able to be quantified and
the protein concentrations range over five orders of magnitude,
from 50 pM to 1 µM. Although this method is not applied to

one individual cell, this method can be further developed for
analysis of low-abundance proteins within one single cell.

The proteins can also be measured without cell lysis by stain-
ing with fluorescence antibodies. Changes in fluorescence signals
inside the single cell can be monitored in milliseconds. The lev-
els and locations of up to 1000 different endogenously tagged
proteins were reported for a cancer cell at a high temporal reso-
lution [43]. Upon external stimulation (anticancer drug in this
case), proteins sensitive to these drugs were found to show rapid
translocation. Temporal and spatial protein degradation and ac-
cumulation were shown inside the single cell. Differences in
the behavior of a subset of proteins were identified for indi-
vidual cells. To analyze telomerase expression, a general cancer
biomarker, an optical fiber sensor was immobilized with an-
titelomerase antibodies and placed in the targeted cell in the
precisely controlled region [44]. The telomerase was further
measured by a sandwich ELISA in a single cancer cell. It was
found that the telomerase was overexpressed in the nucleus of
the cancer cells compared to that of normal cells. This optical
fiber sensor provides the protein concentration in the special
cellular compartment.

Based on the same antibody detection principle, DNA-
encoded antibody library microarrays or DNA-barcoded anti-
body chips are also used to detect secreted proteins or surface pro-
teins. Antibodies against proteins including cell surface marker
or secreted proteins are labeled with distinct DNA oligomers.
These conjugates then bind to their cognate antigens. A detec-
tion limit of 10 fM for the protein IL-2, 150 times more sensitive
than the analog ELISA, was demonstrated [45]. DNA-encoded
antibody library microarrays were used to analyze cytoplasmic
membrane protein contents in a single-cell well and the protein–
protein interactions were assessed [46]. Single-cell sensitivity was
achieved by isolating single cells in 2 nL volume chambers and
two copies of a miniature antibody array were patterned in each
chamber. After cells were trapped into individual wells and lysed,
the levels of released proteins were assays using the antibody ar-
rays. The DNA-barcoded antibody chips shown in Fig. 4B con-
tained 1040 3 nL volume microwells containing DNA-barcoded
antibodies. More than ten cytokines were profiled from tumor
antigen-specific cytotoxic T cells [47]. The tip of AFM can be fur-
ther conjugated with specific antibodies or ligands to detect and
localize recognized proteins on the cell membrane surface [48].

The antibody-based technique has been applied for real-time
analysis of cellular dynamics in a bioreactor. A fully automated
real-time flow injection – flow cytometry (FI-FCM) system has
been developed to qualify and quantify variations on the single
cell level during cell culture in a bioreactor through monitoring
the expression of a fluorescence-protein tagged target protein
expressed by Pichia pastoris [49]. It was found that very few cells
with high fluorescence and many cells with low fluorescence
intensity were observed from flow cytometry analysis even they
are cultivated in the same bioreactor under the same process
conditions.

6 Single-cell metabolite analysis

Small molecules that one single cell contains or generates during
cellular metabolic processes can be analyzed through chemical,
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Figure 4. Single-cell protein anal-
ysis. (A) Workflow summary of
mass cytometry [40]. Cells are
stained with epitope-specific anti-
bodies conjugated to transition el-
ement isotope reporters, each with
a different mass. Cells are nebu-
lized into single-cell droplets, and
an elemental mass spectrum is
acquired for each cell. (B) DNA-
barcoded antibody chips [47]. An
optical micrograph showing cells
loaded and isolated within the mi-
crochambers, overlaid with the flu-
orescence micrograph of the de-
veloped assay barcode for those
same microchambers. Numbers
of cells per microchamber are in-
dicated by the yellow numbers.
Scanned fluorescent images used
for the antibody barcode calibra-
tion measurements using spiked
recombinant proteins. The pro-
tein concentrations (in numbers of
molecules per chamber) are given
to the left of each row of images.
The plot at the top is a line profile
of the top row of images and rep-
resents the reproducibility of the
barcodes across the antibody ar-
ray of a single cell barcode chip.

biochemical, and immunological methods. Dynamic monitor-
ing of cellular metabolites is essential in understanding cell be-
haviors, and thus elucidating the causes for cell heterogeneous
performance. However, the detection of these metabolites can
be significantly challenging since release of the metabolites from
one single cell occurs very rapidly, within less than a few hundred
milliseconds after cell stimulation [50]. There are two different
metabolites to be analyzed: intracellular and extracellular. To
analyze these metabolites, different techniques have been de-
veloped, and they can be categorized into tag-free, tagged or
reagent-assisted, and senor-based. The metabolites are analyzed
after extraction from cell lysis or in situ.

Raman spectrometry and MS, often used in the intracellular
or extracellular metabolite analysis for single cells, belong to tag-
free methods, which do not require any labeling of metabolites.
Raman spectroscopy coupled with stable isotope probing was
used to analyze the center carbon metabolism of Protochlamydia
amoebophila [51]. However, Raman scattering signals are inher-
ently weak. The signals can be intensified when the detected
molecules are in close proximity to a metal surface (gold or sil-
ver), which is termed as surface-enhanced Raman spectrometry

as shown in Fig. 5A. For the single-cell analysis, gold or silver
nanoparticles are often transported into the cellular structures
and metabolites close to these gold nanoparticles can be detected
with high sensitivity. Recently carbon nanotubes of 200 nm in
diameter and 5–20 µm in length are decorated with 20 nm gold
nanoparticles. The conical shaped nanotube probe can minimize
cell damage and the metabolites can be continuously monitored
under cell normal physiological conditions. Glycine can be de-
tected down to 1 pM [52].

MS is also applied to characterize small extracellular or intra-
cellular metabolites presented in the single cell. Normally these
metabolites have to be isolated from the cell lysis mixture for fur-
ther analysis by MS. Sample preparation and pretreatment can
be a challenge due to a minute amount of metabolites produced
from one single cell. CE was coupled with MS to identification
of 36 intracellular metabolites [53].

To avoid special pretreatment of metabolites, MALDI MS
technology is developed for visualizing metabolites in a spe-
cific location within a single cell without cell lysis. Single HeLa
cells grown on an indium tin oxide coated glass substrate was
metabolically profiled using MS imaging measurement with a
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Figure 5. Single-cell metabolite
analysis. (A) Positive ion laser
ablation ESI mass spectrum of a
single egg cell of !100 µm in di-
ameter [55]. The inset shows the
egg immobilized by the holding
pipet and touched by the sharp-
ened optical fiber. (B) Surface
enhanced Raman spectrometry
enabled endoscope for detec-
tion of intracellular metabolites
in different cellular compart-
ment [52]. (C) The Surface en-
hanced Raman spectrometry en-
abled endoscopes into nucleus
and cytosol generated different
Raman fingerprints in compari-
son with those from Au–carbon
nanotube endoscope and petri
dish with HeLa cell.

high spatial resolution, very high mass accuracy, and a very high
mass resolution [54]. Numerous components including small
metabolites such as adenine, guanine, and cholesterol as well
as different lipids such as phosphatidylcholine, sphingomyelin,
diglycerides were identified from mass spectrum acquired from
an individual spot of 7 µm in diameter. Laser ablation ESI MS
(Fig. 5B) is also developed for monitoring metabolites of cells
in situ. Single cell ablation was obtained by delivering mid-
IR laser pulses through the etched tip of a GeO2-based glass
fiber, and metabolic analysis was performed from single cells of

Allium cepa [55]. Of the 332 peaks detected, 35 were assigned to
metabolites with the help of MS. They also applied this method
to detect different metabolites from two adjacent individual cells
with a difference in pigmentation.

The recently developed nano secondary ion MS has the
great potential in applications in metabolite analysis of a sin-
gle cell. The primary focused laser beam bombs off the upper
one to three atomic layers from the cell surface, approximately
1 nm, and the ejected secondary ions are collected and analyzed.
This technique does not affect the cell metabolism and is very
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applicable for continuously analyzing the extracellular metabo-
lites in the real time. Behrens et al. [56] combined enhanced
element labeling-catalyzed reporter deposition FISH (EL-FISH)
and nano secondary ion MS to study the metabolic interactions
of a dual-species microbial consortium. They found evidence
for metabolic interactions by visualizing the fate of substrates
labeled with 13C carbon and 15N nitrogen, while individual cells
were identified simultaneously by halogen labeling via EL-FISH.

Tagged or reagent-assisted methods are formulated for spe-
cial metabolites which can be reacted with signal-generated
molecules or special biochemical reagents to generate sig-
nals for detection. The commonly used tagged molecules are
fluorescence-based tags that have high sensitivity and can be
easily detected from established methods, such as flow cytome-
try and fluorescence microscopes. We present a few examples in
which nonfluorescence tags are used to detect the intracellular
and extracellular metabolites. Level of lactate is often raised when
cells are exposed to detrimental microenvironments. Lactate was
analyzed through an enzyme-linked electrochemical assay based
on lactate oxidase in a microfluidic device [57]. An immobilized
microfabricated enzyme-modified sensor was developed. After
the extracellular lactate produced from one single stimulated
heart cell reacted with the immobilized enzyme, the reaction
product hydrogen peroxide was detected by amperometrically.
The sensor can detect as low as 4.8 fmol (equivalent to 7.4 µM) of
lactate produced from one single cell. To detect the same lactate, a
nanosensor immobilized with lactate dehydrogenase was located
in close vicinity to the target cell membrane, lactate secreted was
immediately converted to pyruvate while reducing the cofactor
NAD+ to NADH. The byproduct NADH produced fluorescence
signals excited by the evanescent field at the nanosensor tip, and
the signals were used to calculate the lactate concentration [58].
The low-level concentration of ascorbic acid and amino acids was
detected through chemiluminescence method. In this method,
reactions of luminol with different oxidizers to reveal enhanced
luminescence, and Trp, Gly, and Asp were measured in a single
rat hepatocyte to be 5.15, 3.78, and 3.84 fmol, respectively [59].

Special sensors and techniques with sufficient sensitivity and
specificity have been developed to detect intracellular metabo-
lites in situ. A sensor for a cytosolic metabolite, L-lysine, was
developed based on gene transcription regulation. The metabo-
lite sensor contained lysG, a transcription regulator that regulates
the transcription of its target gene LysE and promotes driving
transcription of eyfp coding for enhanced yellow fluorescence
protein (EYFP). The concentration of l-lysine can be correlated
with the EYFP protein expressed [60]. Cells with expressed EYFP
can be further picked up from FACS for screening purpose. Cou-
pling transcription of the target gene to a reporter protein offered
a molecular device for recognition.

7 Concluding remarks

Advanced single-cell analysis techniques have assisted in under-
standing cellular heterogeneity in bioprocessing. However, chal-
lenges are still remaining for the analysis itself and making use of
cell population heterogeneity for control of biological processes
to maximize product yield. For the single-cell analysis, ultrasen-
sitive detection, and high throughput are still the main theme

of pursuit. Minute biological molecules from small-molecular-
weight metabolites to large-molecule-weight proteins push the
detection limits and novel techniques are and will be developed
for this purpose. Combination of several techniques offers new
ways of measuring single cell contents in situ with high sensitiv-
ity. To be able to interpret data from single cells statistically, a
significant number of cells must be processed. High-throughput
methods are required. Except from flow cytometry and other
technique derived from flow cytometry, microfluidics integrate
sorting single cell into microchambers and analyzing single cells
in each microchamber, including single cell biophysical charac-
terization, dynamic gene expression, and protein and metabolite
detection.

Pretreatment including isolation of single cells and samples
preparation including DNA, proteins, and metabolites from the
isolated single cells are equally challenging. To enrich a trace
amount of analytical compounds from cell lysates requires com-
plete recovery of these compounds and removal of impurities
as much as possible for further analysis. Specific adsorption and
purification methods will be developed and integrated with de-
tection methods. For high-throughput analysis, the sorted cells
are required to stain with signal reporters. Multiple reporters
can be conjugated with the single cells to reveal more informa-
tion from one single pass. Future integration of proteomic and
metabolic methods with genomic methods at the level of single
cells will also expand our understanding of the heterogeneity in
genetic lesions and the associated protein and metabolic path-
ways affected.

To make use of the phenomena of population heterogeneities
in large-scale manufacturing is still in the infant stage. Through
understanding of the causes of cellular heterogeneities, control,
and design strategies are able to formulate to reduce the levels of
heterogeneities. Most importantly, we can carefully manipulate
the bioprocesses for producing the highest yield even in the
presence of heterogeneities.
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a b s t r a c t

Thermoresponsive cationic copolymer microgels with aliphatic and aromatic cationic comonomers are
synthesized and applied as the draw agents in forward osmosis (FO) desalination for the first time. The
results show the FO desalination performance depends on the chemical structures and the dissociation
constants (pKa) of the cationic comonomers. Cationic copolymer microgel containing 2-(diethylamino)
ethyl methacrylate has the best overall performance with an initial water flux of 45.6 LMH and water
recovery of 44.8%. This microgel also shows the shortest equilibrium swelling time which in turn reveals
significant improvement in apparent flux of 5.5 LMH compared to other cationic and anionic copolymer
microgels. Furthermore, Hansen solubility parameters are used to correlate the solvation behavior of
these cationic microgels and their performance in forward osmosis desalination. Our results show
Hansen solubility parameters and the dissociation constants of cationic comonomers can be used to
estimate the performance of microgels in microgel-driven FO desalination systems.

& 2016 Published by Elsevier B.V.

1. Introduction

Forward osmosis (FO) is an emerging membrane-based se-
paration process that has the potential to lower energy con-
sumption in desalination process compared to reverse osmosis
(RO) process due to the absence of highly applied hydraulic
pressure [1]. However, low cost water recovery is the major pro-
blem associated with this technology [2]. In order to solve this
issue, thermolytic solutes were proposed as the FO draw agents
[3,4] due to their phase separation ability at mild temperature. The
heating energy can be provided by low grade heat to reduce the
overall energy cost. Although this strategy can reduce the energy
cost of FO desalination, several drawbacks such as membrane
stability [5], membrane scaling [6], final water quality [7] and re-
verse solute flux [8] still exist which hinder the practical appli-
cation of these draw agents. In order to overcome the drawbacks
of thermolytic solutes, various materials such as linear polymers
[9–11], magnetic nanoparticles [12–14], synthetic organic solutes
[5,15,16], ionic liquids [17,18] and switchable polarity solvents [19]
were proposed as FO draw agents. Although reduced reverse so-
lute flux can be achieved due to their large molecular sizes, these
molecules always lead to severe concentration polarization that
decreases the performance of these materials in water-drawing

process. Furthermore, pressure-driven membrane processes such
as ultrafiltration, nanofiltration and reverse osmosis are still re-
quired at the water recovery process which might further in-
creases the cost of process [2].

Thermoresponsive polymer hydrogels which are able to re-
versibly swell and deswell in respond to external temperature
change have been recently proposed as effective FO draw agents
[20–22]. The absence of reverse solute flux is one of the ad-
vantages of using hydrogels as FO draw agents [23]. However, the
water flux generated from these hydrogels is much lower than
other materials mentioned previously which could be caused by
the poor contact between hydrogels and membranes [24,25].
Furthermore, poor liquid water recovery is another problem when
bulk hydrogels are used as FO draw agents due to the formation of
dense skin during hydrogel deswelling [26]. Although some stra-
tegies have been launched to improve the performance of these
hydrogels in adsorbing water such as composite hydrogels [25,27–
29], semi-interpenetrating network [21] and bifunctional layers
formation [30], the water flux generated is still low compared to
small molecules as draw materials.

Recently, thermoresponsive copolymer microgels of N-iso-
propylacrylamide and acrylic acid were proposed as the FO draw
agents to overcome the problems associated with thermo-
responsive bulk hydrogels [31,32]. Due to their small sizes and
large surface areas, these microgels promote better contact with
membranes, which results in significant improvement in water
flux performance. Furthermore, the amount of acrylic acid plays an
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important role on water flux and dewatering performance. Al-
though there was improvement in water flux, the swelling kinetics
of those microgels is still low which will impact the overall per-
formance of the microgels. Therefore, improving the swelling ki-
netics of microgels is needed to achieve high apparent water flux.

A study investigating the FO performance of cationic poly-
electrolytes of poly 2-(dimethylamino) ethyl methacrylate de-
monstrated that these polyelectrolytes were able to generate very
high osmolality compared to weak acidic polyelectrolytes such as
polyacrylic acid [9] in their protonated state [33]. In this paper, we
prepared a series of thermoresponsive cationic copolymer micro-
gels and applied them as FO draw agents for the first time. Our
results show the FO performance of these cationic microgels de-
pends on the chemical structures of cationic comonomers and
their dissociation constants (pKa). Microgels with aliphatic cationic
comonomers show higher water flux than those with aromatic
cationic comonomers and the opposite behavior is observed in
dewatering process. Copolymer microgel with 2-(diethylamino)
ethyl methacrylate as a cationic comonomer shows the highest
water flux and the fastest equilibrium swelling kinetics among
other cationic copolymer microgels.

2. Experimental section

2.1. Materials

N-Isopropylacrylamide (NP, 498%), purchased from Tokyo
Chemical Industry, was purified by recrystallization using n-hex-
ane and dried overnight at room temperature. N-N′-methylene-
bisacrylamide (BIS, 498%), 2-(dimethylamino) ethyl methacrylate
(DMAEMA, 98%), 2-(diethylamino) ethyl methacrylate (DEAEMA,
99%) and 4-vinylpyridine (VP, 95%) were purchased from Sigma-
Aldrich. 1-vinylimidazole (VI, 99%) was purchased from VWR In-
ternational. 2,2′-Azobis (2-methylpropionamidine dihydrochloride
(V-50) was purchased from Novachem, Australia. Sodium chloride
was purchased from VWR. Cellulose triacetate forward osmosis
(CTA-FO) membranes were purchased from Hydration Technolo-
gies Inc. (HTI, USA).

2.2. Synthesis of cationic thermoresponsive copolymer microgels

Different thermoresponsive cationic copolymer microgels were
synthesized using surfactant-free semi-batch emulsion poly-
merization. In a typical experiment, 0.735 g of NP, 0.015 g of ca-
tionic comonomer, 0.0075 g of BIS and 75 mL of DI water were
mixed in a 250 mL three-necked flask fitted with a condenser, a
mechanical stirrer and gas inlet and outlet. The semi-batch feeding
solution was prepared by dissolving 2.205 g of NP, 0.045 g of ca-
tionic comonomer and 0.0225 g of BIS in 45 mL of DI water. After
degassing the solution for 45 min with nitrogen, the three-necked
flask was immersed into a preheated oil bath at 70 °C under ni-
trogen protection and a 3 mL of V-50 aqueous solution (0.03 g)
was injected to the flask to start the polymerization. The feeding
solution was injected at a rate of 3 mL/hour using a syringe pump
one hour after the batch solution turned cloudy. The polymeriza-
tion was carried out overnight under continuous stirring and ni-
trogen protection. After cooling, the microgels were purified using
membrane dialysis (MWCO 12–14 kDa) against DI water for sev-
eral days to remove any unreacted compounds. Finally, the pur-
ified microgels were dried at 65 °C and grounded into fine pow-
ders. The nomenclature used in this study is MCG-Monomer
I-Monomer II.

2.3. Characterization of thermos-responsive cationic microgels

2.3.1. Dynamic light scattering and zeta potential measurements
The hydrodynamic diameters (dh) of the cationic microgels at

different temperatures (20–50 °C) and their zeta potentials at pH
!6.8 and 20 °C were measured using a Zetasizer (Malvern, Nano-
ZS). The swelling ratios (SR) of microgels are calculated using the
following equation:
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where SR is the swelling ratio of the microgel, dh, To (nm) is the
hydrodynamic diameter of the microgel at To °C (20 °C) and dh, Ti

(nm) is the hydrodynamic diameter of the microgels at Ti °C.

2.3.2. Conductometric and potentiometric titration
The amounts of functional cationic comonomers in the micro-

gels were determined using conductometric and potentiometric
titration. Typically, the pH of a 100 mL MCG-NP-DMAEMA micro-
gel dispersion (!1 mg/mL) was adjusted to 3 using concentrated
hydrochloric acid. The solution was then back titrated using a
0.1 M NaOH solution. After each addition of NaOH, the con-
ductivity and pH of the solution were measured using a pre-cali-
brated Aqua-CP/A pH and conductivity meter.

2.4. Forward osmosis desalination evaluation

2.4.1. Water flux evaluation
100 mg dried microgel was loaded in a homemade FO mem-

brane setup equipped with an on-line conductivity monitoring
system [31]. The membrane configuration adopted in this experi-
ment was the active layer facing draw solute (AL-DS). The active
membrane area is 3.16 cm2. A conductivity probe (probe cell
constant, k¼1.0) was immersed in the feed solution of 2000 ppm
NaCl to continuously monitor the change in conductivity of the
feed solution against time for two hours. The system was condi-
tioned by immersing the membrane in the feed solution for
30 min before loading the microgels on the membrane. The con-
ductivity data was converted into the concentration of sodium
chloride in the feed solution through a calibration curve. The water
flux is calculated using the concentration data based on the fol-
lowing equations:
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where Vt (mL) is the volume of feed at time t, Vi (mL) is the initial
volume of feed, Ci (ppm) is the initial feed concentration, Ct (ppm)
is the feed concentration at time t, Jw (LMH) is the water flux, A
(m2) is the effective membrane surface area and Δt (h) is the time
interval where the conductivity of the feed solution changes.

2.4.2. Water recovery
Water-saturated microgels were transferred to centrifuge tubes

and weighed after two-hour water adsorption period. The micro-
gels were then centrifuged at 40 °C and 10,000 rpm for 10 min to
separate adsorbed water from the microgels. The recovered water
was measured using gravimetric method. The water recovered
from the deswelled microgels was calculated using the following
equations:
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where Cp (g microgels/g water) is the concentration of microgels in
the centrifuge tube, Wd (g) is the weight of dry microgel, Ww (g) is
the weight of water adsorbed by the microgels calculated from
water flux data, Wg (g) is the weight of water in the microgels, Wm

(g) is the weight of microgels in the centrifuge tube, WR (g) is the
weight of adsorbed water recovered from the tube and R (%) is the
percentage of water recovered from the microgels.

2.4.3. Apparent water flux
Apparent water flux is defined as the amount of water that can

be released from the microgels per unit area per unit cycling time
and written as follows [23]:
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where Japp (LMH) is the apparent water flux, mW (L) is the volume
of water that can be released during dewatering process, Teq (h) is
the time needed to reach equilibrium condition, TR (h) is the time
needed to dewater the microgels and A (m2) is the effective
membrane area.

2.4.4. Microgel recycling evaluation
The evaluation of microgel reusability was evaluated using the

method published elsewhere [27]. The microgels were removed
from the membrane setup and dried in oven until constant weight
after the first evaluation. The dried microgels were grounded into
fine powders and placed again on the membrane for the second
cycle measurement, where the conductivities of feed solution
against time were recorded to calculate water flux. The same ap-
proach was repeated for the subsequent cycles. The water recovery
cycle measurement was conducted using similar fashion using
gravimetric method.

2.5. Hansen solubility parameter (HSP) analysis

The solubility parameter components predicted using group
contributions can be calculated using the following equations:
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where δd (MPa1/2) is the dispersion interaction parameter, Fdi ([MJ/
m3]1/2 #mol$1) is molar attraction constant for the dispersion
component, δp (MPa1/2) is the polar interaction parameter, Fpi
([MJ/m3]1/2 #mol$1) is the group contribution constant for the
polar component, δh (MPa1/2) is the hydrogen bonding interaction
parameter, Ehi (J #mol$1) is the hydrogen bonding energy, V (cm3/
mol) is the molar volume and δtotal (MPa1/2) is overall value of the
solubility parameter.

The distance of solubility parameter, relative energy difference
(RED) and ratio of cohesion energy densities (H), can be calculated
using the following equations [34]:
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where Ra (MPa1/2) is a modified difference between HSP for water
(1) and monomer (2). Ro (MPa1/2) is the radius of interaction of an
HSP solubility sphere.

Fig. 1. Chemical structures of different cationic comonomers used in synthesized cationic copolymer microgels.
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3. Results and discussions

3.1. Synthesis and characterization of thermoresponsive cationic
copolymer microgels

Thermoresponsive cationic copolymer microgels were pre-
pared via semi-batch surfactant-free emulsion polymerization to
eliminate the influence of surfactants on final physicochemical
properties of these microgels. The comonomer feed ratio used in
this study was 2 wt% because excessive amount of ionic moieties
will eliminate the thermoresponsive properties of the microgels
[31]. The initial pH of the reaction mixture was adjusted to !4 to
partially protonate the cationic comonomer, which assists particle
stabilization [35]. After the synthesis, the microgels were trans-
ferred to dialysis bags for purification before characterization and
evaluation studies. We choose two different groups of cationic
comonomers shown in Fig. 1, vinyl aliphatic and vinyl aromatic
comonomers, in this study to examine the effect of different
chemical structures of cationic comonomers on the FO
performance.

Dynamic light scattering measurements were performed to
determine the apparent diameters of the microgels at different
temperatures and their volume phase transition temperatures
(VPTTs). Cationic N-isopropylacrylamide microgel was also syn-
thesized as a control to compare its swelling/deswelling behavior
with other cationic copolymer microgels. Fig. 2a shows the hy-
drodynamic diameters of various cationic copolymer microgels as
a function of temperature. The incorporation of different cationic
comonomers shifts the VPTTs of resulting cationic microgels due
to the different degrees of ionization of cationic comonomers in-
dicated by their different pKa values [36]. The pKa of different
cationic comonomers used in this study is shown in Table 1.

Copolymerization with vinyl aliphatic comonomers leads to the
less shift of the VPTTs to lower temperature than those with vinyl
aromatic comonomers due to the stronger solvation [37] of these
aliphatic comonomers than aromatic counterparts [38,39].

Swelling ratios of the cationic microgels at specific tempera-
tures near their VPTTs are shown in Fig. 2b. MCG-NP-DMAEMA has
the lowest swelling ratio among other cationic microgels at 30 °C.
However, the swelling ratio of this microgel is slightly higher than
the swelling ratio of MCG-NP at 35 °C and 40 °C. Furthermore, the
swelling ratio of MCG-NP-DEAEMA is higher at all temperatures
than that of MCG-NP and MCG-NP-DMAEMA due to hydrophobic
characteristic of PDEAEMA [41]. On the other hand, the cationic
copolymer microgels with vinyl aromatic comonomers show
higher swelling ratios than the cationic microgels with vinyl ali-
phatic comonomers at all temperatures due to the increase in
hydrophobicity. MCG-NP-VP shows remarkable swelling ratio at
40 °C due to the hydrophobic characteristic of this comonomer at
its deprotonated state [43] while MCG-NP-VI microgels have
slightly lower swelling ratio than MCG-NP-VP at 40 °C due to slight
protonation of its tertiary amines.

The incorporation of cationic comonomers into copolymer
microgels can be characterized qualitatively and quantitatively
using pH and conductivity titrations. The highlighted areas in Fig.
S1 showing the presence of tertiary amines confirm the successful
incorporation of cationic comonomers in the microgels. The cal-
culated amounts of tertiary amines in the microgels determined
from pH and conductivity titration shown in Table S1 are close to
the feeding amounts indicating high conversion of these como-
nomers (80–90%). In addition, zeta potential measurements at
20 °C and pH !6.8 were also carried out to elucidate the surface
charges of cationic microgels and to further confirm the presence
of cationic comonomers in the microgels. The values of zeta po-
tential measurements for each cationic microgel in Fig. S3 show
cationic copolymer microgels have higher zeta potentials than
cationic N-isopropylacrylamide microgel except for the MCG-NP-
VP due to its deprotonated state at pH !6.8.

3.2. Water flux and water content profiles for thermoresponsive ca-
tionic copolymer microgels

Water flux and water content profiles for each thermo-
responsive cationic microgel are shown in Fig. 3. Incorporation of

Fig. 2. (a) Hydrodynamic diameters of thermoresponsive microgels at different temperatures and pH 6.8; (b) Swelling ratios of cationic thermoresponsive microgels at 30 °C,
35 °C and 40 °C at pH 6.8.

Table 1
Dissociation constants (pKa) of different cationic comonomers.

Cationic comonomers pKa Ref.

DMAEMA 8.40 [40]
DEAEMA 9.50 [41]
VP 5.39 [38]
VI 6.95 [42]
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different cationic comonomers leads to varied water adsorption
rates, water contents and equilibrium swelling time. MCG-NP-
DMAEMA shows faster equilibrium swelling time and higher wa-
ter flux than MCG-NP due to improved solvation behavior of this

microgel caused by the tertiary amines. The equilibrium swelling
times for MCG-NP-DMAEMA and MCG-NP are 40 min and
100 min, respectively. Furthermore, the shortest equilibrium
swelling time (30 min) and highest water flux are observed in
MCG-NP-DEAEMA due to its highest pKa in Table 1 which results
in strong solvation behavior of this copolymer microgel.

On the other hand, cationic microgels with vinyl aromatic co-
monomers have lower water flux than those with vinyl aliphatic
comonomers due to the presence of aromatic ring which con-
tributes to solvation interaction of the microgels [44]. In addition,
the increase in hydrophobicity also results in longer equilibrium
swelling time in these microgels than the microgels with vinyl
aliphatic comonomers. The equilibrium swelling time for MCG-
NP-VP (80 min) is longer than MCG-NP-VI (70 min) due to hy-
drophobic characteristic of 4-vinylpyridine in its deprotonated
state [45]. The shorter equilibrium swelling time in MCG-NP-VI is
caused by the stronger solvation of this microgel than MCG-NP-VP
as indicated by its higher pKa value in Table 1.

The final water content of MCG-NP-DEAEMA is higher than the
final water contents of MCG-NP-DEAEMA and MCG-NP. Similar
result is also observed in microgels with aromatic comonomers
where MCG-NP-VP had slightly higher final water content than
MCG-NP-VI despite the hydrophobic characteristic of VP in its
deprotonated state. This phenomenon can be explained by the
microphase separation during the polymerization when slightly
hydrophobic comonomers such as DEAEMA and VP are introduced
during polymerization process. This results in MCG-NP-DEAEMA
and MCG-NP-VP have less compact structures which cause these
copolymer microgels retain more water than MCG-NP-DMAEMA
and MCG-NP-VI [46,47].

Fig. 3. Water flux and water content profiles of different cationic co-polymer thermoresponsive microgels: (a) MCG-NP, (b) MCG-NP-DMAEMA, (c) MCG-NP-DEAEMA,
(d) MCG-NP-VP and (e) MCG-NP-VI, during two-hour water adsorption period. Feed solution is 2000 ppm NaCl and the room temperature was maintained at 2071 °C. The
green vertical lines show the time needed to reach equilibriumwater content (Teq). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

Fig. 4. Initial water flux and water recovery for different cationic thermoresponsive
co-polymer microgels. Feed solution concentration is 2000 ppm, pH of the feed
solution is 6.8 and the feed temperature is 2071 °C.
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3.3. Initial water flux and water recovery of thermoresponsive ca-
tionic copolymer microgels

The initial water flux and water recovery for various cationic
thermoresponsive microgels are shown in Fig. 4. MCG-NP has the
lowest water flux (8.5 LMH) among other cationic copolymer mi-
crogels while its water recovery is 40.2%. This water recovery is
lower than the previously synthesized anionic N-iso-
propylacrylamide microgel [31] which can be caused by the strong
hydrogen bonding between water and the primary and secondary

amines from 2,2′-azobis(2-methylpropioaminidine dihy-
drochloride) [48]. MCG-NP-DMAEMA and MCG-NP-DEAEMA show
higher water fluxes than MCG-NP due to the contribution of
protonated tertiary amines from the cationic comonomers. How-
ever, the water flux for MCG-NP-DEAEMA is higher than MCG-NP-
DMAEMA due to the presence of more tertiary amines in MCG-NP-
DEAEMA than MCG-NP-DMAEMA which results in higher osmotic
pressure in MCG-NP-DEAEMA than MCG-NP-DMAEMA. The water
fluxes for MCG-NP-DMAEMA and MCG-NP-DEAEMA are 33.5 LMH
and 45.6 LMH, respectively while their water recovery are 34.1%
and 44.8%, respectively. The higher water recovery in MCG-NP-
DEAEMA could be from the more hydrophobic character of
DEAEMA. In addition, high swelling ratio of MCG-NP-DEAEMA
above the VPTT shown in Fig. 2 confirms the higher water recovery
in MCG-NP-DEAEMA than MCG-NP-DMAEMA [41].

On the other hand, MCG-NP-VP microgel shows reduced water
flux (17.3 LMH) but improved water recovery due to its deproto-
nated tertiary amines which results in strong hydrophobic prop-
erties from the aromatic ring dominates the physicochemical
properties of the microgel. The water recovery of MCG-NP-VP
microgel is 51.9%. Interestingly, MCG-NP-VI microgel shows higher
water flux (28.9 LMH) than MCG-NP-VP despite the presence of
aromatic ring structure in this comonomer. However, its water flux
is less than MCG-NP-DMAEMA and MCG-NP-DEAEMA due to the
lower pKa value of this comonomer which results in low amount
of protonated tertiary amines for this microgel [42]. The water
recovery of MCG-NP-VI (47.9%) is comparable with that observed
in MCG-NP-VP implying this microgel has balanced water flux and
water recovery performance.

3.4. Apparent water flux of thermoresponsive cationic copolymer
microgels

Apparent water flux can be used to measure the overall per-
formance of microgel-driven FO desalination. This variable mea-
sures the amount of water per unit time that can be recovered
from the microgel at one cycle [23]. The apparent water fluxes for
thermoresponsive cationic copolymer microgels are shown in
Fig. 5. The apparent water flux of MCG-NP is 1.5 LMH which is the
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Fig. 5. Apparent water fluxes of different thermoresponsive cationic copolymer
microgels.

Table 2
Comparison of FO draw agents for different polymer hydrogels.

Polymer hydrogels Experimental Conditions FO performance Ref.

Flux Water recovery

N-Isopropylacrylamide-co-2-(diethylamino) ethyl methacrylate microgels PRO Mode 45.6 LMH 44.8% This work
Feed: 2000 ppm NaCl
Draw Mass: 0.1 g

N-Isopropylacrylamide-co-itaconic acid microgels PRO Mode 44.8 LMH 47.2% [32]
Feed: 2000 ppm NaCl
Draw Mass: 0.1 g

N-Isopropylacrylamide-co-acrylic acid microgels PRO Mode 23.8 LMH 52% [31]
Feed: 2000 ppm NaCl
Draw Mass: 0.1 g

Semi-interpenetrating network poly(N-isopropylacrylamide) and polyvinyl alcohol Feed: 2000 ppm NaCl 0.24 LMH 98% [21]
Draw Mass: 0.4 g

N-Isopropylacrylamide-co-sodium acrylate hydrogels PRO Mode 0.60 LMH 62% [20]
Feed: 2000 ppm NaCl
Draw Mass: 1 g

Tributylhexylphosphonium p-styrenesulfonate hydrogels PRO Mode 2 LMH 50% [23]
Feed: 2000 ppm NaCl
Draw Mass: 0.6 g

Tributyl-4-vinylbenzylphosphonium hydrogels PRO Mode 0.30 LMH 80% [49]
Feed: 2000 ppm NaCl
Draw Mass: 0.04 g
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lowest among other cationic copolymer microgels due to its low
water adsorption and water recovery. Incorporating DMAEMA and
DEAEMA into the microgels improves their apparent fluxes due to
improved water flux and recovery performance. The apparent
water flux of MCG-NP-DMAEMA and MCG-NP-DEAEMA are
1.7 LMH and 5.5 LMH, respectively. The apparent flux of MCG-NP-
DEAEMA is significantly higher than MCG-NP-DMAEMA due to its
faster equilibrium swelling time and higher water recovery than
MCG-NP-DMAEMA.

Although MCG-NP-VP and MCG-NP-VI have higher water re-
covery than MCG-NP-DEAEMA, their apparent fluxes are lower
than MCG-NP-DEAEMA due to their long equilibrium swelling
time. The apparent water fluxes of MCG-NP-VP and MCG-NP-VI
are 2.0 LMH and 2.4 LMH, respectively. Therefore, MCG-NP-
DEAEMA has the best overall performance among other cationic
copolymer microgels due to its fast equilibrium swelling times and
relatively high water recovery. Furthermore, the apparent water
flux of this microgel is significantly higher than bulk hydrogels
published in the literature [23,32]. Table 2 summarizes the per-
formance of different polymer hydrogels as FO draw agents.

3.5. Swelling – deswelling cycles and recyclability of thermo-
responsive cationic copolymer microgels

The microgel recycling test was conducted to assess the re-
cyclability performance of our thermoresponsive cationic copoly-
mer microgels. We choose to study the recyclability of MCG-NP-
DEAEMA as this microgel has the best apparent water flux.
Swelling – deswelling cycles conducted using dynamic light scat-
tering by cycling the temperatures of the microgel solution shows
that this microgel is fully swellable and deswellable as shown in
Fig. 6a. The water flux and water recovery tests were also carried
out to confirm the reusability of this microgel following dynamic
light scattering study. The cycles of water flux and water recovery
shown in Fig. 6b confirm that this microgel is able to maintain its
water flux and water recovery performance.

3.6. Relationship between the performance of cationic copolymer
microgels in FO desalination and their Hansen solubility parameters

To gain insight on microgel – water interaction, we calculated
the Hansen solubility parameters for the monomer and comono-
mers used in this study. This will assist in designing which
monomer/comonomer pair that will lead to optimized FO perfor-
mance in the future. Hansen solubility parameters consist of three
terms, the dispersion, δd, polar, δp, and hydrogen bonding, δh,
interaction parameters [34]. The values of individual parameter

can be determined directly from experimental data or numerical
estimation. Estimation using group contribution method such as
the Hoftyzer – Van Kreleven method has reasonable accuracy for
most polymer – solvent systems [50]. The calculated values of
Hansen solubility parameters using the Hoftyzer – Van Krevelen
method are presented in Table 3.

The simple way to determine whether a molecule can dissolve
in a given solvent is by looking at the difference between total
solubility parameter, δtotal. This difference must be small enough
for the molecule to dissolve in a given solvent. From Table 3, the
differences between δtotal for water and δtotal for all monomers are
quite large. For example, the difference between δtotal for water
and δtotal for NP is 7.4 while it is known that water is a good
solvent for poly(N-isopropylacrylamide) at the temperature below
the lower critical solution temperature (LCST) of this homo-
polymer [51]. As a result, this approach cannot be used to de-
termine the solubility behavior of the monomers in water.

To determine the monomer – water interaction, plotting the
dispersion solubility parameter, δd, vs. the sum of polar and hy-
drogen bonding component, (δp2þδh2)1/2 allows us to further
examine the water affinity towards individual monomers [52]. As
can be seen from Fig. 7, VI has the closest distance to water among
other comonomers which means that this monomer can be sol-
vated easily while DMAEMA has further distance from NP and
water. Furthermore, DEAEMA and VP have less interaction with
water as evidenced by their further distance from water than
DMAEMA and VI.

The distance in Fig. 7 can be measured quantitatively using
relative energy difference (RED) and cohesion energy density
(H) parameters calculated using Eqs. (12)–(15). The values of RED
and H of N-isopropylacrylamide and various cationic comonomers
are summarized in Table 4. It can be seen that all the values of RED
and H for the monomers used in this study are less than 1 except
for VP which implies that all the microgels are water swellable. VP

Fig. 6. (a) Swelling – deswelling cycles for MCG-NP-DEAEMA and (b) Water flux and water recovery cycles for MCG-NP-DEAEMA.

Table 3
Hansen solubility parameters of water and various monomer and comonomer used
in this study predicted using Hoftyzer – Van Krevelen method.

Chemical species δd (MPa)1/2 δp (MPa)1/2 δh (MPa)1/2 δtotal (MPa)1/2

Watera 18.1 12.9 15.5 27.1
NP 16.7 7.8 7.0 19.7
DMAEMA 14.3 7.0 7.7 18.4
DEAEMA 14.7 5.9 7.1 17.9
VP 13.3 7.4 6.8 17.6
VI 13.0 12.5 10.5 21.7

a The values were obtained from ref. [34].
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has the largest values of RED and H which means that this co-
monomer is close to the boundary of Hansen solubility space and
has more hydrophobic character than other monomers.

The analysis of Hansen solubility parameter is generally aligned
with the observed FO performance of thermoresponsive cationic
copolymer microgels in this work. In detail, MCG-NP-VP shows
improved water recovery but less water flux compared to other
cationic copolymer microgels due to the high values of RED and H
for VP which indicates very weak interaction between water and
this microgel. Furthermore, the smallest value of hydrogen bond-
ing interaction parameter (δh) of VP in Table 3 further confirms the
weak interaction of this comonomer with water. In contrast, VI has
smaller values of RED and H than VP which means that MCG-NP-
VI has better water interaction than MCG-NP-VP. This analysis is in
agreement with the higher water flux generated by MCG-NP-VI
than MCG-NP-VP.

On the other hand, microgels with vinyl aliphatic comonomers,
MCG-NP-DEAEMA and MCG-NP-DMAEMA, generated higher wa-
ter flux than MCG-NP despite their relatively high RED and H
values. This means the protonation of tertiary amines also plays a
key role in determining water flux performance of cationic mi-
crogels as discussed in previous section. However, the contribution
of RED and H values for these microgels is more significant during
the deswelling process where the higher amount of water can be
recovered in MCG-NP-DEAEMA than MCG-NP-DMAEMA. This
means the interaction of water with DEAEMA is weaker than the
water interaction with DMAEMA above the VPTTs of these cationic
copolymer microgels. These results also confirm the swelling ratio

of MCG-NP-DEAEMA is higher than the swelling ratio of MCG-NP-
DMAEMA above the phase transition temperature as shown in
Fig. 2.

4. Conclusions

Thermoresponsive cationic copolymer microgels with different
cationic comonomers have been synthesized and used as draw
agents for forward osmosis desalination. The FO performance of
these cationic microgels strongly depends on the chemical struc-
tures of the cationic comonomers and the dissociation constants
(pKa). Furthermore, short equilibrium time can be achieved by
microgel with 2-(diethylamino) ethyl methacrylate due to its ba-
lanced performance in water flux and water recovery which makes
this microgel has the highest overall performance among other
cationic copolymer microgels. We also carry out in-depth analysis
of the relationship between Hansen solubility parameters for each
monomer and the FO performance of these microgels. Our results
show Hansen solubility parameters and the dissociation constants
(pKa) of cationic comonomers have contribution to the FO per-
formance of the cationic copolymer microgels in water flux and
water recovery. This study might assist in designing optimized
microgel materials that will lead to optimized microgel-driven FO
desalination performance.
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On-line monitoring of the aggregate size
distribution of Carthamus tinctorius L. cells with
multi-frequency capacitance measurements

Yu Liu,a Ze-Jian Wang,ab Lan Li,a Xiaolin Cui,c Ju Chu,a Si-Liang Zhang*a

and Ying-Ping Zhuanga

This study provided an effective methodology for the aggregate size distribution measurement of

Carthamus tinctorius L. cells during suspension culture. The results demonstrated that the changes of

the cell aggregate size could be reflected in the b-dispersion by the multi-frequency capacitance

measurements. Furthermore, a non-linear optimization model was established and validated for

predicting the cell aggregate size distribution. In addition, the on-line predicted data agreed well with

off-line measurements using microscopic observation and laser-based image analysis.

Introduction
Production of valuablemedicinal metabolites through plant cell
suspension cultivation has proven to be an effective method in
many industrial processes.1–3 Cell aggregate distribution is one
of the most important, yet also the most difficult to obtain,
physiological parameters that can provide valuable information
for process development, optimization and control.2–4 The plant
cell aggregation diameter has a broad range from 10 to 2000
mm.5 The cell aggregation state not only has serious effects on
the nutrient and oxygen transfer rate, but also improves the cell
sensitivity to shear force.6,7

Much research has been carried out on quantifying the effect
of aggregates on plant cell growth and secondary metabolite
biosynthesis.4,8–13 Kolewe's study demonstrated that smaller
aggregates could signicantly enhanced higher paclitaxel
production than that with larger aggregates in Taxus suspension
cultures, similar results has also been found in Vaccinium pahalae
and C. tinctorius L. cultures.4,9 These researches revealed that high
oxygen transfer rate and nutrient supply in the center of the
aggregated cell with small size would promote the cell growth rate
and the secondary metabolite biosynthesis. However, some
researches showed that the growth rate of larger aggregates are
more rapid than that of small one, because the larger aggregates
are facilitate well for the signal transduction from cell-to-cell.9,11,12

Microscopy and mechanical sieving were commonly applied
inmost studies to precisely analyse the plant cell aggregates size
distribution.14,15 However, direct on-line size distribution anal-
ysis in the bioreactor would be more advantageous to get real-
time information and avoid any interference with external
sample manipulations. In recent years, many in situ probes have
been developed for the direct on-line determination of cells size
distribution and concentration based on several principles: in
situmicroscopy image analysis, laser-based image analysis, ow
particle image analysis and so on.16–19 But, these equipment are
big in volume, precision, also very expensive. E.g. FPIA (Flow
Particle Image Analysis) method, also need additional recycle
system to sample the cells to the devices. Furthermore, steril-
izing process is another limitation, normally they are not easy to
sterilize and apply in industrial process.

The capacitance measurements is becoming an established
tool for the estimation of viable biomass in many different cells

Fig. 1 Principle of culture capacitance measurements at several
frequencies. D3max is mostly a function of the biomass concentration.
The characteristic (or critical) frequency fc is the frequency at which
the rate of polarization is one-half complete. fc depends mainly on the
cell diameter and the conductivity. ameans the homogeneous degree
of the aggregation (figure adapted from Cannizzaro et al.24).
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culture.20–23 The measuring capacitance at different frequencies
causes a spectrum called “b-dispersion” (Fig. 1), which is proven
to be related with the cell size distribution.24,25 The underlying
theory on the dielectric properties of biological cells has been
extensively described elsewhere.24 Many researches had illus-
trated that the cell size distribution could be predicted through
the b-dispersion parameters, like characteristic frequency (fC)
(the frequency at which the rate of polarization is one-half
complete) shown in Fig. 1c, and a-angle of b-dispersion curve
in fC (Fig. 1d).25 The sensitivity of dielectric spectroscopy
towards cell size has been used to monitor the major transition
points of the culture in CHO perfusion cluture process.24 It was
further utilized by Sven Ansorge to estimate the cell size
changes of CHO cells,17 and by Hauttmann and Müller to esti-
mate the radius of hybridoma, yeast, and bacterial cells.26 On
the other hand, in Henry and Sven Ansorge's work,25 they used
multi-frequency capacitance measurements method with
partial least square (PLS) models to monitor cell size distribu-
tion of mammalian cell cultures. The results demonstrate the
method is accurately enough. But until now, hardly any infor-
mation could be found for this method applying in the eld of
plant cell suspension culture process.

The objective of this study was to demonstrate that the utility
of multi-frequency capacitance measurements spectrum for
plant cell size monitoring. More specically, correlated capaci-
tance performed at multi-frequency with changes in the cell size
distribution, a constrained non-linear optimization model was
built and used to predict the aggregates size distribution during
the suspension culture process.

Materials and methods
Cell line and bioreactor setup

C. tinctorius L. were maintained in Murashige and Skoog (MS)
medium supplemented with sucrose (30 g L!1), 1-naphthyl-
acetic acid (NAA) (10!2 mM), and 6-benzylaminopurine (6-BA)
(10!3 mM). The pH of the medium was adjusted to 6.2 prior to
sterilization. Cell suspension culture was initially conducted in
1000 mL Erlenmeyer asks and subculture every 7 days.

Then exponentially growing cells were inoculated into two
parallel 5L stirred tank bioreactor with a working volume of 3L.
It was equipped with two standard six blade Rushton turbines
with a diameter of 72 m (0.45T). During the entire cultivation
period, air ow rates (0.8 L min!1), temperature (25 "c), stirring
speeds (100, 250 rpm) were maintained at constant levels, cor-
responding to impeller Reynolds numbers Reimp ¼ rlND

2/m,
(where N is the rotation speed, D is the impeller diameter) from
0.86 $ 104 to 2.16 $ 104. Under the conditions described above,
two bioreactor runs were conducted in batch mode, inoculated
cell densities was covered a range from 1.6 to 1.7 g L!1. Each
experiments were operated until the end of logarithmic phase
(about 7 days), samples were taken daily for analysis.

Cell number and cell size distribution determination

A laboratory scale focused beam reectance FBRM (model
G400) coupled with iC FBRM soware from Mettler Toledo was

implemented to detect the particle size distribution. The
measurement range is from 0.5 to 1000 mm. The time interval of
the measurement is 3 s, our data point is the average result of
over 50 measurements on every sample.

In addition, Image-Pro Plus 6.0 soware (Media Cybernetics,
Bethesda, MA) was used to automatically determine the cell
count and cell size based onmicroscopic observation. First of all,
light microscope images of bacteria acquired by a CCD camera
(cells are magnied 10 $ 4 times) are handled with best-t
equalization and contrast enhancement. Then, the effects of
edge enhancement, noise cancellation and smooth are realized
by binarization processing. Finally, the counted dark areas are
projected cell areas. In parallel, the objects that are not interested
inmust be hidden, and the adhesive objects must be split. In this
investigation, three repetitions are conducted to accomplish 50
microscope images taken from a cell sample at every time point.

On-line capacitance measurements

b-Dispersion of capacitance were measured under an real-time
bioreactor operations using a capacitance probe (Biomass
Monitor 220, Hamilton Switzerland). The Hamilton soware
automatically analyzes the capacitance over a total of 17
frequencies from 0.3 to 10 MHz. Two data sampling type were
used to monitor the normal viable biomass and cell size
distribution. Low frequency data sampling type was acquired in
intervals of 6 min, which was used for daily monitoring and
high frequency data sampling type was acquired in interval of 6
s along 5 min measurement. All the data were saved in
a comma-separated values (CSV) format le for subsequent
analysis using Hamilton Soware.

Standard capacitance b-dispersion measurement

In order to obtain the standard b-dispersion under different
ranges of aggregate size, mechanical sieving was carried out to
separate the aggregation to different range. A known volume
sample was sieved through 6 cm diameter sieves of 1400, 880,
600, 425 and 96 mm (d1, d2.d6 in Table 1) sieve apertures by
rinsing with small volumes (40–50 mL) of 15 mM CaCl2 solu-
tion. At least 300 n mL!1 cell number was conducted in the
smallest classication of 1400 mm aggregation size. Then, each
classication was measured over the full range frequency.

Capacitance data analysed method

The matrix of the standard capacitance b-dispersion (Aeq[x])
means the b-dispersion produced by the specic cell aggregate
in some certain size under different frequencies. So Aeq is
a matrix composed of these standard b-dispersion under
different ranges of aggregate size (d1, d2.d6). Assume that an

Table 1 Aggregate size of the mechanical sieving

d1 d2 d3 d4 d5 d6

Mesh number (n) 12 18 28 35 60 160
Aggregate diameter (mm) 1400 880 600 425 250 96

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 89764–89769 | 89765
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mixture cell aggregate sample was composed by these size
classication (d1, d2.d6). And if we have known the percentage
of cell numbers in different size classications (x ¼ x1, x2.x6).
Then, the measured b-dispersion by this sample (beq) can be
described by the standard b-dispersion (Aeq) using a mathe-
matical equation (beq ¼ Aeqx).

To facilitate the description of the algorithm, the size
distribution is included into a vector x ¼ [x1, x2.x6]. Based on
linear algebra principles, determination of x needs at least 6
independent equations. While, the b-dispersion were measured
over a range of 0.1–10 MHz at 17 different frequency channels.
For this case, the non-linear optimization model will provide
the best tting to the measurements, which is expressed by f(x)
in eqn (1), and constraint conditions in eqn (2). The algorithm
is easily implemented in the MATLAB.

minxf(x) ¼ abs(Aeqx ! beq) (1)

Constraint condition

2

4
cðxÞ# 0

ceqðxÞ ¼ 0

lb# x# ub

(2)

Where c(x), and ceq(x) are non-linear functions. c(x) means the
different capacitance between adjacent frequency. ceq(x) ensure
the sum of x is equal to one. lb and ub is the lower and upper
bounds in x, which is [0, 0/0] and [1, 1/1] in this research.

If the calculation follows a non-linear model, the f(x) as
described by eqn (1) may have multiple local minima, but only
the true value of x corresponds to its global minimum, i.e., the
smallest one among all local minima. The presence of local
minima oen represents a problem because the initial setting
for x at start would determine where the solution converges.
When the initial x setting is close enough to its true value, x will
converge to the global minimum. For this reason, a general
known of the cell size distribution needs to be identied rst,
based on which a series of initial values can be selected.
Theoretically, more frequency channels' data or independent
equations will help the solution but the measuring error at high
frequency maybe make the results more accurate or worse.

For comparing this capacitance method to other experi-
mental data, a residual error, g, was calculated as follows:

g ¼

Xn

i

absðxðiÞ ! x̂ðiÞÞ

Xn

i

xðiÞ
(3)

where x and x̂ are the cell size distribution based on capacitance
measurement and other experimental method, respectively.
This residual allows for a direct comparison of results between
different method, and values of g were used to judge the quality
of the optimization function.

Result and discussion
Calibration curves of b-dispersion under different aggregate
size

In order to build the calibration capacitance b-dispersion
matrix Aeq, mechanical sieving was used to separate the

aggregates to different range (d1, d2.d6 in Table 1). The original
unit of the measurement was in pF cm!1, which means capac-
itance value in a certain volume. Then the results was divided by
the cell counting numbers in n ml!1 to obtain the specic
capacitance, the unit of which is pF n!1. The specic capaci-
tance means the capacitance produced by a single cell aggre-
gate, and the specic b-dispersion curves have the character of
each aggregate size. This curves are correlated with the total
volume of the cells or the size of the cell aggregate. Fig. 2
presents the specic capacitance b-dispersion of different
ranges of aggregate size obtained through mechanical sieving.
The results showed that they are corresponding well with the
theory mentioned above, capacitance value increase with larger
aggregate size.

In the double logarithm coordinate, the relation between the
measurement frequencies and the specic capacitance is linear
and the capacitance b-dispersion is almost parallel to each
other. Signals corresponding to the lower frequencies have the
higher amplitudes. Fortunately, with the homogeneous aggre-
gate size distribution in the determination, the measuring error
is less than 5% of the average data (relative error).

Initiation and frequency optimization

If the calculation follows a non-linear model, the f(x) as described
by eqn (1) may have multiple local minima, but only the true
value of x corresponds to its global minimum, i.e., the smallest
one among all local minima. The presence of local minima oen
represents a problem because the initial setting for x at start
would determine where the solution converges. When the initial
x setting is close enough to its true value, x will converge to the
global minimum. For this reason, a general known of the cell size
distribution needs to be identied rst, based on which a series
of initial values can be selected. Based on the maximum change
range of the aggregate size from previous experience, three initial
value were chosen to investigate the effect of the initiation on the
capacitance data analysed method. First one is a value close to
the normal distribution; in addition, a zero x and a relatively

Fig. 2 Calibration curves of b-dispersion under different cell aggre-
gate size.
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opposite to the distribution value were chosen. A set of capaci-
tance data from an unknown aggregate size are utilized to vali-
date the detected method. These three initial values are used as
initial setting points to solve the non-linear optimization model,
respectively. The aggregate size distributions determined by
microscopic observation and laser-based image analysis were
used to judge the quality of the model predictions. The laser-
based image analysis method used as the control result,
considering of fewer manual steps.

The results are presented in Fig. 3, and the residual errors g
were calculated based on the laser-based image analysis results.
The capacitance based method provide accurate prediction of
the distribution in all three initial value. The smallest g ¼ 0.06
contributed from the initial value close to the distribution
(Fig. 3a). When the initial value is far from the distribution and
the zero, g ¼ 0.08 will be slightly higher (Fig. 3b and c), and the
major error is from the large aggregate prediction. However, for
laser-based image method itself is accurate to the small parti-
cles (<1 mm), but because of the principle of this electrode, they
are insensitive to the particle above 1 mm. On the other hand,
the microscopic observation results also showed large different
from the laser-based image analysis results (g ¼ 0.24). Accu-
rately, in the microscopic observation determine process, there
are some cell aggregates overlapped each other, some of which
are two or three aggregates merged together in the image. So the
results shown there are more large aggregates. However, these
results indicate that initial value have limited inuence on the
analysed method over a broad range.

Furthermore, theoretically, more frequency channels' data or
independent equations will help the solution. But, capacitance
in high frequencies always have the great amplitudes due to the
inhomogeneous of the cell distribution. Thesemeasuring errors
maybe cause the overdetermined error to the solution. To esti-
mate the inuenced of selected frequency channels on the
detected results, three different frequency range are used to
solve the nonlinear optimization model, respectively. The
spectra are measured over the range from 0.3 to 10 MHz with 17
different frequency channels, so the frequency ranges are set to
from 0.3 to 1.1 (7 channels), 0.3 to 4.2 (13 channels) and 0.3 to
10 MHz (17 channels). These different frequency range are used
to solve the nonlinear optimization model, respectively. The
results are shown in Fig. 4, the residual error are also calculated

based on the laser-based image analysis results. Three different
frequency range calculation results were signicant different,
and the smallest g ¼ 0.06 contributed from the 13 channels'
data, and this results were used for further calculation. In
addition, it is evident in Fig. 4a and c that less frequency
channels' data would decrease the accurate of the non-linear
optimization model, and full frequency channels' data slightly
overdetermined error to the solution.

Evaluation of method sensitivity to the measurements data

The distribution of the b-dispersion cell aggregate has a broad
range, so the mixed gradient changing of the plant cell aggre-
gate distribution caused by the ow eld always result in the
uctuation on the capacitance measurement. 50 times of
capacitance b-dispersion data with a sample are shown in
Fig. 5A. These measurements data present a remarkable
difference in a single scan, especially during the high frequency
data (double logarithm coordinate). To evaluate the sensitivity
of the method to the uctuant measurements data, some
manual interventions to the measurements were performed to
simulate the uctuation in the real measurement process.
Although the average of many sample points will reduce this
effect, the inuence taken from the measurement uctuation is
still necessary for evolution the validity of this method. Three
different uctuations were applied to mimic the measurement
uctuation in the real process. The rst uctuation is the whole
frequency data increase and decrease 7 percentage of the
average data, the second uctuation is 7 percentage improve-
ment and decrement of the data at a random low frequency.
And the third uctuations are the 20 percentage improvement
and decrement of the data at a random high frequency.

These uctuation capacitance data are used to solve the non-
linear optimization model, respectively. Results are shown in
Fig. 5B, the uctuation improve signicantly the residual error
g. In the rst case, the whole frequency data change showed
a remarkable increase in prediction errors, which ranged from g

¼ 0.13 to 0.19 compared with the average result g ¼ 0.06 by the
positive or negative uctuation. In the point data change case,
the average prediction errors are g ¼ 0.40 and g ¼ 0.09,
respectively in low and high frequency change. Low frequency
data change improve more error compared with the high
frequency data. With the frequency selected rule mentioned

Fig. 3 Effect of size distribution dependence on initial value, using
microscopic observation and laser-based image analysis experiments
result to judge the quality of the model predictions. Three initial value
were chosen: (a) close to the distribution x ¼ [0.2, 0.4, 0.2, 0.1, 0.05,
0.05], (b) zero x ¼ [0, 0, 0, 0, 0, 0] and (c) a relatively opposite to the
distribution value x ¼ [0.05, 0.05, 0.1, 0.2, 0.4, 0.2].

Fig. 4 Effect of size distribution dependence on frequency selected,
using microscopic observation and laser-based image analysis
experiments result to judge the quality of the model predictions. Three
frequency band were chosen: (a) 300–897 kHz, (b) 300–3342 kHz and
(c) 300–10000 kHz.
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above, it was evidenced that capacitance data in high frequen-
cies contribute less inuence to the result. Therefore, though
the capacitance in high frequency uctuate a lot in the
measurement, the capacitance based method can also provide
accurate prediction.

Fermentation validation

To examine the performance of the capacitance measure-
ments based method of monitoring of aggregate size distri-
bution in the real fermentation process, we hence performed
two batches cultures at different shear environment, expect-
ing that aggregate size distribution would different. Fig. 6
shows the comparisons of proles under low and high shear
conditions for: biomass growth curve, residual sugar
concentration, the average aggregate diameter, and the
number of aggregate. The results revealed that the cell growth
and the lag phase could be serious inhibited and postponed
with the increased shear force. Meanwhile, the aggregation
diameter encountered great difference under various shear
environments during the former culture phase. At the start
point of 4 h, the cell aggregation diameter was 225 mm under
the lowest shear stress, which is much close to the mean
diameter in shaken ask cultures.

While with shear stress up, the particle diameter in 4 h
decreased to 165 mm, which was 36% lower than that in low
shear conditions. In the whole process, the average aggregation
diameter increases with the time until reaching the highest
diameter level of 300 mm.

Fig. 7 shows the comparisons of laser-based image analysis,
microscopic observation and capacitance measurements based
results for the aggregate distributions at 4, 72, 144 h in the real
fermentation process. Compare with laser-based method the
capacitance analysis method provided accurate predictions,
particularly during the beginning of the culture, indicating that
the model worked well under normal processing conditions.
However, in the latter stages of the growth curve in the high shear
condition, the capacitance based method failed to provide
a reliable prediction of the distribution. This is because capaci-
tance measurements method can only measure alive cells, so in
the later sate of the culture, cell programmed death and shear
related death make the measurement inuences a lots. A similar
phenomenon was happened in Holland's study when using this
probe to monitor plant cell biomass.22 They stated that dead cells
do not contribute to the capacitance value, but may contribute to
the overall signal obtained by conventional measurements of
PCV, FW and DW. So it is in an aggregate, some dead cells do not
contribute to the capacitance measurement, but the particle is
still in its size. This make capacitance measurement result did
not agreed well with the other off-line measurements in the later
stage of the culture. But the conventional off-line results did not
inuence a lot. In a similar work, Ansorge and Olivier Henry rst
using a partial least square (PLS) model to predict the cell
concentration, cell viability, cell diameter and size distribution.
They demonstrated that themodel were validated to provide real-
time quantitative information about the mean cell diameter and
also cell size distribution. For the small range of the animal cell
distribution (10 to 20 mm), the model can only described three
volume clusters.

Fig. 5 (A) 50 times of capacitance b-dispersion data with a sample, black
line means the average result. (B) Model sensitivity of the size distribution
to the measurements data, some manual intervention to the measure-
ments were performed. (a) is the whole frequency data increase and
decrease 7 percentage of the average data, (b) is 7 percentage
improvement (red dash line) and decrement (blue dash line) of the data at
a random low frequency. (c) is the 20 percentage improvement and
decrement of the data at a random high frequency.

Fig. 6 The fermentation validation is conducted under two shear
conditions: black line-low shear conditions and blue line-high shear
conditions. (a) Biomass growth curve (b) residual sugar concentration,
(c) the comparison between the FBRM results (solid line) and themulti-
frequency capacitance measurements results (dash line) of the mean
aggregate size, (d) number of aggregates.
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Conclusions
Aggregate size distributions of plant cell culture was commonly
considered as one of the important physiological parameter,
which has key relationship with the cell growth, metabolism
and productivity. Therefore, determination and control of the
aggregate cell size distribution play a signicant role on C.
tinctorius L. cells suspension cultivation. The present work
demonstrated that the capacitance measurement sensor not
only was an established tool for the online estimation of viable
cell concentration, but also could be applied to determine the
aggregate size distribution. A feasible and effective model was
established for analysing the aggregate size distributions based
on the capacitancesmeasurements obtained under themultiple
frequencies. The real time viable cell concentration and aggre-
gate size distributions determination and control could be
effective applied on the process optimization control and scale
up achievement in suspension culture of C. tinctorius L.
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ABSTRACT: Conjugated polymer nanoparticles hold promise as fluo-
rescence imaging agents because of their high brightness and photostability.
However, their aggregation and precipitation at the high ionic strengths in
physiological conditions present an impediment to their applications in
biological imaging. In this study, hydrophobic linear alkyl group substituted
poly(acrylate)s, PAACn, are synthesized and employed as amphiphilic
stabilizers. The carboxylate groups of PAACn increase the surface charge of
conjugated polymer nanoparticles, stabilizing the particles in phosphate
buffer saline, PBS. Nanoparticles of the green-yellow emitting conjugated
polymer, F8BT, stabilized with PAACn (F8BT-PAACn) are prepared using nanoprecipitation. In contrast to the significant
aggregation with a negligible yield (∼0%) of bare F8BT nanoparticles in PBS, high yields approaching 90% are observed for
F8BT nanoparticles stabilized with PAAC18 at 1%, PAAC16 at 3%, and PAAC10 at 10% substitution. The F8BT-PAACn
nanoparticles have a small size ranging from 50 to 70 nm in diameter, highly negative surface charge and high colloidal stability in
PBS. These properties pave the way for the deployment of F8BT-PAACn nanoparticles in biological applications. Spectroscopic
results indicate that PAACn has no adverse effect on the absorptivity and fluorescence brightness of F8BT-PAACn nanoparticles
relative to bare F8BT nanoparticles. In addition, F8BT-PAACn nanoparticles are internalized by HEK 293 cells and exhibit low
toxicity. In short, PAACn are versatile and robust stabilizing materials that facilitate the application of F8BT-PAACn
nanoparticles as fluorescent probes in cell imaging.

■ INTRODUCTION
The broad UV−visible absorption cross-section, high fluo-
rescence brightness and photostability of conjugated polymer
nanoparticles have attracted substantial interests that have
resulted in a wide range of applications.1−18 An interesting
application is to use conjugated polymer nanoparticles with
emissions ranging from visible to near-infrared (NIR) spectral
regions as fluorescent probes in cell imaging. Streptavidin
modified conjugated polymer nanoparticles have been
developed for labeling EpCAM, a cell-surface receptor and
diagnostic marker for cancer cells, selectively.2,3 Similarly, the
integration of the NIR emitting chromophores dithienylbenzo-
selenadiazole and quinoxaline into conjugated polymer nano-
particles results in a high NIR fluorescence brightness and
excellent photostability for deployment in cell imaging.4,5 An
alternative strategy for preparing brightly emitting NIR
conjugated polymer nanoparticles involves the doping of
these nanoparticles with either NIR fluorescence dyes6 or
quantum dots,7 which accept energy from the conjugated
polymer matrix through efficient Förster resonance energy
transfer, FRET. In addition to their use in fluorescence imaging,
conjugated polymer nanoparticles have also been used as
ratiometric pH,8,9 temperature,10 oxygen,11,12 fluoride,13 and
mercury14 sensors. These sensors are based on efficient FRET
from conjugated polymer nanoparticles to either surface
conjugated, doped or covalently attached functional groups.

The change of environmental pH, temperature, oxygen level or
concentration of fluoride or mercury ions triggers variation of
emission properties of the corresponding functional group,
thereby disrupting FRET to give rise to sensing function. In
therapeutic applications, several conjugated polymer nano-
particle systems have been used as drug delivery vehicles,
photothermal and photodynamic therapy agents while
providing simultaneous fluorescence imaging capability.15−18

Although conjugated polymer nanoparticles exhibit a wide
range of biological applications, their large-scale aggregation
and precipitation under the high ionic strength conditions in
physiological conditions are substantial challenges to advance
their biological applications. Ionic surfactants and phospholi-
pids including sodium dodecyl sulfate19 and 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine20,21 have been used to increase the
surface charge and colloidal stability of conjugated polymer
nanoparticles. However, the required high concentration of
surfactants (up to 0.16 M) may result in either cytotoxicity or
perturbations to cell membranes. To address this issue, Wu et
al. developed a coprecipitation strategy, in which amphiphilic
polymers bearing functional groups and hydrophobic con-
jugated polymers are co-condensed into single nanopar-
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ticles.2,22 In the resultant conjugated polymer nanoparticles, the
hydrophobic segments of the amphiphilic polymers are most
likely anchored inside the hydrophobic nanoparticles while the
hydrophilic segments bearing functional groups are located on
the surface either to enhance surface charge, or supply reactive
sites for further bioconjugation, or both. A challenge in this
approach is the limited number of amphiphilic polymers that
are soluble in an organic solvent. More recently, conjugated
polymer nanoparticles with both enhanced surface charge and
bioconjugation sites were reported.23 However, two polyelec-
trolytes are required; poly(styrenesulfonate) serves as a
stabilizer to improve colloidal stability and poly(sodium
methacrylate) provides carboxylate groups as bioconjugation
sites. Owing to the issues highlighted above, there is significant
motivation to develop a single-component stabilizer that can
provide conjugated polymer nanoparticles with both colloidal
stability in physiological conditions and bioconjugation sites.
In this work, poly(acrylate)s that are randomly substituted

with hydrophobic linear alkyl groups, PAACn, are synthesized
and used as stabilizing materials. The carboxylate groups of
PAACn offer not only a negatively charged nanoparticle surface
and enhanced colloidal stability, but also supply potential
reactive sites for biomolecule conjugation as described by Wu
et al.23 A green-yellow emitting conjugated polymer, poly[(9,9-
dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-[2,1,3]-thiadia-
zole)], F8BT, is used to prepare nanoparticles stabilized with
PAACn. The F8BT-PAACn nanoparticles have hydrodynamic
diameters ranging from 49 ± 5 to 70 ± 3 nm and a high
colloidal stability in phosphate buffered saline, PBS, at pH 7.4
over 4 weeks. In addition, the F8BT-PAACn nanoparticles have
a negatively charged surface arising from the carboxylate groups
of PAACn, as reflected by a ζ potential value of approximately
−58 ± 2 mV. The sub-100 nm size and negative surface charge
hold the promise to facilitate the accumulation of F8BT-
PAACn nanoparticles in tumors through the enhanced
permeability and retention effect, which is desired in tumor
imaging or therapy.24,25 The F8BT-PAACn nanoparticles can
be internalized by cells and exhibit low cytotoxicity. Confocal
fluorescence images show their high fluorescence brightness,
indicating the potential use of F8BT-PAACn nanoparticles as
fluorescent probes for cell imaging.

■ EXPERIMENTAL SECTION
Materials. Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-

[2,1,3]-thiadiazole)], F8BT, average molecular weight: 42,000 g
mol−1) was purchased from American Dye Source, Inc. Poly(acrylic
acid) (35 wt % aqueous solution, average molecular weight: 250,000 g
mol−1), hexylamine, decylamine, dodecylamine, tetradecylamine,
hexadecylamine, octadecylamine and fluorescein at 95% purity were
purchased from Sigma-Aldrich. 1-Methyl-2-pyrrolidione and dicyclo-
hexylcarbodiimide were purchased from Merck Schuchardt. Dulbec-
co’s modified Eagle’s medium (DMEM), penicillin and fetal bovine
serum were purchased from Gibco-BRL. 3-(4,5-Dimethylthiazol-2-yl)-
2,5 diphenyltetrazolium bromide (MTT) was purchased from Merck.
All chemicals were used as received. Tetrahydrofuran was freshly
distilled from sodium benzophenone ketyl before use. Deionized water
obtained using a Millipore NANO pure water system and filtered
through a 0.22 μm nylon membrane (Merck Millipore) was used in all
experiments. A stock phosphate buffered saline, PBS, solution was
prepared at five times the standard concentration, 5 × PBS, by
dissolving 40 g of NaCl, 1 g of KCl, 7.2 g of Na2HPO4, and 1.2 g of
KH2PO4 in 800 mL of deionized water. The pH of this solution was
adjusted to 7.4 with 0.1 M NaOH and a final volume of 1 L was
achieved by addition of deionized water.

Preparation of Alkyl-Substituted Poly(acrylate)s, PAACn.
Poly(acrylate)s randomly substituted with linear alkyl groups were
synthesized according to a reported method.26 Poly(acrylic acid) (1.50
g, 20.8 mmol repeating units) was added into 30 mL of 1-methyl-2-
pyrrolidione and the solution was stirred at 60 °C for 16 h, after which
decylamine (0.33 g, 2.1 mmol) and dicyclohexylcarbodiimide (0.56 g,
2.7 mmol) were added and the solution was stirred for 120 h at 60 °C.
The solution was then cooled to room temperature. Subsequently, 40
mL of 40% w/w aqueous NaOH solution were added and the
formation of a precipitate was observed. The precipitate was then
collected by vacuum filtration and washed thoroughly twice with 30
mL of 1-methyl-2-pyrrolidione at 60 °C and twice with 50 mL of
methanol at room temperature. The collected precipitate was then
dissolved in 15 mL deionized water and reprecipitated through
addition of 200 mL of methanol. The dissolution and precipitation
were repeated three times. The crude product was dissolved in 20 mL
of deionized water and dialyzed (Spectr/Por 3, molecular weight
cutoff: 3500 g/mol) against deionized water for 4 days with daily
change of water. The final product was collected through
lyophilization as a white solid. The substitution percentage of alkyl
chain substituent was determined using 1H NMR spectroscopy
according to eq 1:

= ×
S
S

substitution percentage
/3

100%methyl group

methine group (1)

where Smethyl group denotes the integrated area of the resonances of alkyl
amine terminal CH3 groups and Smethine group denotes that of the
resonances of poly(acrylate) backbone CH groups.

Preparation of F8BT-PAACn Nanoparticles. Dispersions of
F8BT-PAACn nanoparticles in PBS were prepared using a modified
nanoprecipitation method.1 The procedure involved dissolving 10 mg
F8BT in 100 mL of freshly distilled THF under sonication to obtain a
∼100 ppm F8BT solution. A 1 mL portion was rapidly injected into 10
mL 50 ppm aqueous solution of 1% substituted PAAC18 under
vigorous stirring. Subsequently, THF was removed under vacuum
using a rotary evaporator at ∼40 °C to yield the F8BT-PAAC18
nanoparticles. This product was mixed with 2 mL of 5 × PBS solution
and deionized water to give a total volume of 10 mL of a standard PBS
(pH = 7.4) dispersion of F8BT-PAAC18 nanoparticles (10 ppm
F8BT). This solution was filtered using a 0.2 μm filter (Sartorius
Stedim Biotech) to give the final PBS dispersion of F8BT-PAAC18
nanoparticles. The identical method was used to prepare all other
F8BT-PAACn nanoparticle dispersions in PBS. The absorption spectra
of the PBS dispersions of F8BT-PAACn nanoparticles before and after
filtration were recorded to measure the yield of nanoparticle
preparation, which is defined in eq 2 as

= ×A
A

yield 100%after filtration

before filtration (2)

where Abefore filtration and Aafter filtration represent the absorbance at 455
nm of the PBS dispersion of F8BT-PAACn nanoparticles before and
after filtration through the 0.2 μm filter, respectively. Accordingly, the
yield defined here describes the percentage of F8BT-PAACn
nanoparticles that passed through the 0.2 μm filter.

Characterization. 1H NMR spectra were recorded using a Varian
Inova 500 spectrometer, operating at 500 MHz. Chemical shifts (δ)
were recorded in parts per million (ppm) in D2O with the resonances
corresponding to the residual nondeuterated solvent, δ = 4.79 ppm, as
the internal reference. UV−vis absorption spectra were recorded on a
Cary-Varian 5000 spectrophotometer using matched quartz cuvettes of
1 cm path length. Fluorescence spectra were recorded on a Cary-
Varian Eclipse fluorescence spectrophotometer using a quartz cuvette
of 1 cm path length.

Fluorescence Quantum Yield Measurements. Fluorescein,
with a reported quantum yield of 89%,27 was used as the reference
for fluorescence quantum yield measurements. Five samples of
fluorescein in 0.1 M NaOH and F8BT-PAACn nanoparticles in PBS
over a range of five concentrations (A < 0.1) were prepared. The
absorption (at 475 nm) and emission (excitation wavelength of 475
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nm) spectra of each sample were recorded. For fluorescein and F8BT-
PAACn nanoparticles, the integrated fluorescence intensities were
plotted against the corresponding absorbances to give a linear curve
with a slope of m and an intercept of 0. The fluorescence quantum
yield of F8BT-PAACn nanoparticles with reference to fluorescein was
calculated according to eq 3:

η
η

Φ = Φ × × ×
m

m
100%sample fluorescein

sample

fluorescein

sample
2

fluorescein
2

(3)

where Φ represents the fluorescence quantum yield and η represents
refractive index of the corresponding solvent. The error of the
fluorescence quantum yield in this study represents the linear fitting
error of the calculation of the slope, m.
Morphology, Size, ζ Potential, and Surface Charge Density

Characterization. Transmission electron microscopy, TEM, was
used to characterize the size and morphology of the F8BT-PAACn
nanoparticles. For sample preparation, a drop (∼50 μL) of F8BT-
PAACn nanoparticle dispersion (10 ppm for F8BT) was placed onto a
carbon-coated copper grid, and after 2 min the remaining solution was
removed using a filter paper. This procedure was repeated three times.
A drop (∼50 μL) of 2% uranyl acetate solution was then applied onto
the grid for staining, and after 2 min the remaining uranyl acetate
solution was removed using a filter paper. The samples were observed
on a FEI Tecnai G2 Spirit TEM at an operating voltage of 100 kV.
Dynamic light scattering, DLS, was used to measure the apparent

hydrodynamic diameters and ζ potentials of the F8BT-PAACn
nanoparticles. Measurements were performed on a Malvern Zetasizer
with a He−Ne laser (633 nm) and a backscattering detector (173°).
The hydrodynamic diameter and ζ potential were given as the mean
value of three independent measurements. The error represents the
standard deviation of the mean.
The surface charge densities of bare F8BT nanoparticles and F8BT-

PAACn nanoparticles are calculated according to eq 4,28

σ
εψ

κ= × +
a

a(1 )0
0

(4)

where σ0 is the surface charge density, ε is the permittivity of deionized
water which has a value of 6.95 × 10−10 C/(V m), ψ0 is the ζ potential
of nanoparticles (in V), and a is the radius of nanoparticles (in m).
The Debye−Hückel parameter, κ, is defined as

∑κ = × × c z2.32 10 ( )
i

i i
9 2 1/2

(5)

where ci and zi denote the ion concentration (in mol/L) and charge,
respectively. The estimated values for c are 3.16 × 10−7 mol/L (H+

ions in water at pH 6.5) for bare F8BT nanoparticles and (3.78−5.31)
× 10−4 mol/L (for Na+ or the acrylate ion, see the Supporting
Information) for the F8BT-PAACn nanoparticles. The z value is one
due to the presence of monovalent ions.
Cell Culture. Human embryonic kidney 293 cells, HEK 293, were

used for the cytotoxicity and cellular uptake studies. The HEK 293
cells were cultured in DMEM containing 10% FBS, and 100 units of
penicillin per mL at 37 °C in a humidified atmosphere of 95% air and
5% CO2.
In Vitro Cytotoxicity Studies. The cytotoxicity of F8BT-PAACn

nanoparticles was evaluated using the MTT assay. The HEK 293 cells
were seeded in a 96-well plate at a density of 5.0 × 104 cells mL−1 and
allowed to adhere for 24 h. After removal of the culture medium, 150
μL of fresh culture medium containing F8BT-PAACn nanoparticles
was added and allowed to incubate at 37 °C for 24 h. The five
concentrations of F8BT-PAACn nanoparticles tested in the culture
medium were 5, 10, 15, and 20 ppm in F8BT. After 24 h incubation,
10 μL of MTT (5.0 mg mL−1 in PBS) were added and further
incubated for 4 h. The medium was then replaced by 150 μL of
DMSO to completely dissolve the formazan crystals. The absorbance
at 490 nm was measured using an ELX808 Absorbance Microplate
Reader. The cell viability was calculated as a percentage of the culture
medium only control.

Cellular Uptake of F8BT-PAACn Nanoparticles. The cellular
uptake of F8BT-PAACn nanoparticles was characterized using
confocal fluorescence microscopy. The HEK 293 cells were seeded
in a 6-well plate loaded with cover-glass slides of 25 mm diameter at a
density of 5.0 × 104 cells mL−1 and allowed to adhere for 24 h. After
removal of the culture medium, the HEK 293 cells were incubated in
150 μL of fresh culture medium containing F8BT-PAACn nano-
particles (5 ppm in F8BT) at 37 °C for 24 h. The culture medium
containing the F8BT-PAACn nanoparticles was removed and cells
were washed with PBS for three times, and then fixed with 4%
formaldehyde. The cell membrane was stained using 100 μL of Alexa
Fluor 594 (5.0 μg mL−1) for 10 min at 25 °C. After thorough washing
with PBS, the cells were incubated with 200 μL of PBS. The
fluorescence images were collected using a Leica TCS SP5 confocal
laser-scanning microscope. Fluorescent emission spectra were
collected for Alexa Fluor 594 (λex = 561 nm) and F8BT-PAACn
nanoparticles (λex = 458 nm) over the wavelength ranges of 600−700
and 500−600 nm, respectively.

■ RESULTS AND DISCUSSION
The molecular structures of the linear alkyl group substituted
poly(acrylate)s are shown in Figure 1 and Figure S1 in the

Supporting Information. In this study, the substituted poly-
(acrylate)s are abbreviated as PAACn, where Cn represents the
alkyl substituent and n denotes the number of carbon atoms in
the substituent. The 1H NMR spectra of the synthesized
PAACn and the corresponding substitution percentages are
shown in Figures S2−S4 in the Supporting Information.

Preparation of F8BT-PAACn Nanoparticles. A wide
range of conjugated polymer nanoparticles have been prepared

Figure 1. (a) Structures of F8BT and PAACn. (b) Schematic
illustration of the preparation of the F8BT-PAACn nanoparticles.
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using nanoprecipitation.1,4,12,29,30 While such nanoparticles are
highly stable in deionized water, they exhibit large-scale
aggregation in salt solutions that are ubiquitous in biological
systems.23 Consequently, PAACn is used to stabilize F8BT
nanoparticles in PBS, a commonly used buffer with salt
concentration similar to physiological conditions. In this study,
a modified nanoprecipitation method was employed to prepare
stable PBS dispersions of F8BT-PAACn nanoparticles. First, a
THF solution of F8BT was injected into an aqueous solution of
PAACn under vigorous stirring. After removal of THF, a small
quantity of 5 × PBS was then added to the aqueous solution to
yield a standard PBS dispersion of F8BT-PAACn nanoparticles.
When the solution of F8BT in THF is mixed with an aqueous
solution of PAACn, a decrease in F8BT solubility together with
hydrophobic interactions within and between F8BT polymer
chains cause F8BT aggregation and the formation of hydro-
phobic F8BT nanoparticles.31 The hydrophobic alkyl sub-
stituents of PAACn subsequently adsorb onto the surface of
F8BT nanoparticles, yielding a negatively charged surface.
Previously reported strong adsorption of alkyl chain segments
of pluronic F-127 and Tween 80 at surface hydrophobic sites of
polymer nanoparticles supports the adsorption of the alkyl
substituents of PAACn onto surface hydrophobic sites of F8BT
nanoparticles.32 As a consequence of the negatively charged
carboxylate groups (Figure 1) on the surface, F8BT-PAACn
nanoparticles are stabilized in PBS.
As the potential applications of PAACn in stabilizing F8BT-

PAACn nanoparticles are an important consideration, the
dependence of the yield of preparing F8BT-PAACn nano-
particles in PBS on the concentration of aqueous solution of
either PAAC18 at 1% substitution, PAAC16 at 3% substitution,
and PAAC10 at 10% substitution are examined. As shown in
Figure 2, all three PAACn are able to adsorb effectively onto the

surface of F8BT nanoparticles and stabilize them in PBS, as
reflected by the observed high yields at a low PAACn
concentration of 50 ppm, while keeping the F8BT concen-
tration at 10 ppm. This concentration is significantly lower than
that of SDS (46 000 ppm) used in a recent study to stabilize
F8BT nanoparticles.19 When the concentration of either
PAAC18 at 1% substitution or PAAC16 at 3% substitution is
increased to 100 ppm, no significant increase in the yields
occur, as shown in Figure 2. In contrast, a decreased yield is
observed for PAAC10 at 10% substitution upon an increase in

concentration. The latter result is attributable to competitive
intrachain hydrophobic interactions between decyl substituents,
which weaken the hydrophobic interactions between decyl
substituent and F8BT nanoparticles, given that a significantly
higher number of decyl substituents are present at a
concentration of 100 ppm. As a consequence of the results in
Figure 2, a PAACn concentration of 50 ppm and F8BT
concentration of 10 ppm are used in the subsequent studies.

Optimization of Length and Substitution Percentage
of the Alkyl Substituents of PAACn. The length and
substitution percentage of the alkyl substituents of PAACn can
influence their hydrophobic interactions with the F8BT
nanoparticles and thereby influence the adsorption of PAACn
onto the F8BT nanoparticle surface. Thus, the length and
substitution percentage of the alkyl substituents are optimized
according to the yield of F8BT-PAACn nanoparticles in PBS
(eq 2), which represents the proportion of F8BT-PAACn
nanoparticles with a diameter less than 200 nm. The length of
the linear alkyl substituents in PAACn used in the preparation
of the F8BT-PAACn nanoparticles has an n value of 6, 10, 12,
14, 16, or 18, and the extent of substitution is 1%, 3%, or 10%.
Bare F8BT nanoparticles aggregate immediately upon being
transferred to PBS, forming aggregates that are larger than 200
nm. The aggregates give a yield of 0, as was also observed by
another research group.23 Similar aggregation of F8BT
nanoparticles is also observed in the presence of sodium
poly(acrylate), as shown in Figure 3, due to very weak

interactions between F8BT and sodium poly(acrylate).
However, in the presence of 10% substituted PAAC10, 3%
substituted PAAC16 or 1% substituted PAAC18, the yield of
F8BT-PAACn nanoparticles in PBS approaches 90%, high-
lighting the importance of the hydrophobic linear alkyl
substituents of PAACn in stabilizing F8BT-PAACn nano-
particles in PBS.
The effect of the length of the linear alkyl substituent at a

constant 3% substitution for PAACn on the yield of F8BT-
PAACn nanoparticles with a diameter of <200 nm is shown in
Table 1. The zero yield obtained for PAAC6 indicates that the
extent of hydrophobic interaction of the hexyl group with the
F8BT nanoparticle surface is insufficient to stabilize the F8BT-
PAAC6 nanoparticles. Substitution of the decyl group in
PAAC10 results in a 74 ± 1% yield of F8BT-PAAC10
nanoparticles, and further lengthening of the alkyl substituent
results in yields of 86 ± 1% and 87 ± 1% for F8BT-PAAC14
and F8BT-PAAC16 nanoparticles, respectively. Additional

Figure 2. PAACn concentration dependence of yields of F8BT
nanoparticles (<200 nm) stabilized with PAAC10 at 10% substitution,
PAAC16 at 3% substitution, and PAAC18 at 1% substitution in PBS.
The F8BT concentration is 10 ppm.

Figure 3. Yields of bare F8BT nanoparticles (<200 nm) and F8BT
nanoparticles (<200 nm) stabilized with poly(acrylate), PAAC10 at
10% substitution, PAAC16 at 3% substitution and PAAC18 at 1%
substitution in PBS.
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lengthening of the alkyl substituent results in a decrease in yield
to 83 ± 1% for F8BT-PAAC18 nanoparticles, consistent with
hydrophobic interactions between the octadecyl groups within
PAAC18 competing with hydrophobic interactions between
PAAC18 and the F8BT nanoparticle surface. We have
previously reported that micelle-like aggregates form in an
aqueous solution of 3% substituted PAAC18 at or below a low
concentration of 0.3 wt %, or 3000 ppm, through intra-
PAAC18 hydrophobic octadecyl substituent interactions.33

However, a viscous gel-like solution is observed at or above a
high concentration of 2 wt % of 3% substituted PAAC18 due to
inter-PAAC18 hydrophobic interactions between octadecyl
substituents.34 In the present study, because of the relatively
low 50 ppm concentration of PAAC18, it is expected that only
intra-PAAC18 chain hydrophobic octadecyl substituent inter-
actions are involved.
The substitution percentage on the backbone of PAACn also

has an important role in stabilizing F8BT-PAACn nano-
particles, as seen from Table 1. As the level of substitution
increases from 3% to 10% in PAAC6, the yield of F8BT-
PAAC6 nanoparticles increases substantially from 0% to 80 ±
1%. The increased substitution strengthens the hydrophobic
interactions between the hexyl groups and F8BT nanoparticles
as a result of the higher hexyl substituent density compensating
for the lower hexyl hydrophobicity than those of longer alkyl
groups. Similarly, for PAAC10 the yield increases from 74 ± 1%
at 3% substitution to 88 ± 1% at 10% substitution. However,
for PAAC12 an increase in substitution of 1%, 3% to 10%
coincides with a change in yield of 55 ± 1%, 83 ± 1% to 81 ±
1%, respectively. The similarity between the yields at 3% and
10% substitution implies a weakening of the hydrophobic
interactions between the dodecyl substituents and F8BT
nanoparticles as a consequence of increasing competitive
intersubstituent interactions owing to the increased dodecyl
substituent density. A similar effect is seen when the octadecyl
substituent substitution increases from 1% to 3% in PAAC18
and the yield changes from 85 ± 1% to 83 ± 1%, respectively.
Thus, the overall effect of the length and substitution
percentage of the alkyl substituent determines the effectiveness
of the PAACn-stabilizing F8BT nanoparticles in PBS.
In summary, PAAC10 at 10% substitution, PAAC16 at 3%

substitution, and PAAC18 at 1% substitution show similarly
high yields (Figure 3) of 88 ± 1%, 87 ± 1%, and 85 ± 1%, at a
low concentration of 50 ppm, and accordingly this concen-
tration is used to prepare F8BT-PAACn nanoparticles for
further characterizations. In addition to their stabilizing effect,
the PAACn contain a high number of carboxylate groups, which
are potential reactive sites for conjugation to functional
biomolecules through well-established amide formation reac-
tion. Jin et al. reported the preparation of conjugated polymer
nanoparticles adsorbed with polyelectrolytes, which involved
employment of two polyelectrolytes, poly(styrenesulfonate) as
a stabilizer and poly(sodium methacrylate) to provide

carboxylate groups as reactive sites for further bioconjugation.23

In contrast, PAACn surface functionalization offers the dual
functions of offering stabilization and providing bioconjugation
sites. Moreover, as the adsorption of PAACn onto F8BT
nanoparticles involves only hydrophobic interactions, PAACn
can be useful stabilizers for other polymer nanoparticles or
aggregates of organic materials.

Surface Charge, Size, and Colloidal Stability of F8BT-
PAACn Nanoparticles. The negative surface charge of F8BT
nanoparticles in deionized water are evident from their ζ
potentials of −26 ± 2, −57 ± 2, −58 ± 2, and −57 ± 4 mV for
bare F8BT nanoparticles, F8BT-PAAC10, F8BT-PAAC16, and
F8BT-PAAC18 nanoparticles, respectively, in deionized water;
the substitution percentages of PAAC10, PAAC16, and
PAAC18 are 10%, 3%, and 1%, respectively. For bare
conjugated polymer nanoparticles, the negatively charged
surface has been attributed to surface chemical defects as a
consequence of oxidation of the conjugated polymer in the
formation of conjugated polymer nanoparticles.35 In compar-
ison with bare F8BT nanoparticles, the F8BT-PAAC10, F8BT-
PAAC16, and F8BT-PAAC18 nanoparticles have more
negatively charged surfaces, as indicated by their more negative
ζ potentials (Figure 4a). These results are consistent with a
high number of negatively charged carboxylate groups on the
surface of the F8BT-PAACn nanoparticles due to the presence
of PAACn.
The hydrodynamic diameters of bare F8BT nanoparticles

and F8BT-PAACn nanoparticles were measured using dynamic
light scattering. Bare F8BT nanoparticles in deionized water
have a hydrodynamic diameter of 39 ± 3 nm, while F8BT-
PAAC10, F8BT-PAAC16, and F8BT-PAAC18 nanoparticles in
PBS have hydrodynamic diameters of 49 ± 5, 57 ± 3, and 70 ±
3 nm, respectively (Figure 4b). The larger hydrodynamic
diameters of the F8BT-PAACn nanoparticles in PBS than that
of bare F8BT nanoparticles in deionized water are presumably
due to the presence of PAACn on the surface. Figure 4c shows
the transmission electron microscopy (TEM) images of the
nanoparticles by using the negative stain uranyl acetate. The
spherical F8BT-PAAC10 nanoparticles appear as bright features
surrounded by dark rings as a result of negative staining.
Similarly, bare F8BT, F8BT-PAAC16, and F8BT-PAAC18
nanoparticles, all exhibit spherical morphologies, as shown in
Figure S5 in the Supporting Information. The size of the F8BT-
PAACn nanoparticles in PBS increases slightly in the order:
F8BT-PAAC10 < F8BT-PAAC16 < F8BT-PAAC18. This result
is consistent with strong binding between F8BT nanoparticles
and PAAC10 (at 10% substitution) and a relatively weaker
association of F8BT nanoparticles with PAAC18 (at 1%
substitution). This trend indicates that the higher alkyl
substitution (10%) in PAAC10 enhances the hydrophobic
interactions with F8BT nanoparticles and compensates for the
weaker interaction between the decyl substituent and the F8BT

Table 1. Yields of F8BT-PAACn Nanoparticles with Diameters <200 nm in PBS.a

% substituent yield

% substitution C6 C10 C12 C14 C16 C18

1 − − 55 ± 1 − − 85 ± 1
3 0 74 ± 1 83 ± 1 86 ± 1 87 ± 1 83 ± 1
10 80 ± 1 88 ± 1 81 ± 1 − − −

aThe yields are the mean of three independent determinations. The errors represent the standard deviations. A zero yield is obtained in the absence
of PAACn.
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nanoparticle in comparison with the stronger interaction of the
octadecyl substituent of PAAC18 (at 1% substitution).
Given the ζ potentials and hydrodynamic diameters of F8BT

and the F8BT-PAACn nanoparticles, the surface charge
densities of these nanoparticles can be determined using an
established model as shown in eqs 4 and 5.28 For bare F8BT
nanoparticles, F8BT-PAAC10, F8BT-PAAC16, and F8BT-

PAAC18 nanoparticles, the surface charge densities are −0.95
× 10−3, −4.14 × 10−3, −4.24 × 10−3, and −4.04 × 10−3 C/m2,
respectively. These results show that the surface charge
densities of the F8BT-PAACn nanoparticles are approximately
4.3 times higher than that of bare F8BT nanoparticles, giving
rise to the colloidal stability of F8BT-PAACn nanoparticles in
PBS.
The small size and long-term dispersion and colloidal

stability of F8BT nanoparticles are critical characteristics for
their biological imaging application. Figure S6 in the
Supporting Information shows the F8BT nanoparticle size
variation over a 4-week period. Bare F8BT nanoparticles in
deionized water remain stable over 4 weeks without detectable
size variations owing to a substantial ζ potential of −26 ± 2
mV. Similar colloidal stability has been reported for other
conjugated polymer nanoparticles in deionized water.1 In
contrast, bare F8BT nanoparticles exhibit significant aggrega-
tion in PBS yielding aggregates with a diameter greater than
200 nm, which is attributable to the ions in PBS providing a
strong shielding effect of the negative surface charge of F8BT
nanoparticles. However, when stabilized with PAACn the
resultant F8BT-PAACn nanoparticles exhibit remarkable
colloidal stability in PBS. As shown in Figure S6 in the
Supporting Information, the F8BT-PAAC10, F8BT-PAAC16,
and F8BT-PAAC18 nanoparticles are very stable over 4 weeks
without any aggregation. These results indicate the adsorption
of either PAAC10, PAAC16, or PAAC18 on the F8BT
nanoparticle surface, producing a negatively charged surface
that greatly enhances their dispersion and colloidal stability.
The enhanced colloidal stability also offers the possibility to
increase the concentration of the F8BT-PAACn nanoparticles
in deionized water to achieve practical applications, which
typically require concentrations on the order of millimolar. We
have prepared a solution at a concentration of ∼2 mM of F8BT
monomers, which is promising for applications including
fabrication of water-based nanoparticulate solar cells and
potentially organic light emitting diodes.36,37 Furthermore,
regarding colloidal stability, it is anticipated that the molecular
weight of F8BT will have an influence on the ability of PAACn
to stabilize F8BT nanoparticles. The molecular weight of the
conjugated polymer is expected to show a correlation with the
alkyl chain length and substitution percentage. This relationship
is likely to be explored in a future study. In summary, the small
size, high colloidal stability and negative surface charge of the
F8BT-PAACn nanoparticles pave the way for the deployment
of these nanoparticles in biological imaging applications.

Fluorescence and Cell Imaging Applications. The
normalized UV−visible absorption and fluorescence spectra
of bare F8BT nanoparticles in deionized water and F8BT-
PAAC16 nanoparticles in PBS are shown in Figure 5. The
absorption and fluorescence spectra of F8BT-PAAC16 nano-
particles in PBS are similar to those of bare F8BT nanoparticles
in deionized water. Similar absorption and fluorescence spectra
are also observed for F8BT-PAAC18 and F8BT-PAAC10
nanoparticles in PBS (Figure S8 and S9 in the Supporting
Information). In several studies the optical properties of
conjugated polymer nanoparticles have been investigated and
related to the polymer conformation in the nanoparticle,
conjugation length of chromophores, intra- and interpolymer
strand aggregation.38−40 The similar absorption and fluores-
cence spectra of F8BT nanoparticles with and without PAACn
suggest that the nanoparticle has similar polymer chain
conformation, packing and folding under both conditions.

Figure 4. (a) ζ potentials and (b) hydrodynamic diameters of bare
F8BT nanoparticles in deionized water and F8BT nanoparticles
stabilized with either PAAC10 at 10% substitution, PAAC16 at 3%
substitution or PAAC18 at 1% substitution in PBS. (c) TEM images of
F8BT nanoparticles stabilized with PAAC10 at 10% substitution.
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Thus, the presence of PAACn does not interfere the formation
of F8BT nanoparticles, indicating that the alkyl substituents are
predominantly adsorbed onto the hydrophobic sites on the
surface of the F8BT nanoparticle and do not penetrate deeply
into the nanoparticle. This phenomenon has implications on
the fluorescence quantum yields of bare F8BT nanoparticles in
deionized water and F8BT-PAACn nanoparticles in PBS. The
fluorescence quantum yields of bare F8BT nanoparticles in
deionized water, F8BT-PAAC18 nanoparticles, F8BT-PAAC16,
and F8BT-PAAC10 nanoparticles in PBS are 24 ± 1%, 25 ±
1%, 26 ± 1%, and 27 ± 1%, respectively. The fluorescence
quantum yield values from this study are comparable with
literature values of 28%22 and 30%.2,19 The similar fluorescence
quantum yields of F8BT nanoparticles in deionized water and
F8BT-PAACn nanoparticles in PBS indicate that the emitting
chromophores of F8BT-PAACn nanoparticles are located near
the core of the nanoparticles such that the influence exerted by
the alkyl substituents on the surface of the F8BT-PAACn
nanoparticles is negligible. This interpretation is consistent with
a recent study showing that the emitting chromophores of a
conjugated polymer aggregate are located near the core and
away from the surface of the aggregate.41

In this study, the biocompatibility of F8BT-PAACn nano-
particles for future biological imaging applications is also
reported. The cytotoxicities of F8BT-PAACn nanoparticles
toward HEK 293 cells are assessed using the MTT assay. The
viability of HEK 293 cells incubated with F8BT-PAAC18,
F8BT-PAAC16 and F8BT-PAAC10 nanoparticles at concen-
trations ranging from 0 to 20 ppm for 24 h is shown in Figure
6. No significant cytotoxicities toward HEK 293 cells are
observed for these nanoparticles, although there is a minor
decrease in cell viability as a function of concentration. With a
concentration of 20 ppm and an incubation period of 24 h,
HEK 293 cells exhibit a cell viability value of approximately
70% for F8BT-PAAC16 and F8BT-PAAC10 nanoparticles and
approximately 80% for F8BT-PAAC18 nanoparticles. The cell
viability results reported herein are consistent with those
reported in other studies.19,42 For instance, Christensen et al.
showed that bare F8BT nanoparticles (with a molecular weight
of 10000 g mol−1) had no discernible impact on the viability
and growth of J774A.1 cells after 18 h incubation at a
concentration ranging from 1 to 25 ppm.42 In their study, a cell
viability of approximately 75% was observed for bare F8BT
nanoparticles at 25 ppm.42 In addition, Dailey et al. found that

F8BT nanoparticles stabilized with sodium dodecyl sulfate
(F8BT-SDS nanoparticles) were highly biocompatible toward
J774A.1 cells over the concentration range of 0 to 100 ppm.19 A
cell viability of 80% was observed when J774A.1 cells were
incubated with 100 ppm of F8BT-SDS nanoparticles for 24 h.
Overall, the results of the present study show that the F8BT-
PAACn nanoparticles have low toxicity and are suitable for
biological applications.
As F8BT-PAACn nanoparticles are of potential use in

intracellular imaging1 and drug delivery,15,16 we examine their
uptake by HEK 293 cells. Confocal fluorescence microscopy
images of HEK 293 cells treated with F8BT-PAAC18, F8BT-
PAAC16 and F8BT-PAAC10 nanoparticles, respectively, show
a strong green fluorescence in the range 500−600 nm in the
cell cytoplasm (Figure 7). Figure S10 in the Supporting
Information shows the images from a separate study, in which
the cell membranes of HEK 293 cells were stained with Alexa
Fluor 594. These images show that the F8BT-PAACn
nanoparticles are located on the same focal plane as the
membrane, which further support the internalization of F8BT-
PAACn nanoparticles by HEK 293 cells. These results strongly
suggest the feasibility of using F8BT-PAACn nanoparticles as
fluorescence labels for cell imaging.
The mechanism of cellular uptake of bare F8BT nano-

particles (with a molecular weight of 10000 g mol−1) by J774
A.1 cells has been investigated by Christensen et al. These
authors showed that F8BT nanoparticles previously treated
with a number of pharmacological reagents exhibit inhibition of
specific cellular process.42 They reported a significant inhibition
of F8BT nanoparticle uptake for nanoparticles treated with
wortmannin, LY294002, and methyl-β-cyclodextrin. This result
is consistent with F8BT nanoparticle uptake occurring through
a constitutive macropinocytosis mechanism. It is likely that a
similar mechanism is involved in the uptake of F8BT-PAACn
nanoparticles. It is anticipated that loading of multifunctional
materials or therapeutic agents into the F8BT-PAACn nano-
particle may enable its future applications in diagnosis or
therapeutics.

■ CONCLUSION
We report the preparation of highly fluorescent and stable
F8BT-PAACn nanoparticles with hydrodynamic diameters

Figure 5. Normalized absorption and fluorescence spectra of bare
F8BT nanoparticles (solid) and F8BT nanoparticles stabilized with
PAAC16 at 3% substitution (dashed).

Figure 6. Viability of HEK 293 cells incubated with F8BT
nanoparticles stabilized with PAAC18 at 1% substitution, PAAC16
at 3% substitution, and PAAC10 at 10% substitution at concentrations
ranging from 0 to 25 ppm, as determined using the MTT assay.
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ranging from 49 ± 5 to 70 ± 3 nm. The successful
functionalization of PAACn onto the surface of F8BT
nanoparticles is based on the association of the alkyl
substituents, Cn, with the hydrophobic sites on the F8BT
nanoparticle surface. In contrast to the rapid, large-scale
aggregation of bare F8BT nanoparticles in PBS, a high colloidal
stability of F8BT-PAACn nanoparticles in PBS is observed, as
indicated by a negligible size variation over a 4-week period.
This high colloidal stability under the condition of high ionic
strength is ascribed to a high surface charge density as a
consequence of the PAACn adsorption bearing a large number
of carboxylate groups. In addition, F8BT-PAACn nanoparticles
show low toxicity to HEK 293 cells and are easily internalized
by these cells. Consequently, F8BT-PAACn nanoparticles hold
considerable promise for use in cell imaging applications given
their high colloidal stability in PBS and high fluorescence
quantum yields.
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