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Abstract: Single-fiber-based sensing and imaging probes enable the co-located and simultaneous
observation and measurement (i.e., ‘sense’ and ‘see’) of intricate biological processes within
deep anatomical structures. This innovation opens new opportunities for investigating complex
physiological phenomena and potentially allows more accurate diagnosis and monitoring of
disease. This prospective review starts with presenting recent studies of single-fiber-based probes
for concurrent and co-located fluorescence-based sensing and imaging. Notwithstanding the
successful initial demonstration of integrated sensing and imaging within single-fiber-based
miniaturized devices, the realization of these devices with enhanced sensing sensitivity and
imaging resolution poses notable challenges. These challenges, in turn, present opportunities
for future research, including the design and fabrication of complex lens systems and fiber
architectures, the integration of novel materials and other sensing and imaging techniques.
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1. Introduction

Fiber sensing and imaging are both areas of active research and development. Fiber sensing
has been widely used in areas such as structural health and environmental monitoring [1], and
biomedical applications [2]. Optical imaging has played a crucial role in the life sciences, from
providing insight into the cellular basis of tissue [3] through to visualizing cellular function, such
as in neuronal networks [4]. The integration of these complementary modalities—sensing and
imaging—within a single fiber allows for measurement of a range of physical and biological
parameters while providing anatomical/morphological information [5,6]. It addresses an unmet
demand for in vivo study of complex biological processes, which can be heterogenous in space
and time and thus require simultaneous, co-located sensing and imaging measurements.

In particular, fluorescence-intensity-based sensing is well-suited for integration with fiber
imaging where the fiber guiding light for imaging can also be utilized for fluorescence excitation
and emission signal detection [7]. The first approaches to combine fluorescence-based sensing
with imaging in a single fiber relied on incorporation of fluorescent sensing molecules on the end
of the imaging fiber via silanization [8]. A series of such combined fluorescence-based sensing
and imaging fiber probes were subsequently developed for the measurements of pH, pO, and
I-glutamate [9-11]. However, these combined probes were built using multi-core imaging fiber
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and were limited to only acquiring superficial images of the sample. By contrast, incorporation
of an alternative imaging modality, such as optical coherence tomography (OCT), can provide
depth-resolved, tomographic imaging capabilities.

OCT is a widely used high-resolution biomedical imaging modality that detects back-scattered
light with high sensitivity (70-120 dB) to reconstruct depth-resolved images of tissue [12]. It
is apt to be combined with fiber sensing [7] but also poses the fundamental challenge that the
sensing molecules and associated coating [13,14] at the end of the imaging fiber are required to
have high transparency to the OCT light to avoid image distortions. For physical sensing, a dense
coating with no porosity and hence high transparency can be used as the fluorescent sensing
coating as it only needs to respond to the environment via a physical effect such as a change
in temperature or magnetic field. Hence, the first example of a single-fiber-based combined
fluorescence sensing and OCT imaging probe was based on a transparent glass coating with
temperature sensitive fluorescence. Inspired by single-fiber-based fluorescence and OCT imaging
[15], a single double-clad fiber (with an outer cladding diameter of 125 um and the entire fiber
outer diameter of 250 pm, i.e., the same as standard single mode fiber) was used to combine
fluorescence excitation and collection with OCT imaging in the same fiber [7,13].

In contrast to physical sensing, where the analyte in the outer sensing environment can be
measured through longer range physical field effects, chemical sensing, as required for most
biomedical applications [6,16], relies on the analyte to diffuse from the outer environment to
the sensing molecules. For fluorescence based chemical sensing which uses coatings at the
end of solid fibers or along the length of the core surfaces of air/glass microstructured fibers,
this requirement is fulfilled by the sensing molecules being attached to the outer surface of, or
embedded in, the coating. This enables the chemical reaction between the sensing molecules
and the analyte species, which results in fluorescence being generated. However, coatings
were found to considerably reduce light transmission in microstructured fibers for which the
side of the core was coated with a thin nano-scale layer of polyelectrolyte [17], silane [18] or
polymethylmethacrylate (PMMA) [19]. This observation indicates that polymer-based coatings
may induce significant light scattering in/on the coating and thus be detrimental to OCT imaging
which is dependent on detection of the back-scattered signal from tissue.

One approach to circumvent this challenge is the pre-mixing of the analyte with the fluorescent
sensing molecules (also referred to as fluorophore) instead of coating the fiber with sensing
molecules. For example, Chen ef al. presented an all-fiber needle probe with 710 pm outside
diameter to achieve OCT imaging and pH measurement [20] via detection of fluorescence
generated by a pH-sensitive fluorophore injected into the biological tissue. However, this method
of pre-mixing the fluorophore with the analyte can be challenging or impractical for in vivo
applications for two reasons. One is that a specific fluorophore needs to be developed that is able
to be well distributed in the target tissue in vivo while also being biocompatible and not harmful
to the tissue. The other reason is that the pre-mixing of a fluorophore may change the biological
response, invalidating the measurements. These challenges have motivated the development of a
fluorescent sensing coating that is sensitive to the target analyte, has a high transparency (i.e. low
scattering) and can be readily applied to the end of an optical fiber that can be used for both the
fluorescence excitation and collection and the OCT signal, similar to the approach used for the
physical sensing with a glass coating [7].

The approaches used to date to integrate the two distinct modalities of sensing and imaging into
a single-fiber-based probe have demonstrated the need for optimization of apparently opposing
fiber, micro-optics, and coating property requirements for achieving high performance (Fig. 1).

* Fluorescence-based sensing benefits from multi-mode and large acceptance angle fibers,
and fluorescence-based chemical sensing usually takes advantages of porous coatings;
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* OCT imaging benefits from single-mode and small acceptance angle fibers, and high-
transparency coatings with smooth surfaces.

(1) Fiber (2) Micro-optics (3) Coating

Multi-mode Porous coating
Large acceptance angle
| . > D
maging > )/———
Single-mode Small acceptance angle Dense coating with

smooth surface

Fig. 1. Schematics of the opposing property requirements for high performance sensing
and imaging; Fiber: ray-optics model - multi-mode fiber enhances fluorescence signal
collection for sensing whereas single-mode fiber enables high resolution for OCT imaging;
Micro-optics: large acceptance angle enhances fluorescence signal collection for sensing
whereas small acceptance angle provides large depth-of-focus for OCT imaging; Surface
coating: porous coating enhances diffusion of analyte to sensing molecules within the
coating whereas a high-transparency coating with smooth surface prevents image distortions.

In this prospective review paper, we first provide an overview of recent studies to address these
apparently opposing requirements in the emerging field of developing combined fluorescence-
based sensing and OCT imaging approaches (Section 2). We then present future directions
for combining single-mode and multi-mode, achieving small and large acceptance angles,
improving sensing coatings, applying 2D materials, and integrating other sensing/imaging
techniques (Section 3). Finally, we discuss potential biomedical applications (Section 4).

2. Recent developments of single-fiber-based probes for combined sensing
and imaging

2.1.  Physical sensing combined with imaging

One of the first examples of combining sensing and imaging modalities in a single fiber probe by
using a fluorescent coating was demonstrated with a miniaturized temperature sensing + OCT
imaging fiber probe (Fig. 2) for applications in deep tissue [7]. As illustrated in Fig. 2(A), the
imaging function was generated via OCT using the core of a silica double-clad fiber, while the
sensing function was achieved by sending fluorescence excitation light through the core of the fiber
to the coating and collecting the majority of the fluorescence signal from the coating in the inner
cladding of the fiber. The fluorescence-based temperature sensing was generated by ratiometric
fluorescence measurement of a rare-earth ion doped tellurite glass i.e., a ‘ball-lens’ shaped
coating at the distal end of the fiber. Specifically, the tellurite glass was co-doped with erbium
ions, whose temperature-sensitive green fluorescence ratio enabled the temperature sensing
function, and ytterbium ions, which enhanced the erbium green fluorescence and minimized
autofluorescence through upconversion energy transfer [21]. The tellurite glass can accommodate
high rare-earth doping concentration and has low phonon energy, which allows for efficient green
fluorescence upconversion generation. Because the temperature at which tellurite glass becomes
a liquid melt (~700-800 °C) is lower than the temperature at which silica starts to deform (~1200
°C), the tellurite glass could be coated onto the end of the silica fiber by dipping the silica fiber
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into the tellurite glass melt. This process created a half-sphere-shaped coating of tellurite glass
(Fig. 2), which acted as a ball lens to focus the OCT imaging beam. In addition, because the
tellurite glass has a higher refractive index of ~2.0 compared to silica with index of ~1.46, the
tellurite glass coating generated a reflection at the fiber and tellurite interface, which was used as
the reference reflection for a common-path OCT configuration [22]. The combined capability of
temperature sensing and OCT imaging was proposed to characterize the effects of drug-induced
hyperthermia.

A B No-core fiber spliced to end Rare-earth doped tellurite glass
of double-clad fiber to is coated onto distal end of the fiber by
expand the light beams dip-coating.
OCT and \ /
fluorescence ————— -
excitation : ﬁ "BEEEaEs
| bl | _
Fluorescence ) ) Lf,,ﬂ\ec‘
Az Double-clad fiber No core fiber ~ Rare-earth doped

tellurite glass ™

Microscopic photo
of the device tip

Fig. 2. (A) Cross-sectional view of solid double-clad fiber indicating where OCT and
fluorescence excitation (core: the orange dot) and fluorescence collection (inner cladding:
the light green region) happened. (B) Schematic and microscopic photo of the temperature
sensing + OCT imaging fiber probe.

This approach of using tellurite glass with fluorescence-based sensing function has potential
to be extended to other sensing applications. For example, tellurite glass can be doped with
nanodiamonds containing nitrogen vacancy color centers that are sensitive to magnetic field [23].
Coating of such a nanodiamond-doped tellurite glass onto the end of an OCT fiber may allow
magnetic field sensing to be combined with OCT imaging.

2.2. Chemical sensing combined with imaging

In contrast to physical sensing, where a high-transparency, non-porous coating can be used,
chemical sensing requires the coating to have sufficient permeability for the analyte to diffuse to
the sensing molecules incorporated in the surface of or throughout the coating. For biomedical
applications and integration with OCT, the coating is also required to be biocompatible and
highly transparent. Early work used polyacrylamide coatings, which were demonstrated to be a
viable coating for chemical sensing in biomedical settings [24,25] as this type of polymer could
be readily functionalized with fluorophores and applied on fiber ends as a coating. However,
the polyacrylamide coatings were found to induce high levels of noise in the OCT image
(Supplement 1 Fig. SI).

Building upon initial work with silk fibroin functionalized with a fluorophore and applied
as a coating onto a microstructured fiber [14], the group developed a silk-based coating
method for pH sensing and imaging [13] (Fig. 3). To bind the pH sensitive fluorophore
5(6)carboxyseminaphthorhodafluor-2 (SNARF) to the silk fibroin matrix, the fluorophore was
first covalently attached to a silk binding protein (SBP), which was then bonded to the silk
fibroin protein by adding the SBP-SNARF conjugate to an aqueous solution of silk fibroin. By
dipping the end of the optical fiber in this mixture, a fiber tip coating with embedded pH sensitive
fluorophore was obtained. This silk + SBP-based coating demonstrates a unique combination
of properties: it has sufficient transparency for the transmission of an OCT imaging beam with
negligible beam distortion (Fig. 3(A)); it is stable to repeated washes of the optical fiber; and
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allows sufficient diffusion of the hydrogen ions as analyte for pH sensing. The performance of
this fiber probe was demonstrated in an in vitro fertilization (IVF) setting to perform concurrent
pH sensing and OCT imaging of oocytes (Fig. 3(B)-(D)). The results have potential to improve
patient outcomes during IVF, by limiting the number of invasive follicle punctures required to
collect sufficient oocytes.
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Fig. 3. (A) Profiles of the OCT beam (with a central wavelength of 1310 nm) before and after
silk coating, indicating transmission of light without distortion through the coating. (B-D)
Sensing +imaging fiber probe used in IVF setting for pH measurement (B) Microscopic
image of oocyte (C) OCT image of the oocyte by the sensing + imaging fiber probe. (D)
Reprint from Reference 12 with permission.

It is important to note that pH sensing detects the concentration of H* ions, which are the
smallest ions and hence can easily diffuse through a coating. For the larger ions AI** and Ca**
with different ionic radius, investigation of the performance of a fluorophore sensitive to both
metal ions revealed that, when the fluorophore was embedded in a polymer coating, the larger
Ca”* ions showed lower fluorescence signal compared to the smaller AI** ions, demonstrating
that the ability of the metal ions to diffuse through the coating to reach the fluorophore molecules
is critical for sensing [26]. This hindrance of the diffusion of large size analyte species through a
coating with embedded fluorophore hampers the sensing of large molecules such as proteins. To
overcome this challenge, a new silk-based 2-step fiber coating method was developed, and its
sensing performance was demonstrated using the biotin-streptavidin sensing model [27]. First,
the fiber tip was coated with silk fibroin only, then the outer surface of the coating was decorated
with SBP covalently bonded to biotin. For proof-of-concept, fluorophore tagged streptavidin
protein was used as the analyte solution. This coating method with the SBP-biotin sensing
component located at the outer coating surface showed significant fluorescence signal (even
after washing the fiber tip), whereas the coating method with the SBP-biotin sensing component
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embedded in the silk fibroin coating did not show a fluorescence signal above the background
noise. This result emphasizes that the precise location of the sensing molecules with respect
to the fiber coating is a critical design consideration for optical fiber probes for sensing large
molecules. The examples of silk-based coatings utilizing SBP-SNARF or SBP-biotin as the
sensing component demonstrate the versatility of the silk-based coating platform to be tailored to
a specific analyte by attaching the specific sensing molecule (e.g. fluorophore) to SBP, which
is then bonded to the silk fibroin either inside the coating for sensing small species as for pH
sensing, or on the outer surface of the coating for sensing large molecules such as proteins.

3. Future directions

Despite these promising preliminary demonstrations of combined sensing and imaging in single-
fiber-based miniaturized probes, significant challenges remain in developing new and/or improved
functionalities. Sensing and imaging have contrary requirements with some examples illustrated
in Fig. 1. Combined multimodal fiber probes typically have poor optical performance for at least
one modality [15,28], which limits their values in real-world applications. In this section, several
directions are proposed to address these challenges by leveraging recent advances in other fields.

3.1.  Optimized lens design for both sensing and imaging modalities

Various sensing and imaging modalities often require distinct optical lens designs to attain optimal
measurements. Fluorescence-based modalities typically require a large numerical aperture (NA)
to maximize capture of the fluorescence emission signal. Conversely, depth-resolved imaging
with OCT requires low NA focusing optics to maximize the distance over which back-scattered
light may by efficiently collected. However, merging these optical designs within a highly
miniaturized single fiber device has been challenging. Recently, micro 3D printing, for example,
two-photon polymerization 3D printing, can create complex shape directly on the tip of a fiber
with fast and reliable transfer from design to production. This capability enables us to optimize
lens design for multiple modalities. In particular, a novel sub-millimeter freeform lens-in-lens
design that provides distinct but connected optical surfaces optimized for each modality was
demonstrated, as shown in Fig. 4 [29]. The novel design comprises (i) an inner lens section with
low NA of 0.08 and astigmatism correction for the OCT light beam to achieve a large depth of
focus (Fig. 4(C)) and (ii) an outer lens section with high NA of 0.8 for the fluorescence light
beam to achieve high collection efficiency (Fig. 4(D)). A similar freeform lens design is proposed
for combining fluorescence-based sensing and OCT imaging to improve both the sensitivity of
the sensing beam and the depth of focus of the imaging beam.

3.2. Utilization of specialty microstructured optical fibers

Microstructured optical fibers (MOFs), with their uniquely tailorable optical properties, provide
a promising alternative for combining sensing and imaging. The suspended core MOF type
has been demonstrated to be highly effective for fluorescence-based sensing [30—32] and for
multi-core-based imaging [33—35] but there has been no demonstration of a MOF showing both
modalities in a single fiber.

Compared to the traditional fiber tip sensing technique using solid-clad multi-mode fibers
[36], the suspended core MOF type with small core and large air holes has been demonstrated
to achieve a more than 50-fold improved sensitivity due to two effects. Firstly, this MOF type
provides high acceptance angle [30] enhancing fluorescence signal collection. Secondly, it
extends the interaction between the light and analyte along the fiber length by filling the internal
holes with the analyte [37], greatly improving the fluorescence signal intensity. By utilizing
fluorescence-based indicator molecules, suspended core MOFs have been used to sense chemical
targets such as aluminum [37], zinc [38], and calcium [39] ions.
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Fig. 4. Design and characterization of a 3D-printed lens-in-lens endoscopic probe: Mi-
croscopic images of the 3D printed lens, highlighting the lens optimized for OCT (A) and
the off-axis one for large NA fluorescence collection (B). (C) Beam profiles obtained from
the 3D printed micro lens-in-lens design, demonstrating astigmatism correction for the
OCT channel; (D) Comparison of collected indocyanine green fluorescence signals by a 3D
printed lens-in-lens endoscope and GRIN-fiber-based design. Reprinted from Ref. [29] with
permission under the Creative Commons CC-BY-NC license.

The integration of the OCT modality requires overcoming the challenge that the suspended
core MOF type typically supports multiple modes of the guided light. This is incompatible with
OCT, which requires single mode guidance fibers. To take advantage of the high sensitivity of

MOFs while supporting single-mode OCT imaging, two potential MOF designs are proposed
(Fig. 5).

A Core B

(imaging and
excitation)

fluorescence
collection

Fig. 5. MOFs designed for adding (A) length integrated sensing, or (B) tip sensing to OCT
imaging functionality.

3.2.1. Single mode MOF for length integrated sensing

Leaky mode MOF technology [40] allows achieving single-mode guidance in suspended core
MOFs. This was shown for a MOF with inscribed fiber Braggs gratings for temperature sensing,
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where the thickness of the struts suspending the core (Fig. 5(A)) was optimized such that the
multi-mode fiber became effectively single-mode at the wavelength of interest [36]. Such a fiber
retains the ability of the large holes to be easily filled with an analyte for length integrated sensing.
Another configuration that could be considered is the exposed core MOF type, which can also
be used for length integrated fluorescence sensing [38], but with near instantaneous filling [41].
However, challenges remain in realizing a single mode core in the exposed core fiber.

3.2.2. Double clad MOF for tip sensing

An alternative design is the double clad MOF (Fig. 5(B)), which has been used for fiber lasers
[42-45]. This MOF type would allow for single mode OCT imaging in the central core and
fluorescence collection in the inner cladding. This double clad fiber concept is similar to that of
the sensing + imaging fiber probe described in [7], whereby the outer cladding was made of solid
silica-based glass providing a low NA of 0.2 (see Fig. 2(A)). In contrast, the proposed double
clad MOF design exhibits an outer cladding made of air holes (Fig. 5(B)), resulting in a large NA
close to 1. This large NA together with the large size of the inner cladding would enable high
efficiency in capturing fluorescence generated at the fiber tip.

3.3.  Minimizing the impact of scattering from a coating

Coatings can reduce fiber transmission or generate image distortions, as reported previously
[17-19,41,46]. This is likely to be caused by scattering either from inhomogeneities in the
coating, coating thickness fluctuations and/or coating surface roughness. Further study is needed
to better understand the causes for the scattering and ways to overcome it to improve image
quality.

One approach to mitigate the impact of scattering is the spatial confinement of the coating to
the sensing region. For example, in [7], the fluorescence excitation light was restricted to the
central core. Alternatively, the excitation light can be coupled into the fiber such that most of it is
guided in an inner cladding (in a fiber with either solid or air-hole outer cladding), which would
enable spatial separation into a sensing region (the inner cladding) and an imaging region (the
central core). In this case, protecting the core from being coated, possibly by applying a mask or
by subsequent ablation and selective removal of the coating, would keep the imaging core free of
a coating that induces deleterious scattering.

3.4. Photoswitchable coatings

The interaction between a fluorophore and its target analyte can be classified into irreversible
and reversible. High-affinity interactions such as between strands of complementary oligomers,
between antigen and antibody, or between metal ions and ligands are irreversible and, thus,
can be only used for one-off measurement [47]. In contrast, interactions with sufficiently
fast kinetics in both forward and reverse reactions allow the fluorophore to be reversible [48]
and, thus, can be re-used and/or deployed for continuous measurements. For dynamic in vivo
applications, photoswitchable fluorophores [49] are well suited for such applications as light
is used both for switching-off, while the probe is first inserted and not at the right sensing
location, and for switching-on, when the imaging probe has identified the right location for
sensing. Thus, photoswitchable fluorophores are of particular interest for sensing + imaging fiber
probes. Photoswitchable metal-ion-sensitive fluorophores have been integrated with fibers via
two methods: (i) attached to the fiber end of traditional solid fibers or the core surface along the
length of suspended core MOFs [50] or (ii) embedded in a coating on the core surface along
the length of exposed core MOFs [38]. Both methods have potential to be used for coating an
imaging fiber to achieve a re-usable sensing + imaging fiber probe.
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3.5. Utilization of 2D materials

Novel materials, such as 2D materials [51,52] that have high surface area-to-volume ratios and
adaptable optical properties, hold promise to enhance the sensitivity and imaging performance of
single-fiber-based sensing + imaging probes. For example, graphene oxide (GO) and transition
metal dichalcogenide were utilized for fluorescence-based sensing of metal ions such as Pb>*,
Ag*, and Hg?* [53-55]. GO has also been used to detect high-toxicity aflatoxin, where GO
provides a high surface area to enhance the attachment of aflatoxin antibodies [56]. With excellent
quenching properties to achieve controllable fluorescence turn-on process and/or by using the
fluorescence resonance energy transfer from quantum dots, GO was also used for (bio)molecular
sensing to detect DNA and different proteins [46,57]. Physical sensing, such as pressure sensing
[58] and temperature sensing [59], was also realized. Traditional solid fibers were coated with
2D material at their fiber tips via various techniques including transferring 2D material films
[60,61] and creating 2D-materials-polymer composites [62]. An important consideration in using
2D materials is to design the 2D material such that it causes negligible change to the beam at
the imaging wavelength range, while providing sufficient sensitivity at the sensing wavelengths.
A potential candidate is GO film, which was used as ultrathin lens for imaging via a fiber [60].
With these recent advances [46,53-55,57-60,62], it holds great hope to use 2D materials for
combined sensing and imaging.

3.6. Integration of other imaging/sensing techniques

The integration of other more advanced imaging or sensing techniques, beyond fluorescence-
intensity-based sensing and OCT imaging used in current sensing +imaging fiber probes,
could further improve the capability of simultaneous sensing and imaging deep within living
organisms. Examples of other techniques are multimode fiber imaging [63,64], fluorescence
lifetime based imaging [65], photoacoustic tomography/sensing [66—68], and Raman scattering
based sensing [69], especially stimulated or surface enhanced Raman [70], which can provide
highly specific information about biological tissues and materials. There has been a continued
interest in multimodal imaging via a single fiber, which has been discussed in various previous
review papers [71,72]. In addition to multimodal imaging, multiplexed sensing of different
species/parameters has also been an active area of research [6,73].

4. Potential biomedical applications

Single-fiber sensing and imaging probes provide quantitative, multidimensional, co-registered
structural and molecular/physical data. These probes will not only measure a wide range of
physiological parameters (sensing) to complement structural information (imaging), but also
enable precise image-guided sensing through a single optical fiber. In this section, we give
examples of possible real-world applications.

4.1. Precise image-guided sensing

Metal ions play critical roles in controlling cell survival, growth, and differentiation. In addition,
some disorders and diseases, such as pathologic pain [74] or diabetes [75], are associated
with abnormal concentrations of these ions. It is therefore essential to study the localized
concentrations of these ions. However, they are often highly heterogeneous both in space and time
and so monitoring their concentrations in local microenvironments remains challenging. Existing
sensing techniques are highly sensitive and spatially localized [38,49], hence any misplacement of
the probe can induce significant errors. Combined sensing + imaging fiber probes can address this
limitation by using the real-time imaging function of the probe to precisely guide the placement
of the co-localized sensing element. Once accurate placement is achieved, the sensing function
of the probe could be utilized, enabling accurate measurement of metal ions at the target location.
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An example relevant to understanding chronic pain is measurement of the concentration of Zn>*
in the spinal fluid at a single lumbar region across different time points. Monitoring local Zn>*
sparks over time is of value for in vivo study to understand the mechanism of pain [76], ultimately
allowing the evaluation of pain treatment options in the future.

4.2. Clinical applications

Single-fiber-based probes may help enable minimally invasive techniques to assess internal organs,
guide biopsies [77] and other interventions [7]. For example, a temperature sensing + OCT
imaging probe [7] has application in assessing the extent of tissue ablation in the treatment of
liver cancer. Radiofrequency (RF) ablation is a common intervention to eliminate unresectable
liver tumors [78]. For temperature-based therapies, such as RF ablation, cell death is closely
related to accumulated thermal dose [79], which is dependent on both temperature increase
and time of exposure. Currently, accurate RF ablation is difficult near blood vessels, as these
impact the distribution to heat, and hence affect the region of tissue that will be ablated [80].
Although the dose of RF ablation can be estimated using theoretical models, it is impractical to
comprehensively take the heat-sink effect of all blood vessels into consideration. This can result
in incomplete ablation, and potential increases in local tumor recurrence rates. The combined
temperature sensing and imaging fiber probe in [7] may detect blood vessels with OCT [81],
while simultaneously measuring the real-time temperature changes. By optimizing RF dose
according to the real-time measured temperature rises, it may be possible to more accurately
control the tissue volume being ablated and treated.

Furthermore, single-fiber-based probes may also enable sensing +imaging of pathological
features [82] or cancerous tissues [83], providing valuable information about tumor margins and
tissue composition. They also have potential uses in cardiovascular imaging to visualize blood
vessels, assess blood flow, and detect plaque buildup. Potential combined modalities are pH or
nitric oxide sensing [84] combined with OCT imaging for plaque detection; or pressure sensing
[85] with imaging for plaque detection and blood flow analysis.

Finally, yet importantly, biocompatibility of the single-fiber sensing + imaging probe needs
to be considered for clinical applications. A summary about optical fiber and waveguide
biocompatibility is provided in [86]. For the incorporation of chemical sensors in single-fiber
probes, we note that silk is biocompatible and provides a stable coating material to attach sensors
to fiber [87]. In addition, there are a range of novel coating materials available that can enhance
the biocompatibility of the probe while providing an ‘antibacterial’ function [88,89]. Given
the fragility of optical fibers, it is usually necessary to protect sensing +imaging probes in
biocompatible casings prior to using them for in vivo scenarios. For endoscopic and intravascular
applications, this will typically involve encasing the probe within a transparent, catheter sheath
[29]. For applications involving insertion into solid tissue, it is also necessary to enhance the
mechanical strength of the probe, typically using a rigid, often stainless steel, needle [7,28]. Such
packaging also reduces the risk of cross-contamination between probe and tissue.

5. Summary and conclusions

Optical imaging enables in vivo 3D imaging of biological microstructures. The addition of
fluorescence-based sensing within the same fiber would provide co-located molecular and
microstructural information, giving a holistic view of complex biological activities. Such a probe
has clinical application in situations where repeated, long-term measurements at exactly the same
in vivo location are advantageous, for example the monitoring of local Zn>*sparks in a spinal
cord, which would enable key fundamental biological questions to be answered and lead to better
understanding and management of pain.

In the past decade, physical sensing with imaging and chemical sensing with imaging have been
both demonstrated in various biomedical applications and can potentially lead to more clinical
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Table 1. Summary of single fiber imaging and sensing

Main idea Examples/Benefits

Size Being easy and safe to be inserted into the brain, blood

Why vessel, small airway, and ducts, etc.

Co-localization Enabling meaningful measurement of a biological
process which is highly heterogenous in space and/or
time

When not to Low benefit-cost ratio When measuring in a homogenous and stable
environment and/or in a large lumen where separate
fibers for sensing and imaging can be easily placed inside

How By using a multi-core imaging | Fluorescent sensing molecules can be incorporated onto
(‘existing fiber and silanization the end of the multi-core imaging fiber via silanization.
solutions’) The approach enables imaging of the surface, and the
diameter of the fiber is usually larger than 250 um
depending on the number of fiber cores

By using a double clad fiber A single double-clad fiber (with an outer cladding

and coating diameter of 125 um) can be used to combine
fluorescence excitation and collection with optical
coherence tomography (OCT) imaging in the same fiber.
This approach enables imaging of ~1 mm deep into the
biological tissue. Selection criteria of the coating include
high transparency and low scattering (Section 1 and
Section 3.3), diffusion of analyte into the coating
(Section 1), biocompatibility (see Section 4.2)

3D printed Creating complex shape, which has optimized lens design
micro-optics/lenses for sensing and imaging, directly on the tip of a fiber with
fast and reliable transfer from design to production

How '(‘fu,ture Specialty microstructured Taking advantage of the high sensitivity of MOFs while
solutions’) optical fibers (MOF) supporting single-mode OCT imaging

Coating with low attenuation Spatial confinement of the coating to the sensing region
to minimize image distortions

Photoswitchable coatings For image-guided sensing in dynamic in vivo
applications: the sensing function is only switched-on
when the imaging probe has identified the right location
for sensing

2D materials High surface area-to-volume ratios and adaptable optical
properties to enhance the sensitivity and imaging
performance of single-fiber-based sensing + imaging
probes

Combination of other Multimode fiber imaging, fluorescence lifetime-based
modalities imaging, photoacoustic tomography/sensing, and Raman
scattering based sensing

applications. As summarized in Table 1, the single-fiber-based sensing + imaging approach
offers advantages such as compactness, flexibility, and the ability to perform multiple functions
simultaneously. The utilization of MOF designs, photoswitchable fluorophores, 2D materials,
and integration of other sensing and/or imaging technologies hold promise to further advance
this technology and its real-world applications.
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