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Abstract 

Drug delivery system (DDS) is crucial for modern cancer treatment. Traditional drug 

delivery process is to load drugs into various carriers via physical interactions, which 

always gives rise to the burst release and leakage of the loaded drugs. This thesis aims 

to develop a novel delivery platform with controlled and sustained drug release ability, 

where doxorubicin (DOX, a model anticancer drug) is conjugated to the surfaces of 

model carriers, silica nanoparticles (SNs), via different “smart” linkers. pH and 

glutathione (GSH) are utilized as the stimuli of these “smart” linkers to construct pH 

and intracellular microenvironment redox responsive drug-carrier conjugated delivery 

systems to selectively deliver drugs. 

The pH regulated drug delivery system was developed to conjugate DOX to the surfaces 

of silica nanoparticles by acid responsive hydrazone bonds. The drug delivery system 

showed good stability under physiological pH of 7.4 to avoid premature drug leakage in 

blood circulation, and sustained release under acidic extracellular environment of cancer 

cells to effectively inhibit tumor growth. In vitro cytotoxicity study against Hela cells 

and HEK 293 cells indicated the drug delivery system revealed such a system could 

release more drugs in tumor cells than normal cells.    

The intracellular microenvironment redox responsive drug delivery system was 

established by introducing dithiodibutyric acid (DTDB), which contained redox 

responsive disulfide bonds, to silica nanoparticle surfaces. In the absence of reducing 
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reagents of GSH or dithiothreitol (DTT), such a drug delivery system presented good 

stability to prevent drug leakage, but in the presence of GSH or DTT, the disulfide 

bonds could be effectively cleaved to release the preloaded drugs. The in vitro 

cytotoxicity study indicated this drug delivery system could be stable in blood 

circulation and effectively released the preloaded drugs inside cells after conjugation. 

Due to the different GSH levels in cancer cells and normal cells, intracellular 

microenvironment redox responsive system could be more toxic to cancer cells. 

In summary, DOX-silica nanoparticles conjugates with pH regulated hydrazone bonds 

or intracellular microenvironment redox responsive disulfide bonds had the capability in 

controlled and sustained drug release, which could effectively eliminate drug leakage 

during the delivery course and release sufficient amount of drugs in tumors to inhibit 

their growth. 
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Chapter 1 Introduction 

1.1 Background 

Over the past decades, with the research development in pharmaceutical drugs, more 

knowledge of the drug properties for various diseases has been obtained as well as the 

mechanisms of cellar uptake, which make the contribution in therapeutic efficiency 

improvement. Nevertheless, in some cases including chemotherapy for cancer, 

conventional cytotoxic drugs are still widely used as the primary treatment method, 

which provides limited effectiveness with numerous adverse side effects. The 

chemotherapy cancer treatment needs the use of high dosages of cytotoxic drugs, and 

because of the lack of specificity, the drugs bring toxic effect to healthy cells that results 

in significant sides effects.
1
 In order to overcome this problem, one of the most popularly 

used methods is the development of drug delivery systems (DDS) with targeting ability. 

The ideal drug delivery systems are able to deliver sufficient amount of drugs to target 

sites and achieve its desired therapeutic effect with minimized side effects. Besides the 

quantity of drugs, drug delivery system also concerns about the duration of drugs 

presence and the route of drug taken into body.
2
 

Since the increasing significance of the application of DDS, nowadays, many researches 

have focused on constructing effective drug delivery systems using biocompatible 

carriers with high drug load capability, less premature release and specific target 

controlled release. To achieve this goal, various functional organic materials, such as 
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polymers, liposomes, and dendrimers, have been investigated to construct smart drug 

delivery systems.
1, 3

 However, for these soft organic delivery materials, the distortion 

and degradation of carriers during blood circulation always give rise to the leakage of 

preloaded drug during delivery. Therefore, inorganic materials, which have stable 

structures to protect the loaded drugs, are taken into consideration. Among them, silica 

nanoparticles (SNs) with uniform structures and multifunctional surface properties have 

been widely recognized as one of the feasible drug carriers because its surface can be 

easily modified with different functional groups to load drugs or conjugate targeting 

molecules.
4, 5

  

For the traditional approach of using silica nanoparticles as delivery carriers, most 

successful strategies are based on mesoporous silica nanoparticles (MSNs). After drug 

loading to the mesopores of MSNs, diverse nanocaps are utilized to cap the pores to 

eliminate drug leakage. The caps can be opened or closed by the treatment of either 

internal stimuli, including pH, temperature and enzyme, or external stimuli, including 

light, heat and magnetic field, to control the drug release.
6
 Despite of its proven 

effectiveness and advantage of potential to achieve low premature release, this stimuli 

responsive strategy always suffers from the poor controlled release profiles, such as the 

burst drug release associated with the formation of weak drug-carrier physical bonds.
7
  

In order to overcome this problem, conjugation of drugs to carriers through various 

stimuli sensitive linkers may provide additional advantages over traditional drug delivery 
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systems. Due to the presence of strong and stable covalent bonds, the loaded drugs are 

difficult to leak during drug administration and will experience a slow sustainable 

release profile.
8
  

Although many stimuli responsive systems using temperature, light, chemical agents and 

magnetic fields to trigger drug release, pH and intercellular micro-environment 

responsive system are most of particular interest and receiving growing attention for 

drug-carrier conjugation systems. The extracellular pH of cancer cells is around 5.0, 

which is more acidic than the physiological pH of 7.4 in blood and normal tissues.
9, 10

 For 

the intracellular microenvironment redox responsive systems, the concentration of 

reduction glutathione (GSH) in the cancer cells is 10 times higher than the normal cells 

and 1000 times higher than the plasma.
11

 For the intracellular microenvironment 

enzyme-responsive systems, the existence of special enzyme in abnormal cells can be 

used to trigger the cleavage of smart linkers. The different concentrations of these 

triggers make them be feasible as the smart stimuli to effectively control the target drug 

release and prevent premature leakage. Nowadays, most studies have been reported to 

establish pH, redox and enzyme responsive systems based on polymer materials. 

However, soft polymeric delivery systems result in distortion and degradation 

associated with blood circulation, and redox responsive systems seem to be more 

feasible to achieve sustainable drug release than enzyme responsive systems.   

Herein, this thesis will be addressing the synthesis and evaluation of drug-silica 
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nanoparticles conjugates in the presence of pH and redox responsive linkers. 

Doxorubicin (DOX) is chosen as a model drug, and it will be conjugated to the surface of 

silica nanoparticles through various surface modification and functionalization. 

Materials characterization, drug loading, drug release behaviors and cytotoxicity of these 

smart delivery systems will be evaluated. The detailed comparison on pH and 

intercellular micro-environment redox responsive systems will be discussed to guide 

future development of high performance drug delivery systems for cancer treatment. 

 

1.2 Aims and objectives 

This works aims to prepare the silica nanoparticle based drug delivery system for cancer 

treatment. Considering the defects of traditional drug delivery approach, this works 

focuses on synthesizing the novel DOX-silica nanoparticles conjugated drug delivery 

systems with either pH or intracellular redox responsive linkers, and use them as feasible 

drug deliver carriers to avoid premature drug linkage during delivery.  

In order to achieve this aim, the following objectives have been launched in the thesis: 

• Identify the most suitable pH responsive or microenvironment redox-responsive 

linkers to conjugate drugs on silica nanoparticle surfaces; 

• Surface modification on silica nanoparticles with the selected pH or redox sensitive 

linkers, and followed by drug conjugation; 
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• Physical and chemical characterization of synthetic materials, evaluating the 

cytotoxicity, drug loading, and controlled release behaviors of the above systems;  

• Discuss the potential and feasibility of the above systems to achieve sustainable 

release. 

 

1.3 Outline of the thesis 

This thesis is prepared by paper-basis and detailed structures are outline below: 

Chapter 1 introduces with background information, research gaps, aims, objectives and 

thesis outline. Chapter 2 is a literature review. Current development of traditional drug 

delivery systems and the recent achievement in pH and intracellular micro-environment 

responsive drug delivery systems have been systematically analyzed and discussed. 

Chapter 3 and 4 are Results and Discussion section, where Chapter 3 reports the 

synthesis and evaluation of a pH regulated drug delivery system based on the 

DOX-silica nanoparticles conjugates with pH responsive hydrazone bond. Chapter 4 

describes the preparation and evaluation of an intracellular redox micro-environment 

responsive drug conjugated silica nanoparticles with glutathione (GSH) sensitive 

disulfide bonds. Finally, Chapter 5 concludes the thesis and future recommendations are 

proposed.      
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Chapter 2 Literature Review 

2.1 The importance of drug delivery systems in cancer therapy 

Cancer is the first or second leading cause of death in Australia. According to the 

Cancer Council Australia, in 2012, cancer had caused the death of more than 43,000 

Australians, which accounted for almost one third the total deaths in Australia. In 2015, 

around 128,000 new cases of cancer are predicted to be diagnosed, while this number 

may continually increase to 150,000 in 2020. Therefore, extensive efforts have been 

made in cancer treatment, which costs enormous amount of money. From 2000 to 2001, 

more than 22 % of health research expenditure of $378 million has been spent on the 

research of cancer. In 2014, the statistical cancer treatment cost was more than $4.5 

billion, which took 6.9 % of the total health system costs.
1
         

Currently, the methods that are widely used in cancer therapy include surgery removal, 

radiation and chemotherapy.
2, 3

 Surgery operation can only remove the tumors with 

large enough size but cannot remove the cancer cells in the deposits of tumors, which 

always results in recurrence. The radiation therapy can be used to treat on certain areas 

of body, but its damage to normal tissues including skin changes and fatigue are 

irreversible.
2
 Chemotherapy plays a significant role in the treatment of different staged 

cancers. Chemotherapy can effectively kill the cancer cells around the body, even the 

cells that have been transferred to other tissues through the blood circulation, and thus 

prevent the recurrence after tumor removal surgically.  
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However, the effectiveness of conventional chemotherapy is usually limited, which 

directly results in the consumption of high-dose anticancer drugs.
4
 For example, small 

sized anticancer drugs can be easily removed from body by quick metabolism and 

excretion. The low solubility of some anticancer drugs makes it impossible to deliver 

them directly to cancer cells. Besides, due to the non-specificity of anticancer drugs, 

normal cells and tissues are also damaged associated with drug administration, which 

makes patients suffered from serious side effects.
3
   

In order to solve this problem, during the past decades, great efforts have been made to 

improve the chemotherapeutic efficiency of anticancer drugs. One of the most attractive 

methods is to construct the smart drug delivery systems (DDS), which are able to 

effectively and selectively deliver sufficient amount of anticancer drug molecules to 

tumors.
5-7

 Using suitable delivery cargos, the drugs can be stabilized and protected by 

the carriers to increase drug solubility and prevent drug leakage in blood circulation. As 

a result, the side effects of drugs to normal cells can be minimized. At the same time, 

the drug delivery systems can also provide the protection to some protein or gene based 

drugs to avoid their enzymatic degradation and damage during delivery.
8
 Therefore, 

with the advent of effective drug delivery systems, the desired therapeutic effect can be 

achieved safely by altering drug release behaviors and distributions. 
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2.2 Traditional drug delivery systems using silica nanoparticles 

Drug delivery systems are designed to transport sufficient amount of drug molecules to 

the targeted cells as well as prevent undesired drug leakage and degradation during 

delivery. The success of this method depends on choosing suitable drug carrier materials 

with the ability of: 

1. High drug loading efficiency. 

2. Biocompatible or non-cytotoxic to human tissues. 

3. Small or zero drug leakage during the delivery course. 

4. Target and controlled drug release to cancer cells.
9
 

In literature, various biodegradable organic materials, such as amphiphilic polymers, 

microgels, polymeric nanoparticles, liposomes, dendrimers, and others have been taken 

into consideration as effective drug carriers.
9-11

 Anticancer drugs can be loaded to these 

carriers through hydrophobic or electrostatic interactions. After administration, these 

carriers can be degraded as being triggered by various stimuli, such as pH, temperature, 

redox reagent, external field and others, to release the preloaded drug molecules. Many 

of these drug delivery systems present satisfied results, but the distortion and 

degradation of the carriers during blood circulation make the entrapped drugs easy to 

leak in the delivery. Thus, the zero premature drug release is hard to achieve for these 

soft organic delivery materials.
9, 12

 

In order to overcome this hurdle, research on the development of inorganic carrier 
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materials have been reported, which can provide sufficient protection to drug 

molecules.
9
 Among those inorganic materials, silica nanoparticles (SNs) are receiving 

high attention and interest to be investigated as effective drug delivery carrier due to its 

uniform structures, multifunctional properties and biocompatibility.
5, 13, 14

 FDA has 

approved the application of small silica nanoparticles for biological application, and 

silica nanoparticles have been reported to be potential to load and controlled release of 

antibiotics and anticancer drugs.
15-17

        

Most of the successful cases using silica nanoparticles as delivery carriers are based on 

the synthesized mesoporous silica nanoparticles (MSNs). Mesoporous silica 

nanoparticles have been widely applied on drug delivery, which is associated with their 

suitable pore sizes, large surface areas, good stability, excellent biocompatibility, and 

easy to prepare and surface modification. The MSNs are generally synthesized by 

surfactant-templated hydrolysis, where the tetraethoxysilane (TEOS) is used as the silica 

source and structure directing agent (surfactant) including cetyltrimethylammonium 

bromide (CTAB) can generate porosity.
18

 The resulting MSNs have plenty of hydroxyl 

(OH) groups on surface, which make it well dispersed in aqueous systems. Moreover, 

varieties of functional groups can be easily modified at MSNs’ surfaces to make the 

particles more suitable for drug delivery applications. The surface modifications can be 

conducted by either one-pot co-condensation synthesis, post-synthetic grafting of 

functional silanes and imprint coating methods.
9
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Due to the presence of mesoporosity, drugs can be easily loaded to MSNs or surface 

modified MSNs by different approaches. In order to avoid premature leakage and fulfil 

the release of drugs at the desired position, a ground-breaking strategy of MSN-based 

stimuli-responsive system using the concept of gatekeeping has been developed.
14, 19

 As 

shown in Figure 1, the drugs can be first encapsulated into the pores of mesoporous silica 

nanoparticles. Different nanocaps are then used to cap the ends of pores to prevent 

premature release. After administration, the gatekeepers can be uncapped by the trigger 

of various stimuli, such as pH, temperature, light, ultrasounds and redox potential. 

Through surface modification, this system can be used for target delivery.  

 

Figure 1: Typical approach for MSNs-based stimuli responsive drug delivery systems 

(reprinted from Reference 14). 
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If the capping groups are sensitive to the unique stimuli of target cells or tissues, the 

system will be effective.
14

 Using the stimulus of pH, some research groups introduced 

the gatekeepers to the entrance of MSN pores by acid sensitive materials. For example, 

Au nanoparticles have been utilized as caps to avoid the premature cargo release. Au 

nanoparticles can cap the MSN pores through the formation of reversible boronate ester 

bonds
20

 or acetal linkers,
21

 which could be hydrolyzed under acidic pH. With the aids of 

these pH sensitive bonds, the drug released could be controlled at certain location and 

time. Some other research groups used magnetic fields as external stimulus in drug 

delivery. For instance, Chen et al. have successfully capped MSNs with Fe3O4 

nanoparticles (Figure 2).
22

 The MSNs were functionalized with 

3-aminopropyltrimethoxysilane (APTS) and capped the pores through the amidation of 

the APTES with the 5.6 nm magnetic nanoparticles. Applying external magnetic fields, 

Fe3O4 particles were removed and resulted in fast drug release. Furthermore, the 

dual-responsive or multi-controlled drug delivery systems that respond to more than one 

stimulus have also been well developed recently.  
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Figure 2: Scheme of the synthesis and structure of the Fe3O4 NPs-capped mesoporous 

silica drug nanocarriers (reprinted from Reference 22). 

 

Liu et al. synthesized a multi-responsive drug delivery system by grafting 

β-cyclodextrin-bearing polymers to the MSNs through the disulphide bonds and blocked 

the pores by the formation of polymeric networks through the addition of diazo-linker.
8
 

The obtained systems were responsive to the stimuli of UV light, α-cyclodextrin (α-CD is 

easier to react with azobenzene group than β-CD), and disulphide reductive agents 

including dithiothreitol (DTT). 

However, these stimuli responsive drug delivery systems with gatekeepers have the 



15 

 

potential defect of burst release. Since the drugs are generally loaded by diffusion,
23

 drugs 

interact with carriers by week physical bonds. Once the gatekeeper is removed from the 

MSNs by stimuli triggers, the preloaded drugs will experience a rapid release from the 

carriers, which results in the quick rise of drug’s blood concentration and momentarily 

plateaus. Generally, more than 80 % of loaded drugs are released within 6 h.
5, 24, 25

  

To overcome this problem, the drug delivery systems that using stimuli sensitive linkers 

to conjugate drugs to carriers covalently should be taken into consideration to achieve 

sustained drug release. Compare with the physically loading approaches, the sustained 

drug release is able to keep the concentration of anticancer drugs at a steady state level in 

order to prolong the effective concentration time of drugs and make the less frequency of 

drug administration, which will provide more benefits and be more efficient for modern 

cancer therapy.  

 

2.3 Covalent conjugation of drugs to carriers by pH sensitive 

linkers 

The use of pH to trigger drug release is based on the fact that the extracellular pH of tumor 

cells is lower than that of blood or healthy tissues. Normally, blood and healthy tissues 

have the neutral environment with a pH of around 7.4, while for some tumor cells, the 

extracellular pH can decrease to around 5.0.
26-28

 In order to establish successful pH 

responsive drug delivery systems to cancer cells, the conjugated linkers between drugs 
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and carriers should be stable at the microenvironment of pH 7.4 and be able to be cleaved 

rapidly at acidic micro environment to release the loaded drugs. With consideration of the 

structure and functional groups of a model anticancer drug of doxorubicin, the drugs can 

be conjugated to the surface of mesoporous silica nanoparticles by a variety of linkers to 

form different pH responsive bonds, which ranges from amide bonds to hydrazone bonds.  

 

2.3.1 Amide bonds 

The amide bond or peptide bonds is the covalent bond with the chemical formula 

-C(O)-NH-. It can be formed by the reaction of carboxyl groups and amino groups as 

shown in Figure 3 through 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 

chemistry. In order to form the acid labile amide bonds, the drug carriers are required to 

be modified to the presence of surface carboxyl groups so as to react with the amino 

groups of DOX. In order to improve the yield, N-Hydroxysuccinimide (NHS) molecules 

are always used to active the carboxylic groups before the EDC coupling reaction. 

 

Figure 3: EDC coupling reaction in the presence of NHS. 
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Among varieties of acidic sensitive linkers, cis-aconitic anhydride is widely used to 

conjugate DOX to carriers.
29-31

 Using EDC as the carboxyl activating agent, the carboxyl 

groups on cis-aconitic anhydride will couple with the primary amines on DOX to yield 

amide bonds. Recently, Yabbarov and co-workers synthetized a three-component drug 

delivery system, which included recombinant third domain of alpha-fetoprotein (rAFP3D) 

as targeting vector, polyamidoamine (PAMAM) generation 2 (G2) dendrimer and 

anticancer drug of DOX for cancer therapy (Figure 4).
29

 The dendrimers are used to 

increase the number of chemical groups and drug loading. Through the linker of 

cis-aconitic anhydride, DOX was conjugated to the dendrimers covalently, and the 

resulting amide bonds were relatively stable at the physiological environment of pH 7.4, 

with 8 % DOX released for 24 hours. However, at pH 5.5, the hydrolysis of amide bonds 

could lead to the release of preloaded DOX drug.  
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Figure 4: Scheme of conjugate synthesis of rAFP3D-G2-Dox               

(adapted from Reference 29). 

 

In addition, Du et al. utilized the acid labile linker of cis-aconitic anhydride to conjugate 

DOX with the folate-bovine serum albumin (BSA), and then attached folic acid to 

improve targeting ability.
31

 BSA is a biocompatible protein based drug delivery carrier 

containing 30 to 50 amino groups. After the conjugation, the synthesized particles could 

well disperse in water with an average size of 20 nm. In their report, the DOX release 

rate at pH 5.5 was 5 fold higher than that at pH 7.2, and the system had obvious 
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advantages of biodegradability, biocompatibility, and low toxicity to normal tissues. 

Furthermore, Lavignac et al. developed another strategy to conjugate DOX to the amino 

pendant groups of poly(amidoamine) (PAA) via the cis-aconitic anhydride linker 

associated with a loading capability of 28-35 μg of drugs per mg carriers.
30

 Due to the 

cleavage of amide bonds, at low pH, up to 35 % of loaded DOX could be released.  

However, the systems using the acid sensitive cis-aconitic anhydride linkers have the 

common problem of poorly controlled released rates. Although the drug release is pH 

dependent, 80 % of cumulative drug release can be obtained around 6 hours, which is too 

fast for the sustainable release processes and may affect therapeutic efficacy.   

   

2.3.2 Hydrazone bond 

Hydrazone bond is the functional group with chemical structure of -C=NNH-. It can be 

formed by the reaction of ketones or aldehydes with amines. The mechanism of its 

formation is shown in Figure 5, where the ketonic group is from DOX, while hydrazine 

group is from the carriers. The formed hydrazone linkers are stable at neutral pH 

environment, whereas at a low pH condition, its cleavage can accelerate drug release.
32, 33
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Figure 5: Reaction for hydrazone formation 

 

Fan and co-workers reported a method to synthesize the target drug delivery system using 

180 nm MSNs as the carriers (Figure 6).
34

 The anticancer drug DOX was covalently 

conjugated to the MSNs by the carboxylic hydrazone linker which is acid cleavable. In 

order to achieve active targeting delivery, folic acid was conjugated to the MSN. In their 

study, the amine functionalized MSNs was first synthesized by introducing 

3-aminopropyl -trimethoxysilane. The targeting agent of folic acid was conjugated to the 

MSNs through the amidation reaction, and DOX was incorporated into the functionalized 

MSNs through the formation of hydrazone bonds.  
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Figure 6: Synthesis of MSNs based targeted prodrug system with hydrazone linker 

(adapted from Reference 34). 

 

Following this strategy, the premature release of DOX could be controlled to less than 10% 

at pH 7.4 to minimize DOX’s side effects, while in an acidic environment with pH 6.0, 

the release of DOX was governed by the hydrolysis of hydrazone linkage. The main 

defect of this approach was its low drug release rate. From their results, at pH 6.0, the 

accumulated release of DOX was less than 50 % within 72 hours, which might affect the 

effectiveness of cancer treatment. 

Recently, She et al. have developed a new pH sensitive drug delivery system based on 

dendronized heparin-DOX conjugate nanoparticles.
10

 Heparin is a biodegradable and 
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non-cytotoxic polysaccharide, and it has been widely used as an anticoagulant drug and 

the anticancer drug delivery carrier. In their work, the peptide dendrons were covalently 

linked to heparin via click reaction to form the ‘dendronized polymer’. The anticancer 

drug DOX was then conjugated to dendrons through the acid-labile hydrazone bond by 

the reaction of ketonic groups and hydrazine groups. Due to the features of DOX and 

heparin, the system would convert to nanoparticles by self-assembly, where the 

hydrophobic DOX forms the inner cores and hydrophilic heparin forms shell layers. At 

pH 7.4, less than 20 % of DOX were released from the nanoparticles after 56 hours, while 

at pH 5.0, because of the cleavage of hydrazone bonds, more than 80 % drug released was 

achieved. This system has the ability to control the release of loaded anticancer drugs at 

acidic microenvironment.         

In addition, some other strategies using hydrazone bonds to govern the pH dependent 

DOX release have also been investigated. Kaminskas et al. reported a system using 

4-(hydrazinosulfonyl) benzoic acid (HSBA) linker to graft DOX to the carrier of 

PEGylated polylysine dendrimers.
11

 Besides the advantages of extended circulation time, 

biodegradability, and preferential tumor targeting, the HSBA hydrazone linker showed 

good stability over 72 hours at physiological pH, and released approximately 100 % of 

loaded drug within 24 hours at acidic environment. Aryal et al. successfully immobilized 

doxorubicin to gold nanoparticles by hydrazine modified methyl thioglycolate (MTG) 

linker to synthesize the water-soluble and pH-responsive drug nanocarriers for cancer 

treatment.
35

 In another study, Wu et al. developed a system using high molecular weight 
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gelatin drug as carriers (Figure 7).
36

 DOX was conjugated to gelatin by hydrazone bonds 

and the glycylglycine linker took the advantages of biodegradability, low cytotoxic and 

pH depended release.  

 

Figure 7: Structure of gelatin-DOX conjugates (G-DOX) (reprinted from Reference 36). 

 

2.4 Drug conjugation by intracellular microenvironment 

responsive linker 

Nowadays, intracellular biomolecules are getting increasing interest as the stimuli to 

trigger drug release because of their biological activities as well as outstanding 

biorecognition and catalytic ability. The synthesized intracellular micro-environment 
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responsive carriers can be used to delivery drugs with high specificity.
37

 In this drug 

delivery system, drug carrier is conjugated with drugs by a “smart” linker, and triggers 

the release of cargos by the biocatalytic reaction of specific biomolecules. Among 

different kinds of intracellular biomolecules, enzyme or reducing agent are widely used 

as the stimuli to construct the enzyme and redox responsive drug delivery systems due 

to the increased presence of certain enzymes or reducing agents in cancer cells than 

normal tissues.   

 

2.4.1 Enzyme responsive drug delivery systems 

Generally, in a typical enzyme sensitive drug delivery system, the carriers are 

synthesized by degradable polymeric materials 
38, 39

, self-assembled nanospheres drug 

encapsulation 
40

, or inorganic nanoparticles 
41, 42

 with surface modified molecules that are 

responsive to the presence of enzymes (Figure 8).    
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Figure 8: Enzyme responsive delivery: a) biodegradable polymers; b) self-assembled 

nanospheres; c) inorganic nanoparticles (adapted from Reference 23). 

 

In order to improve specificity, the enzymes used should be over-expressed or activated 

only in unhealthy tissues, and they can be further classified into different categories such 

as proteases, lipases, glycosidases and oxidoreductases.
23

 

To date, some studies on enzyme-responsive systems have been carried out and their 

reported results are promising. Aromatic azo-linkers were used to conjugate anticancer 

DOX to generation 5 (G5) poly(amidoamine) dendrimers as reported by Medina and 

co-workers (Figure 9).
43

 Aromatic azo-linkers could be cleaved by the enzyme of 

azoreductase existed especially in hepatic cells, resulting in the controlled and selective 
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release of DOX. Mechanistic study indicated that azoreductase enzyme activates the 

reduction of azobenzenes by the donation of a pair of electrons to the azo-bond from 

NADPH. The azo-bonds converted to the unstable hydrazo intermediates followed by 

reducing into its respective amines. The same team also modified the G5 dendrimers with 

polyethylene glycol (PEG) to improve its biocompatibility. As a result, in the absence of 

azoreductase enzyme, the release of DOX was controlled at less than 16 %, while in the 

presence of enzyme, more than 80 % of drugs were released within 4 hours.  

 

Figure 9: Scheme for the structure of G5-DOX conjugates and drug release by the 

reduction of azobenzenes (reprinted from Reference 43). 
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Besides, due to the high cathepsin B expression in tumor cells, Yang et al. developed the 

enzyme sensitive magnetic nanoparticles for intracellular-responsive drug delivery.
44

 

DOX was conjugated to the surfaces of silica magnetic carriers via a 

para-amino-benzyloxycarbonyl (PABC) linker and combined with the peptide precursors 

whose dipeptide sequence of H-Phe-Lys-OH could be cleaved by cathepsin B. The 

synthesized system exhibited the selective control intracellular release of the loaded drug 

when being treated with cathepsin B, leading to the potential of targeting drug delivery in 

the cells where this specific enzymes were highly expressed. In addition, by applying the 

same biocatalytic reaction mechanism, Dubowchik et al. used a self-immolative 

p-aminobenzyloxycarbonyl (PABC) linker to attach DOX to the internalizing 

monoclonal antibodies (MAbs), and the formed peptide bonds could be cleaved by 

cathepsin B. In their study, the conjugates presented up to 95 % of loaded drug release in 

rat liver lysosomes, but excellent stability in cytoplasma.
45

  

Moreover, in some cases, enzyme can activate the transformation of carriers to generate 

therapeutic molecules. For instance, utilizing the deamination of cytosine to uracil by 

cytosine deaminase, King et al. developed a system to convert nontoxic 5-fluorocytosine 

(5-FC) to the active antitumor drug 5-fluorouracil (5-FU).
46

 The drug could accumulate in 

cancer cells 1000 times higher than normal tissues and inhibit 88–96 % tumor growth. 

Additionally, Hu et al. used nitroreductase, which has the ability to catalyze the reduction 

of nitro groups in a variety of substrates to produce relative hydroxylamine, as stimulus 

enzyme, and convert nitroaryl phosphoramides to cytotoxic phosphoramide drug by the 
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cleavage of benzylic C-O bonds.
47

 The outstanding biological activity made the system 

become desirable for targeted delivery of toxic drugs to the hypoxic tumour cells.  

 

2.4.2 Redox responsive drug delivery systems 

The glutathione (GSH) is an intracellular biomolecule that has the redox potential and its 

concentrations in most cancer cells (8-10 mmol/L) are 2-10 times higher than that in 

normal cells (2-4 mmol/L) and 100-1000 times higher than in blood (1-2 μmol/L).
48, 49

 

Therefore, the redox potentials between the reducing intracellular environment and 

oxidizing blood can be applied as a stimulus to activate the release of drugs from carriers, 

and different strategies have been developed to covalently conjugate drugs to carriers by 

redox responsive linkers.
14, 50

 Recently, most of the redox responsive drug delivery 

systems are developed by introducing disulfide linkages, which is labile to the reducing 

agent such as glutathione (GSH), dithiothreitol (DTT) or mercaptoethanol (ME), to 

control drug release.
51

 

Li et al. developed a novel redox responsive drug delivery system. They loaded drug 

molecules to the carriers of mesoporous silica nanoparticles by physical interaction, and 

then coated the surfaces of mesoporous silica nanoparticles by poly(acrylic acid ) (PAA) 

through disulfide linkers (Figure 10). The in vitro drug release showed that in the 

presentence of 2 mM glutathione, the drug release could reach 49.4 %. In contrast, 

without glutathione, the total drug release was only 16.9 %. Their results clearly 

indicated that glutathione could effectively degrade the disulfide bonds and destroy the 
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cross-linked PAA networks to release the loaded drugs in the pores of mesoporous silica 

nanoparticles. However, the drug delivery system gave rise to burst release, where 

almost all drugs were released within 4 h.
52

    

 

Figure 10: Schematic preparation process of PAA–MSNs (reprinted from Reference 52). 

 

Other researchers have used disulfide bonds to conjugate drug molecules to other 

carriers. Tang et al. synthesized 130 nm to 150 nm mesoporous silica nanoparticles with 

an average pore size of 2.79 nm, and modified the inner and outer surface of mesoporous 

silica microspheres with disulfide bonds to get the MSN-SH particles, and conjugated the 

other end of disulfide bond with DOX through β-mercaptoethylamine linkers.
53

 Their 

results indicated that the disulphide bonds could be cleaved in glutathione, but showed 

good stability in the phosphate buffer saline of pH 7.4. Therefore, the DOX could be only 
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released inside cells and effectively prevent leakage in blood. In their case, drugs could 

experience a sustained release of around 10 hours. 

Comparing the drug release performance, both of enzyme responsive drug delivery 

systems and redox responsive drug delivery systems showed outstanding ability in 

controlled drug release. Such systems are stable in plasm and blood circulation, but 

release anticancer drugs efficiently in tumor sites to inhibit their growth. However, as 

comparing the drug release profiles of these two systems, redox responsive systems 

using disulfide bonds as smart linkers seem to be more feasible to achieve sustainable 

drug release. In most enzyme responsive systems, 90 % of released drugs were observed 

during the first 4-5 h, and in some cases, the drug release period was less than 1 h. For 

the redox responsive systems with disulfide linkers, as conjugating drugs to the carriers 

covalently, the average drug release period could reach to 8-10 h, which is longer than 

that of enzyme sensitive systems. Therefore, in order to construct the desired 

intracellular micro-environment responsive drug delivery system for sustained release, 

disulfide bonds might be more suitable to be used as the smart linker for drug 

conjugation and controlled release.   
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2.5 Summary 

Controlled drug delivery system is crucial for cancer treatment in order to reduce the 

side effects of anticancer drugs as well as to improve therapeutic efficiency. However, 

for traditional drug delivery approaches, the loaded drugs always experience burst 

release, which would result in the shortness of drug effective time. In order to improve 

delivery efficiency, novel drug delivery systems based on drug conjugated silica 

nanoparticles are considered to be investigated in the thesis. The drug molecules will be 

conjugated to silica nanoparticles covalently by different smart chemical linkers. Based 

on the above literature review, the acid labile hydrazone bonds and redox labile 

disulfide bonds seem to be more interesting to achieve controlled and sustained drug 

release, but the detailed applications using silica nanoparticle carriers have not reported. 

Therefore, in this thesis, two kinds of drug conjugated silica nanoparticles systems:  

(1) pH responsive drug delivery systems with hydrazone linkers, and  

(2) redox responsive drug delivery systems with disulfide linkers  

will be developed with detailed results presented in Chapters 3 and 4.   
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Abstract 

Controlled drug delivery is crucial in the modern chemotherapy for cancer treatment to 

reduce side effects of anticancer drugs and reduce medical treatment costs. For a 

traditional drug delivery system, drugs are loaded into various delivery carriers by 

physical interaction, which results in drug leakage and burst release after administration. 

In order to overcome these problems, we developed a pH regulated drug delivery system 

by chemically conjugating drug molecules to carriers to achieve controlled and sustained 

drug release. Silica nanoparticles were selected as a typical drug delivery carrier and 

modified with tert-butyl carbazate on their surface. The anticancer drug, doxorubicin 

(DOX), was covalently conjugated to the surface of silica nanoparticles via the formation 

of an acid labile hydrazone linker. Under the physiological pH, the drug delivery system 

presents good stability to prevent DOX leakage and release, while at an acidic 

environment of pH 5.0 (pH outside cancer cells), the conjugated drugs can be released 

sustainably due to hydrolysis of the pH sensitive hydrazone bonds. From in vitro cell 

cultures against Hela cells and HEK 293 cells, the loaded DOX can be released 

effectively to cancer cells, while its cytotoxicity to normal cells is minimized. The 

obtained results clearly indicate that DOX conjugated silica nanoparticles with acid labile 

hydrazone linkers are feasible to construct an advanced drug delivery system with a 

capability for controlled and sustained release.   

Keywords: pH-sensitive cleavage, drug delivery, doxorubicin, silica nanoparticles, 

surface modification, hydrazone 
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3.1 Introduction 

Nowadays, chemotherapy has been widely applied as a primary method in the treatment 

of different types of cancers. However, due to lack of specificity to cancer cells, 

chemotherapeutic cancer treatment needs to consume a high dosage of cytotoxic 

anticancer drugs, which always brings serious side effects to patients.
1, 2

 In order to 

overcome this problem, a variety of drug delivery systems have been developed. For an 

ideal delivery system, the pre-loaded drugs should only be delivered to target cancer cells 

without premature drug release. Most of the successful traditional drug delivery strategies 

are based on the concept of capsulation to prevent premature release.
3-6

 Despite of its 

benefits, the obvious disadvantages are the leakage during delivery and uncontrolled 

burst release. In the capsulation systems, drugs are loaded into carriers by weak physical 

bonds. When triggered by various stimuli, most of loaded drugs will be released within a 

short time, which rapidly changes the drug concentration in blood and shortens its 

effective duration.
7
 Therefore, the covalent conjugation of drugs to carriers has been 

taken into consideration to manipulate the drug release profiles. For such a system, 

anticancer drugs can be loaded to carriers through a smart linker and released by cleavage 

of the stimuli-responsive linker to achieve controlled drug release, which makes the drug 

delivery system more feasible in sustained release and thus provides more benefits in 

cancer chemotherapy than traditional delivery methods.
8
 To date, a myriad of carriers for 

drug/carrier conjugation systems have been explored, such as polymeric nanoparticles, 

liposomes, dendrimers and others.
9-13

 Although some of them have displayed excellent 
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controlled release profiles, the application using inorganic carriers are rarely reported. 

Among inorganic nanoparticles, silica nanoparticles (SNs) have received high attention 

in biological applications due to their excellent biocompatibility, uniform nanostructure 

and easily modified surfaces.
3, 4, 14

  

On the other hand, the smart linkers employed to conjugate drugs to carriers can be 

cleaved by different stimuli, such as temperature, light, enzyme, redox potential and 

magnetic field,
14-17

 and a pH regulated system is receiving special interest and it has been 

designed to effectively trigger drug release.
5
 The physiological pH of human blood and 

normal tissues is around 7.4, whereas the extracellular pH of some tumors is around 5.0.
18, 

19
 Because of this significant pH difference between normal tissues and tumors, pH 

sensitive delivery systems can be used to achieve drug release only in the cancer cells. As 

such, researches had been extensively conducted to develop pH-sensitive drug-carrier 

conjugation delivery systems. For example, the anticancer drug, doxorubicin (DOX), has 

been conjugated to polymeric carriers through cis-aconitic anhydride to form amide 

bonds.
20, 21

 In some other cases, the drug has been conjugated to the carriers by Schiff 

base formation.
22

 In their studies, a high amount of drugs could be loaded into the carriers 

and released effectively to target cells, but rapid drug release arose from the fast 

hydrolysis of these pH sensitive linkers, which made it hard to achieve sustained release. 

Therefore, it is vital to explore a more suitable linker for the drug-carrier conjugation 

delivery systems. Among different pH sensitive linkers, hydrazone bonds should be able 

to present better performance in controlled and sustained drug release due to its relative 
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stability in acidic circumstances.
23-26

   

In this study, we developed a novel pH sensitive silica based drug-carrier conjugation 

delivery system with acid-labile hydrazone bonds. The surface of well-defined silica 

nanoparticles was modified with hydrazine group by tert-butyl carbazate, and a model 

anticancer drug of DOX was conjugated to the surface of silica nanoparticles by reacting 

the ketonic groups of DOX with the hydrazine moieties on the modified silica 

nanoparticle surface to form hydrazone bonds. The good stability of hydrazone bonds 

under a physiologic pH makes the drug-carrier conjugation delivery system stable in 

blood circulation and normal tissues without undesired drug leakage. Cleavage of the 

hydrazone bonds under an acidic condition renders the loaded drugs to be effectively 

delivered to target cells. Besides detailed synthesis and characterization of DOX 

conjugated silica nanoparticles, the pH dependent controlled drug release and cell uptake 

have been systematically evaluated.            

 

3.2 Materials and Methods 

3.2.1 Materials 

Doxorubicin hydrochloride (DOX) was purchased from Beijing Huafeng United 

Technology Co., Ltd. Tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane 

(APTES), toluene, succinic anhydride, tert-butyl carbazate, sulfo-N-hydroxysuccinimide 

(sulfo-NHS), 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) 
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and trifluoroacetic acid (TFA) were purchased from Sigma-Aldrich. Ammonia aqueous 

(30%) and N,N-dimethylformamide (DMF) were from VWR International Pty Ltd. 

Ethanol and dimethyl sulphoxide (DMSO) were from Chem-Supply. Phosphate buffered 

saline (PBS) solution (pH 7.4), Dulbecco's modified Eagle medium (DMEM), fetal 

bovine serum (FBS), penicillin streptomycin (PS), 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent, 

LIVE/DEAD
®
 viability/cytotoxicity kit (containing calcein-AM and ethidium 

homodimer-1), cell culture flasks and well plates were purchased from Life Technologies 

Australia Pty Ltd. All of the chemicals were of analytic grade and used directly without 

further purification. Water used was from a Milli-Q water purification system with a 

resistivity higher than 18.2 MΩ·cm. 

 

3.2.2 Synthesis of silica nanoparticles  

Silica nanoparticles (SNs) were synthesized by a modified Stöber method.
2
 1.5 ml water 

and 2.5 ml ammonia aqueous were mixed with 50 ml anhydrous ethanol. The temperature 

of the mixture was maintained at 40 °C by a water bath. After 20 min, 1.5 ml TEOS was 

added to the solution quickly and stirred continuously at 40 °C for 12 h. After the reaction, 

white precipitates were obtained and purified by centrifugation at 6000 rpm for 15 min 

and washed with ethanol and water for 3 times. Finally, the obtained silica nanoparticles 

were dispersed in 10 ml ethanol by ultrasonic dispersion for further use.  
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3.2.3 Introduction of pH sensitive linker on the surface of silica nanoparticles  

Silica nanoparticle surface modification was conducted based on literature with slight 

modification.
27

 0.1 g purified silica nanoparticles (SNs) were dispersed in 40 ml 

anhydrous toluene under nitrogen for 30 min. Then, 0.15 ml APTES was added to the 

mixture, followed by reflux at 110 °C for 16 h. After the reaction, the mixture was cooled 

down to room temperature, and the synthesized amine functionalized silica nanoparticles 

(SNs-NH2) were washed by ethanol for 3 times and stored. 

0.1 g SNs-NH2 was dispersed in 15 ml DMF. 0.9 g succinic anhydride was dissolved in 5 

ml DMF and added into the suspension of SNs-NH2. After 6 h reaction at room 

temperature under vigorous stirring, the mixture was centrifuged and washed with water 

to get the carboxyl functionalized silica nanoparticles (SNs-COOH).  

50 mg of SNs-COOH was dispersed in 20 ml DMF and reacted with 54 mg sulfo-NHS 

and 54 mg EDC for 45 min before adding 37 mg tert-butyl carbazate. The mixture was 

stirred at room temperature for another 16 h, and the white precipitate of Boc-hydrazine 

modified silica nanoparticles (Boc-hydrazine-SNs) was acquired by centrifuge at 6000 

rpm for 15 min. The product was washed with ethanol and water to remove any unreacted 

residual.           

Finally, 50 mg Boc-hydrazine-SNs was dispersed in 2 ml DMF and stirred at 550 rpm 

under room temperature, followed by adding 15 ml TFA to the suspension. The mixture 

was reacted for another 24 h. After centrifuging and washing with ethanol and water, the 
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hydrazine group modified silica nanoparticles (hydrazine-SNs) were obtained, and 

dispersed in 5 ml ethanol for further use.     

    

3.2.4 Characterization 

Scanning electron microscopy (SEM) images were taken on a Quanta 450 FEG 

environmental emission scanning electron microscopy at the operating voltage of 30 kV 

and work distance of 10 mm. Zeta potential and dynamic light scattering (DLS) 

measurements were carried out using a Malvern Zetasizer Nano ZS (ZEN 3600). Fourier 

transform infrared (FTIR) spectra were recorded using the Thermo Scientific Nicolet 

6700 FTIR spectrophotometer at room temperature. UV-vis absorption spectra were 

obtained by a Shimadzu UV-Visible spectrophotometer (UV-1601), and the standard 

calibration curve (Figure S1) of DOX was established at a wavelength of 480 nm. The 

viability of cells was measured using an ELx808 Absorbance Microplate Reader from 

BioTek. Fluorescent emission and excitation images were recorded on a ZEISS Axion 

Vert.A1 inverted microscope. The live cells were viewed using green fluorescent port 

filter with excitation wavelength of 470 ± 20 nm and emission wavelength of 525 ± 25 

nm, while the dead cells were viewed using DsRed filter with excitation wavelength of 

545 ± 13 nm and emission wavelength of 605 ± 35 nm. 
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3.2.5 Drug loading and ex vivo doxorubicin release 

2 mg doxorubicin hydrochloride was added in 1 ml PBS solution, and 20 mg of 

hydrazine-SNs were dispersed in 5 ml PBS solution. The doxorubicin hydrochloride 

solution was added into the hydrazine-SNs suspension followed by stirring at room 

temperature for 24 h in darkness. After washing the mixture with ethanol for 3 times to 

remove unreacted DOX, the red color solid products of DOX conjugated silica 

nanoparticles (DOX-hydrazone-SNs) were obtained. The unreacted DOX concentration 

in the supernatant of reaction mixture was examined by a UV-visible spectrophotometer 

at 480 nm, and the drug loading efficiency on silica nanoparticles was estimated using the 

following equation: 

Drug loading efficiency (%) 

= 
DOX weight in feed-unreacted DOX weight in the supernatant 

weight of silica nanoparticles
×100%           (1) 

To evaluate the ex vivo drug release behavior, 5 mg of DOX conjugated silica 

nanoparticles were dispersed in 10 ml PBS buffer solutions with different pH values of 

5.0, 6.5 and 7.4. The mixtures were stirred at 37 °C in darkness. For analyzing the amount 

of released DOX from nanoparticles, 1 ml aliquot was removed from the mixture at 5 h, 8 

h, 12 h, 16 h and 24 h and then equivalent volume of fresh PBS solutions were added. The 

concentration of released DOX was examined by a UV-visible spectrophotometer at 480 

nm. All drug release evaluations were conducted in triplicate for each sample.  
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3.2.6 Cytotoxicity 

The cytotoxicity of silica nanoparticles with and without DOX conjugation was 

conducted against human cervical cancer Hela cells and human embryonic kidney HEK 

293 cells. Both cells were incubated in plastic flasks with DMEM cell culture medium 

containing 1 % PS and 10 % FBS at 37 °C with 5 % CO2. The MTT assay analysis was 

then applied to evaluate cell viability. Cells were seeded in a 96-well plate at a density of 

5.0×10
4
 cells/well with 150 µl growth medium. After incubation for 24 h, the growth 

medium was replaced by 150 µl fresh one which contained 11 µl sample of silica 

nanoparticles, DOX conjugated particles or free DOX. The equivalent concentration of 

DOX in the samples ranged from 0 to 1.25 µg/ml and repeated in 4 wells. After another 

24 h incubation, 10 μl MTT was added, and after another 4 h, the growth medium of each 

well was removed and 150 μl DMSO was added. The absorbance was measured by a 

microplate reader at a wavelength of 595 nm, and the cell viability was presented as 

percentage based on the untreated cells.    

 

3.2.7 Fluorescence Imaging Analysis 

Hela cells and HEK 293 cells were seeded into a 24-well plate at the density of 2.5×10
5
 

cells/well with 1 ml growth medium. After incubation for 24 h, the growth medium was 

replaced with the fresh one and 0.1 ml of DOX conjugated silica nanoparticles at a 

concentration of 100 µg/ml in PBS solution were added. With further 2 h, 8 h, 16 h and 24 

h incubation, the fluorescence microscopic analysis was conducted. After washing with 
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PBS solution thrice to remove growth medium, the cells were treated with 400 µl of 

fluorescence staining reagent, which contained 2 µM calcein-AM and 4 µM ethidium 

homodimer-1, for 30 min. The fluorescence images were obtained and analyzed using a 

fluorescence microscope, where calcein was excited at 488 nm while ethidium 

homodimer-1 at 530 nm.    

 

3.3 Results and Discussion 

3.3.1 Synthesis of hydrazine-silica nanoparticles and characterization of surface 

functional groups  

The hydrazine-silica nanoparticles are synthesized as the drug carriers by the method 

given in Figure 1. When exploring nanoparticle application in drug delivery, suitable size 

and uniform structure, the key important factors, need to be considered, which can be 

tailored by varying precursor feed molar ratios, reaction temperatures and reaction times. 

The particle sizes of silica nanoparticles (SNs) were analysed by SEM and dynamic light 

scattering (DLS). According to the SEM image in Figure 2B, the synthesized silica 

nanoparticles are monodispersed with a mean diameter of around 180 nm, which is close 

to the hydrodynamic diameter obtained from DLS. For nanoparticle-based drug carriers, 

large sized particles will affect cell uptake and accumulation ability by reducing the 

permeability and retention (EPR) effect.
28, 29

 On the other hand, when the particles are 

less than 100 nm, it may cause cytotoxicity.
30

 Therefore, the silica nanoparticles with a 
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size of 180 nm are considered to be suitable for the drug delivery purpose. The 

polydispersity index (PDI) of the silica nanoparticles from DLS is 0.012, indicating that 

the size distribution is narrow and the particle dispersity is uniform. The hydrodynamic 

particle size from DLS after pH sensitive linker surface modification (hydrazine-SNs) is 

found to be 295 nm. The increase in particle size is mainly due to the significant hydration 

of various functionalization groups on the silica nanoparticle surfaces. No aggregation of 

silica nanoparticles is observed after surface modifications.  

For the details of surface modification, the silica nanoparticles were first modified with 

amino groups. Silica nanoparticles and 3-aminopropyltriethoxysilane (APTES) were 

reflux in toluene at 110 °C under nitrogen protection to avoid the hydrolysis of APTES by 

water. Conductometric titration was used to quantify the amino groups on silica 

nanoparticle surfaces, and it was found to be 0.648 mmol –NH2 per gram of silica 

nanoparticles (Figure S2). After that, succinic anhydride was charged to introduce 

carboxyl groups on the SNs-NH2 surface. Excess amount of succinic anhydride was used 

to prevent possible crosslinking, and the feed molar ratio of succinic anhydride to the 

amino groups on the silica nanoparticles surface was kept at 5:1. In the next step, the 

carboxyl groups on the silica nanoparticle surface were reacted with the amino groups of 

tert-butyl carbazate by forming amide bonds via EDC coupling. After removing the 

amino protection groups by TFA, the exposed hydrazine bonds were used to conjugate 

doxorubicin, and the resulting hydrazone bonds between silica nanoparticles and DOX is 

pH sensitive. During all these synthesis steps, product purification was easily handled by 
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using centrifugation at 6000 rpm for 15 min.  

To confirm the introduction of various functional groups on the silica nanoparticle 

surface, zeta potential measurements were carried out with results shown in Figure 3. The 

silica nanoparticles before any surface modification have a negative zeta potential value 

of around -30.5mV due to hydrolysis of the surface OH groups. After APTES 

modification, the zeta potential changes to +26.8 mV, which indicates the presence of 

excess positively charged amino groups on the surface of SNs. After reaction with 

succinic anhydride, the negatively charged carboxyl groups give rise to a zeta potential of 

-14.4 mV. The further reaction with tert-butyl carbazate shifts the zeta potential back to be 

positive again (around +30 mV) due to the introduction of amino groups on the SN 

surface. The zeta potential study clearly indicates that each step for modification of 

surface functional groups is successful, and the pH sensitive linker has been conjugated to 

the surface of silica nanoparticles. Moreover, it is also evident that all absolute modified 

zeta potential values are above 15 mV, which implies good stability of SNs in the aqueous 

system.  

Furthermore, the FTIR spectra shown in Figure 4 are also able to provide confirmation on 

successful surface modifications. After amino group functionalization, a new peak at 

1450 cm
-1

 is due to the vibration of N-H bending. Compared with SNs and SNs-NH2, 

carboxyl functionalized SNs show new peaks at 1550 and 1710 cm
-1

, which are assigned 

to the stretching vibration of amide groups and carboxyl groups, respectively. At the same 

time, the N-H bending peak becomes weaker since some of the amino groups on the 
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surface have been reacted with succinic anhydride. After further conjugating the pH 

sensitive linker, a new vibration peak at 1725 cm
-1 

is observed due to the vibration of 

-CO-O- on the amino protection groups. For the hydrazine-SNs, the absorption band of 

-CO-O- disappears and the peak at 1369 cm
-1

 associated with the structure of the 

secondary amine in hydrazine groups is evident. Obviously, FTIR spectra further suggest 

the success of various surface modifications on silica nanoparticles.  

 

3.3.2 Loading DOX to hydrazine-silica nanoparticles by covalent bonds 

Doxorubicin was conjugated to the silica nanoparticles by formation of hydrazone 

linkers.
18

 In this case, the hydrazine groups on the surface of silica nanoparticles react 

with the ketonic groups of DOX to form pH-sensitive hydrazone bonds. After DOX 

conjugation, the color of hydrazine-SNs changes from white to red. In the FTIR (Figure 

4), the attachment of DOX to silica nanoparticles contributes to a new stretching vibration 

bond at 1726 cm
-1

.       

 

3.3.3 pH responsive ex vivo DOX release  

The physiological pH in the human blood and healthy tissues is around 7.4, while the 

extracellular pH of tumor cells is lower. For some tumors, the extracellular pH can 

decrease to around 5.0. Taking this into consideration, the above prepared drug carrier 

conjugate system may be used to selectively deliver drugs to tumors. The release ability 

of DOX was first ex vivo examined in the PBS buffer solutions at three different pHs (5.0, 
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6.5 and 7.4), where pH 7.4 is used to simulate the physiological condition, pH 6.5 and 5.0 

are used to simulate the extracellular conditions of different tumors. The amount of DOX 

released to the buffer solutions was qualified by a UV-visible spectroscopy at 480 nm. 

The detailed pH dependent DOX released profiles are presented in Figure 5. Under the 

physiological pH, less than 10 % of loaded DOX can be released within 24 h, whereas 

significant increases in drug release are observed at low pHs due to the instability of 

hydrazone bonds in an acidic environment. At pH 5.0, approximate 55 % of loaded DOX 

are released from silica nanoparticles within 24 h, while at pH 6.5, the drug release 

amount is about 45 %. Comparing with the release profiles between pH 5.0 and pH 6.5, a 

lower pH facilitates rapid drug release. This difference is attributed to the rapid cleavage 

of hydrazone linkers at a lower pH, and more acidic conditions accelerate its degradation 

to enhance DOX release. As a result, the hydrazone linkers have good stability at the 

physiological pH, which means our drug delivery system is able to minimize the leakage 

and release of anticancer drugs in the normal tissues and reduce chemotherapeutic side 

effects. However, rapid cleavage of hydrazone bonds at the acidic environment makes 

this system release drugs to tumor cells. The accumulated drugs in cancer cells will 

inhibit the growth of tumours and enhance the therapeutic efficacy synergistically.    

pH responsive drug delivery systems have been studied by other researchers.
5, 22, 31

 They 

have conjugated DOX to various carriers using different pH sensitive linkers to ensure 

drugs to be released at the desired pH. Yabbarov et al. conjugated DOX to the surface of 

dendrimers covalently using the linker of cis-aconitic anhydride.
20

 The formed amide 
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bond was stable at the physiological pH, and the hydrolysis of amides at a low pH led to 

the release of loaded drugs. In their case, 80 % of loaded drugs were released within 6 h, 

which was too fast for the sustainable release. In our study, we utilize hydrazone bonds to 

conjugate drugs to silica nanoparticles, which is relatively stable in acidic conditions than 

amide bonds. The loaded DOX can be slowly and continuously released within 24 h. This 

sustained drug release profile will keep the concentration of anticancer drugs at a steady 

level over a prolonged effective time range and minimize the frequency of drug 

administration. Obviously, such a drug delivery system will be more feasible for the 

application in controlled and sustained drug release than that being recently reported. 
20-22

 

 

3.3.4 Cytotoxic evaluation against Hela cells and HEK 293 cells 

The cytotoxicity experiments of hydrazine-SNs, DOX-hydrazone-SNs, and free DOX 

against Hela cells (cancer cells) and HEK 293 cells (normal cells) for 24 h were 

conducted with the MTT assay. As shown in Figure 6, free DOX has the highest 

cytotoxicity to both cancer cells and normal cells, whereas hydrazine-SNs present low 

cytotoxicity to both cell lines. Incubating at a high concentration of 100 µg/ml of 

hydrazine-SNs for 24 h, the cell viability is more than 85 %, which means hydrazine-SNs 

have good biocompatibility and it is safe to be used as drug delivery carriers. However, 

after incubating with DOX conjugated silica nanoparticles, when increasing the 

equivalent concentration of DOX to 1.25 µg/ml (equal to 100 µg/ml 

DOX-hydrazone-SNs), around 50 % decrease in cell viability can be observed in Hela 
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cells, and the decrease is much sharper than that in HEK 293 cells. In addition, the cell 

viability of Hela cells after incubating with DOX-hydrazone-SNs becomes closer to the 

cell viability after incubating with free DOX. At the highest concentration of 100 µg/ml, 

the cell viability difference between DOX-hydrazone-SNs and free DOX reaches 40 % 

for HEK 293 cells, while the difference for Hela cells is only 15 %.  

Cell viability decrease is caused by the cytotoxicity of DOX. The low pH environment for 

Hela cells can trigger cleavage of the hydrazone bonds. When incubating Hela cells with 

DOX-hydrazone-SNs, its low extracellular pH causes the conjugated DOX to be released 

from the surface of silica nanoparticles. The higher concentration of 

DOX-hydrazone-SNs presents in the growth medium, the more drugs can be released and 

lower cell viability can be observed. In contrast, since HEK 293 cells cannot provide an 

acidic extracellular environment, the hydrazone bond is relative stable in this condition, 

and thus only a small amount of DOX is released from the surface of silica nanoparticles. 

Even increasing the concentration of DOX-hydrazone-SNs, the cell viability for HEK 

293 cells still displays no significant difference. As such, our drug delivery system has the 

ability to control the drug release in tumors cells, but minimize side effects of DOX to 

normal cells.      

 

3.3.5 Cell uptake analysis by live/dead cell assays  

To further demonstrate the effectiveness of DOX-hydrazone-SNs in tumor cells, the 

florescence microscopic images were taken to visualize the cell viability and drug uptake 
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behaviors. Hela cells and HEK 293 cells were treated with DOX conjugated silica 

nanoparticles for 2 h, 8 h, 16 h and 24 h respectively, and the mixture of live and dead 

cells were separately stained with calcein-AM and ethidium homodimer-1 dyes. The 

esterase in the live cells generates calcein by removing the AM groups from Calcein-AM 

to emit green florescence, while ethidium homodimer-1 intercalates with the DNA of 

dead cells through the damaged areas on their membrane and emits red fluorescence. As a 

result, the cell viability can be visually verified by the intensity of florescence, where 

green florescence indicates the population of live cells and red one indicates the 

population of dead cells. From Figure 7, after 2 h incubation, only a few red florescence 

can be observed in Hela cells, which means most of cells are still alive. However, with 

further incubation, especially after 8 h, the intensity of red florescence apparently 

increases, and after 24 h, the intensity of red florescence and green florescence are almost 

same, which means the cell viability of Hela cells has decreased to about 50 %. This result 

indicates that the DOX has been efficiently released to cancer cells and the minor red 

florescence increase in the first 8 h means the drug is sustainably released. On the other 

hand, for the HEK 293 cells, as the incubation time extends, the intensity of red 

florescence just presents a slight increase, even after 24 h, the cell viability still remains 

around 70-80 %, which means DOX is difficult to be released to normal cells since its 

neutral extracellular pH cannot trigger the release of drugs. Therefore, the in vitro study 

clearly confirms the drugs being conjugated on the SN surface can be successfully 

released to cancer cells but the drug toxicity to normal cells is minimized.  
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3.4 Conclusions 

In summary, we have successfully modified the surface of silica nanoparticles with 

hydrazine functional groups and developed a pH responsive drug conjugation delivery 

system using doxorubicin as a model anticancer drug. The silica nanoparticles 

synthesized has a uniform size of around 180 nm, and conjugate with DOX covalently 

through formation of the hydrazone bonds. The ex vivo drug release results show the drug 

release system presents good stability under physiological pH, but sustained 

pH-dependent release behavior under a weak acidic environment due to cleavage of the 

pH sensitive hydrazone bonds. Based on the in vitro cytotoxicity evaluation, the delivery 

carrier (hydrazine-SNs) shows good biocompatibility, and the drug conjugated delivery 

system can effectively release loaded drugs to cancer cells rather than normal cells. That 

is also evidenced from the live/dead cell assay. Therefore, our pH responsive drug 

delivery system using the hydrazone linkers is able to achieve controlled and sustained 

drug release, which makes it more feasible in the application of future cancer treatment. 
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Figure 1：Synthesis scheme of pH sensitive linker modified silica nanoparticles with anticancer drug (DOX) loading.
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Figure 2: DLS (A) and SEM data (B) for the silica nanoparticles and DLS data for 

hydrazine-SNs (C).
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Figure 3: Zeta potentials of (a) silica nanoparticles, (b) amine functionalized SNs, (c) 

carboxyl functionalized SNs, (d) Boc-hydrazine-SNs and (e) hydrazine-SNs.
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Figure 4: FTIR spectra of (a) silica nanoparticles, (b) amine functionalized SNs, (c) 

carboxyl functionalized SNs, (d) Boc-Hydrazine-SNs, (e) hydrazine-SNs and (f) 

DOX-hydrazone-SNs. 
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Figure 5: Drug release percentage from DOX-hydrazone-SNs at (◆) pH 7.4, (■) 

pH 6.5 and (▲) pH 5.0.
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Figure 6: (A) Cytotoxicity of hydrazine-SNs against Hela cells and HEK 293 cells, 

and comparative cytotoxic studies of DOX-hydrazone-SNs and free DOX against (B) 

HeLa cells and (C) HEK 293 cells. 
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Figure 7: Fluorescence images of HEK 293 cells and HeLa cells after 2 h, 8 h, 16 h and 24 h incubation with DOX-hydrazone-SNs. The 

concentration of DOX-hydrazone-SNs used is 100 μg/ml. The red fluorescence represents dead cells, and the green fluorescence represents 

live cells.

HEK 293       2h 8h 16h 24h 

    
HeLa          2h 8h 16h 24h 
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Figure S1: Calibration curve of DOX in phosphate buffer solution. 
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Figure S2: Conductometric titration of the amino groups on the surface of silica 

nanoparticles. The measurement result is 0.648mmol/g. 
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Abstract  

Due to high cytotoxicity and low solubility of most anticancer drugs, various delivery 

systems have to be used to improve therapeutic efficiency. For conventional drug delivery 

systems, the drug loading by physical adsorption always results in to drug leakage and 

burst release. In order to overcome this problem, covalently conjugating drugs to their 

delivery carriers via microenvironment-responsive smart linkers has been taken into 

consideration. Herein, we reported a redox-responsive drug-carrier conjugation system 

for controlled drug delivery, where silica nanoparticles were chosen as a model carrier 

and doxorubicin (DOX) was selected as a model drug. The intracellular-responsive 

system was established by introducing dithiodibutyric acid (DTDB) to silica nanoparticle 

surfaces, where the disulphide bonds were responsive to glutathione (GSH). Through the 

cleavage of smart linkers, the conjugated anticancer drugs of DOX on the surface of silica 

nanoparticles can be released. Our results revealed the redox-responsive drug-carrier 

conjugation system was strongly responsive to the presence of reducing reagents such as 

glutathione (GSH) and dithiothreitol (DTT). After reduction of the disulphide bonds, the 

preloaded DOX could be released sustainably. On the other hand, in the absence of 

reduction reagent, the drug-carrier conjugation system showed good stability to prevent 

the undesired drug leakage during blood circulation. Our study clearly demonstrated that 

SNs-S-S-DOX conjugates with selectively redox responsiveness were ideal in the 

applications of future controlled drug delivery.  
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4.1 Introduction 

Doxorubicin (DOX) is a widely used anticancer drug to inhibit the growth and spread of 

cancer cells.
1, 2

 Nevertheless, its therapeutic efficiency improvement is always obstructed 

by the low solubility and specificity, which contributes to numerous adverse side effects.
3
 

Various strategies on how to delivery DOX have been developed, where controlled drug 

delivery system has presented impressive results to enhance therapeutic efficiency and 

minimize side effects of anticancer drugs.
4-6

 For an ideal controlled drug delivery system, 

the preloaded drugs can be delivered to target cells without premature drug release. To 

date, various delivery systems ranging from inorganic to organic materials have been 

reported.
5, 7-9

 Among them, silica nanoparticles have been considered as the feasible 

carriers due to their high biocompatibility and multifunctional surfaces.
10, 11

 Conventional 

strategies to construct silica nanoparticle based delivery systems are to load drug 

molecules via physical interactions, such as diffusion, electrostatic interaction, 

hydrophobic interaction etc.
3, 5, 12

 Singh et al. coated the surfaces of mesoporous silica 

nanoparticles using cross-linked poly(ethylene glycol) (PEG) shells to control the release 

of physically loaded DOX in the response of proteases.
13

 Due to the weak and instable 

physical interactions, this approach always bears the obvious disadvantage of 

uncontrolled burst release.
14, 15

 When triggered by stimuli, most of the drug molecules are 

released within a short period. Therefore, the conjugation of drug molecules and delivery 

carriers using an intercellular-responsive smart linker has attracted lots of attention since 

it can effectively provide advantages of sustainable drug release and avoid drug 
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leakage.
16, 17

  

Intracellular microenvironment responsive drug delivery system is to use intracellular 

molecules as the stimuli to trigger drug release because of their biological activities and 

outstanding biorecognition. In such a drug delivery system, the loaded drugs will be able 

to be cleaved by changing intercellular conditions and release the drugs to cytoplasm.
3, 4

 

Among intracellular stimuli, the reducing agent has been widely used to construct various 

redox responsive delivery systems due to its higher concentration in cancer cells. Most of 

the redox responsive delivery systems were developed based on the introduction of 

disulfide bonds, which can be reduced in the presence of reducing agent, such as 

dithiothreitol (DTT) or glutathione (GSH).
18

 Since the concentration of GSH in the 

cytoplasm of tumours is around 8-20 mmol/l, which is 100-1000 higher than that in the 

blood, and 2-10 higher than that in normal cells.
19, 20

 The huge difference of GSH 

concentration makes the disulphide bonds be stable in blood circulation and easily 

cleaved in cancer cells.
21, 22

 To date, many redox responsive delivery systems have been 

developed based on polymeric materials and dendrimers.
23-25

 However, the applications 

on inorganic materials including silica nanoparticles are rarely reported. 

In this study, we developed a redox responsive drug-carrier conjugation system using 

monodisperse silica nanoparticles as a typical carrier and DOX as the model drug. The 

surface of silica nanoparticles was first functionalized with disulphide linkers and then 

conjugated DOX covalently. In the absence of GSH or DTT, limited drug release can be 

observed, while at high concentrations of GSH or DTT, the cleavage of disulphide bonds 
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gives rise to significant drug release. In vitro investigation has been adopted to examine 

carrier cytotoxicity and cell uptake, and it is expected that this redox responsive system is 

a feasible candidate in the application of controlled and sustained release. 

 

4.2 Materials and Methods  

4.2.1 Materials  

Doxorubicin hydrochloride (DOX) was purchased from Beijing Huafeng United 

Technology Co.,Ltd. Tetraethyl orthosilicate (TEOS), 3-aminopropyltriethoxysilane 

(APTES), toluene, dithiodibutyric acid (DTDB), sulfo-N-hydroxysuccinimide 

(sulfo-NHS), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 

DL-dithiothreitol solution (DTT) and glutathione (GSH) were purchased from 

Sigma-Aldrich. Ammonia aqueous (30 %) was from VWR International Pty Ltd. Ethanol 

and dimethyl sulphoxide (DMSO) were from Chem-Supply. Phosphate buffered saline 

(PBS) solution (pH 7.4, 10×), Dulbecco's modified Eagle medium (DMEM), fetal bovine 

serum (FBS), penicillin streptomycin (PS), 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent, 

LIVE/DEAD
®
 viability/cytotoxicity kit (containing calcein-AM and ethidium 

homodimer-1), cell culture flasks and well plates were all purchased from Life 

Technologies Australia Pty Ltd. Water was obtained from a Milli-Q water purification 

system with the resistivity of more than 18.2 MΩ·cm. 
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4.2.2 Synthesis of monodisperse silica nanoparticles 

A modified Stöber method was applied to prepare monodisperse silica nanoparticles 

(SNs).
26

 In a typical experiment, 2.5 ml ammonia aqueous and 1.5 ml Milli-Q water were 

added into 50 ml anhydrous ethanol. The mixture was placed in a water bath and 

maintained at 40 °C for 20 min. After that, 1.5 ml TEOS was quickly charged into the 

mixture and reacted for another 12 h. The obtained white-colour precipitates were 

centrifuged and washed with ethanol and water for three times to remove any reaction 

residual. The washed silica nanoparticles were dispersed in anhydrous ethanol for 

storage. 

 

4.2.3 Synthesis of redox sensitive linker modified silica nanoparticles 

The above synthesized silica nanoparticles were first modified by introducing surface 

amino groups. 100 mg purified silica nanoparticles were dispersed in 40 ml anhydrous 

toluene. Under the protection of nitrogen, 0.15 ml APTES was added into the mixture 

quickly and then refluxed at 110 °C for 16 h. After cooling down to room temperature, the 

precipitates were washed 3 times by ethanol to obtain the amino group functionalized 

silica nanoparticles (SNs-NH2).  

The redox responsive linkers were conjugated to the surface of silica nanoparticles 

through the formation of amide bonds.
27

 In details, 11 mg dithiodibutyric acid (DTDB) 

was dissolved in 10 ml PBS solution (5× concentrate) followed by adding 18 mg NHS 

and 18 mg EDC to active its carboxyl groups for 30 min. The mixture of 20 mg SNs-NH2 
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and 5 ml PBS solution was dropwise added into the carboxyl-activated DTDB solution, 

and continued to stir for 24 h. The obtained disulphide linker modified silica 

nanoparticles (SNs-S-S-COOH) were washed by ethanol and water, and finally 

redispersed in anhydrous ethanol for future use. 

 

4.2.4 Drug conjugation and ex vivo drug release evaluation 

The conjugation of DOX to the redox responsive linker modified silica nanoparticles 

were carried out through EDC coupling.
28, 29

 12 mg purified SNs-S-S-COOH particles 

were dissolved in 10 ml PBS solution. 22 mg EDC and 22 mg NHS were added to the 

solution to activate the surface carboxyl groups on silica nanoparticles. After 30 min, 5 ml 

PBS solution containing 1.5 mg DOX hydrochloride was slowly charged, and the mixture 

was allowed to stir for another 24 h at room temperature in darkness. The final product 

was washed 3 times with ethanol to remove unreacted DOX to get the red colored DOX 

conjugated silica nanoparticles (SNs-S-S-DOX).  

The amount of unreacted DOX in the mixture was examined by a UV-visible 

spectrophotometer at the wavelength of 480 nm and compared with a standard calibration 

curve of DOX in PBS solution (Figure S1). The drug loading efficiency on silica 

nanoparticles could be calculated using the equation:     

Drug loading efficiency (%) 

= 
DOX weight in feed-unreacted DOX weight in the solution 

weight of DOX conjugated silica nanoparticles
×100%               (1) 
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To evaluate the ex vitro drug release behaviours upon responsiveness to redox system, 5 

mM and 10 mM GSH and DTT in PBS buffer solution were prepared. 5 mg of 

SNs-S-S-DOX conjugates were dispersed in 10 ml PBS buffer solutions with different 

concentrations of GSH and DTT, and the mixtures were stirred in darkness. In order to 

examine the release kinetics of DOX, 1 ml of aliquot was taken from the aqueous phase at 

the time intervals of 2 h, 4 h, 6 h and 8 h, and then replaced with 1 ml GSH/DTT PBS 

solution to keep volume constant. The absorbance of the aliquot samples was monitored 

by a UV-visible spectrophotometer at the wavelength of 480 nm, and the released DOX 

was able to be quantified via the calibration curve of DOX in PBS. All experiments were 

repeated for three times, and the values of mean ± SD were reported. 

 

4.2.5 Cytotoxicity 

The cytotoxicity of the redox responsive linker modified silica nanoparticles and the 

DOX conjugated silica nanoparticles were performed by MTT assays. The cell lines used 

to examine cytotoxicity included human cervical cancer HeLa cells and human 

embryonic kidney HEK 293 cells. The cells were seeded into a 96-well plate at a density 

of 5.0×10
4
 cells/well and incubated with 150 µl DMEM growth medium containing 1 % 

PS and 10 % FBS at 37 °C. The samples of surface modified silica nanoparticles, DOX 

conjugated silica nanoparticles and free DOX were prepared at different concentrations, 

where the equivalent DOX concentrations were from 0 to 1.25 µg/ml. After incubating 

cells in the 96-well plate for 24 h, the growth medium was replaced with the fresh one 
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containing 11 µl above samples, and the samples of each concentration were repeated for 

4 times. Following 24 h further incubation, 10 μl MTT was added to each well. After 

another 4 h culturing, the growth medium was replaced by 150 μl DMSO in order to 

dissolve the formed formazan crystals. The absorbance was then measured by a 

microplate reader at the wavelength of 595 nm, and the cell viability was presented as the 

percentage based on active viable cells.    

 

4.2.6 Fluorescent Dead/Live cell assays 

HeLa cells or HEK 293 cells were seeded into a 24-well plate with the density of 2.5×10
5
 

cells per well at 24 h before the experiment. 10 µg drug conjugated silica nanoparticles 

was added into each well after replacing the growth medium by 150 µl fresh one. With 

further incubation of 2 h, 6 h and 10 h, the fluorescence microscope was used to monitor 

cell viability. The cell samples were washed by PBS solution for three times, followed by 

being stained with 400 µl fluorescence staining reagent, which contained 2 µM 

calcein-AM and 4 µM ethidium homodimer-1, for 30 min. After washing, the cells were 

observed using a fluorescence microscope, where the calcein in live cells produced green 

fluorescence at 488 nm and the ethidium homodimer-1 in dead cells produced red 

fluorescence at 530 nm. 
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4.2.7 Equipment 

Dynamic light scattering (DLS) and zeta potential were measured by a Malvern Zetasizer 

Nano ZS (ZEN 3600). Fourier transform infrared (FTIR) spectra were taken by a Thermo 

Scientific Nicolet 6700 FTIR spectrometer at room temperature. UV-vis absorption 

spectra were obtained by a Shimadzu UV-Visible spectrophotometer (UV-1601), and the 

standard calibration curve of DOX in PBS solution was established at 480 nm (Figure S1). 

Evaluation of cell viability by MTT assays was measured using an ELx808 Absorbance 

Microplate Reader from BioTek. Florescent emission and excitation images were 

recorded on a ZEISS Axion Vert.A1 inverted fluorescence microscope. The live cells 

were viewed using green fluorescent port filter with excitation wavelength of 470 ± 20 

nm and emission wavelength of 525 ± 25 nm, while the dead cells were viewed using 

DsRed filter with excitation wavelength of 545 ± 13 nm and emission wavelength of 

605 ± 35 nm. 

 

4.3 Results and Discussion  

4.3.1 Preparation and characterization of SNs-S-S-DOX conjugates 

The SNs-S-S-DOX conjugates were prepared through the procedure detailed in Figure 1, 

which involved silica surface amino modification, redox-responsive linker 

functionalization and DOX conjugation. Silica nanoparticles (SNs), the biocompatible 

drug delivery carriers, were synthesised by a modified Stöber method. The abundant 
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silanol groups, Si–OH, on nanoparticle surface render the SNs well disperse in aqueous 

system. SNs were further modified to introduce surface amino functional groups in order 

to conjugate redox sensitive linkers. The purified silica nanoparticles were reacted with 

3-aminopropyltriethoxysilane (APTES) to obtain the amino group modified silica 

nanoparticles (SNs-NH2). The modification is through the reaction between the amino 

groups of APTES and the Si–OH groups under anhydrous or polar alcoholic condition.
30

 

The redox sensitive linker, DTDB, contains one redox responsive disulphide group and 

two carboxylic acid groups. It was introduced to the surface of amino-modified silica 

nanoparticles by EDC coupling in a 5× PBS (pH = 7.4) solution. DTDB shows good 

solubility and stability in the PBS solution, and the treatment of EDC and NHS allows its 

activated carboxyl groups react with the amino groups on silica nanoparticle surface 

through the formation of amide bonds. Due to the presence of two carboxyl groups of 

DTDB, largely excess amount of DTDB (molar ratio of DTDB to amino groups on silica 

nanoparticles = 10:1) was used to ensure only one carboxyl group on the DTDB be 

reacted with amino groups to prevent multiple particles aggregation,
27

 while the other 

unreacted carboxyl group of DTDB is ready to be used as the functional groups for 

further DOX conjugation. In the final step, the NHS activated carboxyl groups on DTDB 

modified silica nanoparticles react with the amino groups of DOX to achieve covalently 

drug loading. Under the presence of reductant, the disulphide bonds might be cleaved to 

release the preloaded drugs.  

The hydrodynamic sizes of various silica nanoparticles were measured by dynamic light 
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scattering (DLS) as shown in Table 1. The hydrodynamic diameter of silica nanoparticles 

(SNs) before surface modification is 163 nm, while the diameter after amino group and 

redox sensitive linker modification are 276 nm and 283 nm. The significant size increase 

after surface modifications is associated with different hydration of these functional 

groups, i.e. carboxyl groups and amino groups have stronger hydration effect than 

hydroxyl groups. 

Fourier transform infrared spectroscopy (FTIR) spectra were recorded to obtain 

information on silica nanoparticle surface modification. As shown in Figure 2, the peak at 

1490 cm
-1

 in the spectrum of SNs-NH2 is attributed to the bending of the primary amine 

groups modified on silica nanoparticles surfaces. After coupling the redox sensitive linker, 

the formation of new peptide bonds between the amino groups on silica nanoparticle 

surfaces and the carboxyl groups on the DTDB linker gives rise to the new peak at 1530 

cm
-1

, while the absorption peak of amide groups become weaken. The vibration peak of 

the disulphide bonds overlaps with the strong silanol peak at 900 cm
-1

. The above 

characterization results indicate that the redox sensitive linker modified silica 

nanoparticles have been synthesised successfully. 

Zeta potentials of these surface modified silica nanoparticles were measured to further 

confirm these functional groups have been introduced to the surface of SNs. As shown in 

Table 1, the zeta potential of SNs in water before chemical modification is -49.0 mV, 

which is due to the ionization of Si-OH groups. After amino group modification, the zeta 

potentials change to +26.1 mV due to the protonation of amino groups. After introducing 
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the redox responsive linkers, the presence of surface carboxyl groups leads zeta potential 

change to -16.8 mV. These zeta potential values indicate the stability of these SNs in 

aqueous system. 

The carboxyl groups on the surface of redox sensitive linkers modified silica 

nanoparticles provide reactive sites for further drug conjugation. DOX was conjugated to 

silica nanoparticles by EDC chemistry. In order to improve conversion, the redox 

sensitive linker modified silica nanoparticles (SNs-S-S-COOH) were treated with NHS 

for carboxyl group activation. The formed semi-stable NHS amides make it more reactive 

with the amino groups of DOX. After DOX conjugation, the colour of silica nanoparticles 

changes from white to red. Form Table 1, the zeta potential of the SN-S-S-DOX 

conjugates becomes + 20.3 mV due to the presence of positively charged DOX molecules. 

The particle size of 178 nm clearly indicates no aggregation is formed after conjugation. 

These results demonstrate that DOX has been covalently conjugated to the surface of 

silica nanoparticles through a redox-responsive smart linker.  

 

4.3.2 Ex vivo redox-responsive triggered cleavage of the SNs-S-S-DOX conjugates 

by DTT and GSH 

In order to examine the redox-responsive drug release of the SNs-S-S-DOX conjugates, 

dithiothreitol solution (DTT) and glutathione (GSH) are chosen as typical reducing 

stimuli to trigger the release of DOX. Both DTT and GSH are biological reducing agents 

widely used to reduce disulphide bonds in biological applications. In the presence of DTT 
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or GSH, the disulphide linkage of the DOX conjugated silica nanoparticles can be 

reduced. After cleavage of the disulphide bonds, the preloaded DOX drugs will be 

released to the medium gradually. The ex vivo drug release behaviour was evaluated 

based on the absorbance changing of DOX in the PBS solution containing different 

concentrations of DTT/GSH, being measured by a UV-visible spectrophotometer at 480 

nm. 

From Figure 3, it is clear that in the control group without DTT and GSH, the DOX 

conjugated silica nanoparticles show good stability in PBS where less than 10 % of drugs 

release. In contrast, adding 10 mM DTT or GSH, the conjugated DOX can be released 

effectively from silica nanoparticle surfaces during the first 8 h, and the highest 

accumulated drug release are 51 % and 47 %. In addition, comparing the release profiles 

of 5mM and 10mM DTT or GSH, the amount of drugs released is proportional to the 

concentrations of these reducing agents in solution. High concentration of reducing agent 

accelerates drug release. The above observation suggests that DTT and GSH can 

effectively reduce the disulphide bonds to release the preloaded drugs being conjugated 

on the surfaces of silica nanoparticles. On the other hand, the results also indicate the 

sustained drug release profiles of the DOX conjugated silica nanoparticles, where DOX is 

released gradually and continually within 8 h. Since the concentration of GSH in cancer 

cell cytoplasm is 100 to 1000 higher than that in blood plasm. The disulphide linked 

drug-carriers conjugates will be stable during blood circulation and cleaved inside cancer 

cells to achieve the smart intracellular microenvironment triggered drug release. Since 
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the drug release is triggered by the cleavage of disulphide linkages, it prolongs the 

duration of drug release than the drugs being physically adsorbed. With the help of 

sustained release, the drug concentration in cancer cells can maintain at an effective level 

over a long time so as to improve the efficiency in cancer therapy. 

 

4.3.3 In vitro evaluation of cytotoxicity and cell uptake against HeLa cells and HEK 

293 cells 

In order to evaluate the effectiveness of this drug delivery system in vitro, the 

cytotoxicities of SNs-S-S-DOX conjugates against cancer cells (HeLa cells) and normal 

cells (HEK 293 cells) were investigated. The cell viabilities after the treatment with 

SNs-S-S-COOH, DOX conjugated silica nanoparticles (SNs-S-S-DOX) and free DOX 

were determined through MTT assays, where the pale yellow MTT can only be 

converted to the blue formazan crystals by the mitochondrial enzymes in viable cells. 

Form Figure 4, SNs-S-S-COOH does not show cytotoxicity to both HeLa cells and HEK 

293 cells with the viability more than 90 %, which indicates the inorganic drug carriers 

are biocompatible and safe for drug delivery applications. From Figure 5, the presence of 

DOX conjugated silica nanoparticles leads to significant cell growth inhibition for both 

cells, but the cell inhibition of HEK 293 cells is less than that of HeLa cells due to their 

different GSH concentrations. When incubating both cells with 100 μg/ml SNs-S-S-DOX 

conjugates (equivalent to 1.25 μg/ml of doxorubicin), the viability of HeLa cells 

decreases to 65 %, but the viability of HEK 293 cells drops to 75 %. Since the GSH 
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concentration in the cytoplasm of tumours is 2-10 higher than that in normal cells, the cell 

viability difference demonstrates that our drug delivery systems are associated with 

different GSH levels of various cells. The released DOX is dependent on the 

concentration of intracellular GSH. When treated cells with SNs-S-S-DOX conjugates, 

the GSH in cells microenvironment cleaves the disulphide bond and release the 

conjugated DOX to inhibit cell growth, whereas the low concentration of GSH in the 

blood makes the disulphide linker difficult to break and thus safe during the course of 

delivery. Moreover, compared with the cell viability after being incubated with free DOX, 

the drug loaded silica nanoparticles presents less cytotoxicity to both cells. For HEK 293 

cells, the cell viability of DOX conjugated silica nanoparticles is 75 %, while the cell 

viability of free DOX is 57 %. It is suggest that by using SNs-S-S-DOX conjugates as a 

drug delivery system, the cytotoxicity of anticancer drugs to normal cells can be reduced 

and make it more feasible in the applications of cancer treatments.  

On the other hand, in order to further evaluate the redox sensitive drug release of the 

SNs-S-S-DOX conjugates, the live/dead cell assays were used to analyse cell uptake 

behaviours. Both HeLa cells and HEK 293 cells were incubated with 100 μg/ml 

SNs-S-S-DOX conjugates in DMEM growth medium, and the florescence images were 

taken at the incubation time points of 2 h, 6 h and 10 h respectively. The cells were further 

stained by calcein-AM and ethidium homodimer-1 dyes, where the green florescence 

intensity indicates live cells and the red florescence intensity indicates dead cells. From 

Figure 6, we can find that after the incubation of 2 h, few red florescence can be observed 
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in both HeLa cells and HEK 293 cells. It means the most of cells are still alive. With long 

time incubation, the red fluorescence of HeLa cells and HEK 293 cells display 

considerable increase, which indicates the toxicity of cleaved DOX from silica 

nanoparticles surface. After 10 h incubation, approximate 25 % of red florescence can be 

observed in HeLa cells, higher than that for HEK 293 cells of 10 %. This result indicates 

the released DOX is associated with the concentration of intracellular GSH. Since the 

cytoplasm of cancer cells contain higher level of GSH than normal cells, more DOX can 

be released in cancer cells, which resulting the lower cell viability. The live/dead cell 

assays agree with the MTT results. The increase of red florescence intensity of HeLa cells 

is gradually between each time period. It implies DOX experiences the sustainable drug 

release within 10 h, which is in agreement with the result of ex vivo drug release study in 

PBS solution. Therefore, the results further prove the possibility of controlled and 

sustained drug release using the smart SNs-S-S-DOX systems. 

  

4.4 Conclusions  

In this study, the redox responsive DOX conjugated silica nanoparticles have been 

synthesised using disulphide bonds as the smart linker. After the surface functionalization 

of silica nanoparticles with DTDB, DOX were conjugated to the low cytotoxic carriers 

(SNs-S-S-COOH) by EDC coupling. The ex vivo drug release study shows that the 

disulphide bonds are stable in the absence of DTT or GSH, while with the existence of 

DTT or GSH, the disulphide bonds can be reduced to release preloaded drug sustainably. 
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From the in vitro MTT and live/dead cell assays, our drug delivery system can release 

DOX in different cells and more DOX can be released in cancer cells due to their higher 

intracellular GSH concentrations. Therefore, our results suggest this smart delivery 

system provides the possibility for future applications of sustainable drug release without 

leakage during the delivery course.  
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Table 1: Characterization of various silica nanoparticles with and without surface 

modification. 

Samples 

Particle size
 

(nm) 

PDI
 

Zeta potential 

(STD) 

(mV) 

SNs 163 0.026 -49.0 (0.52) 

SNs-NH2 276 0.091 +26.1 (0.72) 

SNs-S-S-COOH 283 0.183 -16.8 (0.47) 

SNs-S-S-DOX 178 0.096 +20.3 (0.56) 
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Figure 1: Synthesis scheme of DOX conjugated silica nanoparticles with a redox sensitive linker. 
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Figure 2: FTIR spectra of (a) silica nanoparticles (SNs), (b) amine functionalized SNs 

(SNs-NH2), (c) redox sensitive linker modified silica nanoparticles (SNs-S-S-COOH). 
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Figure 3: Time dependent DOX release behaviors of SNs-S-S-DOX in the PBS solutions (pH 7.4) with different concentrations of (A) DTT 

and (B) GSH. 
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Figure 4: Cytotoxicity of SNs-S-S-COOH carrier against HeLa cells and HEK 293 

cells.   
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Figure 5: Cell viability of (A) HeLa cells and (B) HEK 293 cells after being incubated with SNs-S-S-DOX conjugates and free DOX. 
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Figure 6: Fluorescence images of HEK 293 cells and HeLa cells after 2 h, 6 h and 10 h incubated with SNs-S-S-DOX.
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Figure S1: Calibration curve of DOX in phosphate buffer solution. 
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Chapter 5 Conclusions and Recommendation 

5.1 Conclusions 

This work focuses on the syntheses and evaluation of the pH responsive drug delivery 

systems with hydrazone bonds and the intracellular microenvironment redox responsive 

drug delivery systems with disulfide bonds. Silica nanoparticles are chosen as the model 

carriers, and a variety of surface modification has been carried out so as to covalently 

conjugate a model anticancer drug of doxorubicin. 

Modified stöber approach was used to synthesize uniform silica nanoparticles within the 

size of 160 - 180 nm. For the pH sensitive drug delivery systems, the linkers of tert-butyl 

carbazate were introduced to the surface of silica nanoparticles by EDC coupling, and 

then reacted with the ketonic group of DOX to form the pH-responsive hydrazone bonds. 

The functionalized carriers before drug loading are not cytotoxic. After drug loading, the 

pH responsive drug conjugate systems show good stability under the physiological pH of 

7.4 and sustainable drug release under the low pH conditions associated with the 

hydrolysis of hydrazone bonds. Apart from inhibiting cancer cell grown, such drug 

delivery systems can also minimize the side effects of anticancer drugs to normal tissues.  

On the other hand, for the intracellular microenvironment redox responsive drug delivery 

systems, the DTDB that containing disulfide bonds was chosen as the smart linker to 

establish redox responsive drug-carrier conjugation systems. Both the carboxyl groups of 
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DTDB were reacted with the amino group on silica nanoparticles and the amino groups of 

DOX by step EDC coupling reactions to form amide bonds. In the drug release study, the 

loaded DOX can be effectively released in the presence of intracellular reduction reagents, 

such as GSH. The higher concentration of reduction reagents, the more rapid drug release 

can be observed. Such intracellular micro-environment responsive drug delivery systems 

with redox sensitive linkers can used to effectively prevent the premature leakage during 

circulation, and controlled release drugs to different cells.                  

When comparing the drug release and cell uptake behaviors of these two delivery systems, 

both of them show the outstanding ability in controlled drug release. In the neutral 

environment or the absence of reduction agent, both drug delivery systems are stable 

without premature drug leakage, which means they can be stable in blood circulation. 

Based on their different release profiles, the pH sensitive system seems to have better 

performance in sustainable release. For the redox sensitive system, almost all of the 

loaded drugs are released within 8 h, but for the pH sensitive system, the drugs can 

experience longer time up to 16 h, which will be able to prolong the time of effective 

concentrations. Moreover, due to the existence of certain amount of GSH in normal cells, 

although its concentration is 2-10 times lower than that in tumors, which makes the redox 

responsive drug delivery system have less targeting ability as good as the pH sensitive 

system.  
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5.2 Future recommendation 

Based on current research results, for the future development, in first place, active 

targeting ligands can be introduced to the carriers of redox responsive drug delivery 

systems to improve its targeting ability, and reduce the drug cytotoxicity to normal cells. 

In addition, different smart linkers, such as enzyme-responsive systems, can be applied to 

the silica nanoparticles to compare with our current results, and different drug molecules 

rather than DOX, can be loaded to study their delivery and release performances. 

Moreover, traceable drug delivery systems can also be launched to obtain more details on 

the drug/carrier separation after cell endocytosis. Finally, the cytotoxicity of synthesized 

drug conjugated silica nanoparticles can be further assessed by in vivo tumor inhibition 

experiment. The mouse model animal test can be conducted to evaluate the in vivo 

bio-distribution of drug molecules as well as the tumor inhibition efficiency by imaging 

the volume change of excised organs.  
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