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Abstract 

Objective. Optical fiber devices constitute significant tools for the modulation and interrogation 

of neuronal circuitry in the mid and deep brain regions. The illuminated brain area during 

neuromodulation has a direct impact on the spatio-temporal properties of the brain activity and 

depends solely on the material and geometrical characteristics of the optical fibers. In the 

present work, we developed two different flexible polymer optical fibers (POFs) with 

integrated microfluidic channels (MFCs) and an ultra-high numerical aperture (UHNA) for 

enlarging the illumination angle to achieve efficient neuromodulation. Approach. Three distinct 

thermoplastic polymers: polysulfone (PSU), polycarbonate (PC), and fluorinated ethylene 

propylene (FEP) were used to fabricate two step-index UHNA POF neural devices using a 

scalable thermal drawing process. The POFs were characterized in terms of their illumination 

map as well as their fluid delivery capability in phantom and adult rat brain slices. Main results. 

A 100-fold reduced bending stiffness of the proposed fiber devices compared to their 

commercially available counterparts has been found. The integrated MFCs can controllably 

deliver dye (trypan blue) on-demand over a wide range of injection rates spanning from 10 

nL/min to 1000 nL/min. Compared with commercial silica fibers, the proposed UHNA POFs 

exhibited an increased illumination area by 17% and 21% under 470 and 650 nm wavelength, 

respectively. In addition, a fluorescent light recording experiment has been conducted to 

demonstrate the ability of our UHNA POFs to be used as optical waveguides in fiber 

photometry. Significance. Our results overcome the current technological limitations of fiber 

implants that have limited illumination area and we suggest that soft neural fiber devices can 

be developed using different custom designs for illumination, collection, and photometry 

applications. We anticipate our work to pave the way towards the development of next-

generation functional optical fibers for neuroscience.   

 

Keywords: neural device, polymer optical fibers (POFs), flexible, microfluidic channels (MCs), 

ultra-high numerical aperture (UHNA), brain slices, neuromodulation 
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1.  Introduction 

Neuromodulation is a broadly used method in neuroscience 

that relies on an external stimulus (e.g. electrical signals or 

chemical agents) delivered to a target site for modulating 

neuronal activities [1]. However, traditional neuromodulation 

methods can hardly achieve spatio-temporal access to the 

target neural population at a single neuron resolution [2]. 

Electrical stimulation, for instance, despite its high temporal 

precision, indiscriminately targets all cells in a large volume, 

resulting in a significant limitation in terms of specificity. 

Optogenetics, on the other hand, is a powerful biological 

technique that enables light-based modulation of genetically 

modified neurons with a millisecond time resolution and high 

cell-type specificity [3]. This powerful technique has been 

widely used to study the functional connectivity of neural 

circuits in the past two decades [4]. Although light-based 

techniques can directly affect the neuronal response in a non-

invasive way [5], the quick attenuation of the light propagating 

in the tissue due to the combined effect of absorption and 

scattering makes this approach impractical for deep-tissue 

optical neuromodulation [6].  

Implantable optical fibers have been considered as very 

effective tools to overcome this limitation [7–9]. Since the first 

demonstration of in vivo optogenetic neuromodulation in 

rodents based on silica fibers [7], silica has become the most 

commonly used material for fiber-based neuromodulation. 

This is due to its high stability, low loss in the wavelength 

range from visible to near-infrared, and commercial 

availability. However, the fragile and brittle nature of silica 

glass makes it easy to get fractured, resulting in shards and 

jagged edges likely to cause tissue damage [8]. In addition, the 

bending stiffness of silica fibers is several orders of magnitude 

higher than the one of organic tissue, leading to undesirable 

inflammatory responses when they are used as an optogenetic 

device for long-term chronic implants [10]. Moreover, the 

difference in the refractive index (RI) of the core and cladding 

is strongly limited by the standard production technique for 

silica step-index fibers, which relies on the use of dopants. 

Indeed,  the amount of dopant in the core needed to obtain a 

large RI core-cladding contrast would lead to a significant 

change in the material’s thermal expansion coefficient. This 

could subsequently increase residual thermal stresses and 

cause the fracture of the fibers in the drawing process [11]. As 

a result, silica optical fibers with a numerical aperture (NA) 

larger than 0.5 are not readily available [12]. 

The aforementioned mechanical mismatch between the 

optical waveguide and the tissue can be mitigated by the use 

of polymer optical fibers (POFs). POFs have attracted 

significant attention since the late 1960s [13]. Over the 

following decades, POFs have developed into a versatile 

platform, mainly for a range of sensing applications [14–16]. 

With the recent fast development of optogenetics, POFs have 

been employed as an emerging implantable platform for 

neuronal excitation and recording. SU8 [17], poly(ethylene 

glycol) (PEG) [18], poly(L-lactic acid) (PLA), and general 

poly lactic-co-glycolic acid (PLGA)-based polymers [19] 

have been used as optical waveguides for biomedical 

applications. However, the devices mentioned above are based 

on the use of a single core material without a cladding 

structure, leading to high optical losses and high sensitivity to 

external perturbations since the light that propagates in the 

fiber interacts with the surrounding medium. In order to avoid 

the influence of the external environment, step-index fibers 

using for example polycarbonate (PC) as core and cyclic 

olefin copolymer (COC) as cladding material have been 

employed for optogenetic applications [20–23]. Interestingly, 

Canales et al. proposed a multifunctional fiber with a step-

index PC/COC structure for simultaneous optical, electrical 

and chemical interrogation of neural circuits in vivo [21] while 

Frank et al. demonstrated a similar fiber device with the same 

optical waveguide structure for in vivo photopharmacology 

[22].  A biodegradable step-index optical fiber that is based on 

poly(octamethylene citrate) (POC) and poly(octamethylene 

maleate citrate) (POMC) was proposed by Shan et al. for in 

vivo deep tissue light delivery and fluorescence sensing 

experiment in rats [24]. Recently, Guo et al. demonstrated a 

fiber bundle with 4 BiSn electrodes and 60 optical fiber pixels 

whose core and cladding are made of PC and poly(methyl 

methacrylate) (PMMA) for recording local field potentials in 

the hippocampus of a mouse [25]. Although the reported POFs 

have achieved good performance for neuromodulation 

applications, the low RI difference between the core and 

cladding materials leads to a very low NA, which ultimately 

limits the illumination angle during optical neuromodulation 

[26]. 

This work reports for the first time the fabrication and 

characterization of two UHNA POFs. These results were 

obtained by employing fluorinated ethylene propylene (FEP) 

polymer, which has an extremely low RI, as cladding for the 

step-index structure of the two POFs. Their unique mechanical 

properties were evaluated by numerical analysis towards their 

use in long-term chronic implantation in the brain. MFCs were 

added to the cladding of one of the presented POFs to 

demonstrate their potential to be used as multifunctional 

neural devices. The illumination properties of the fibers were 

also characterized and compared to commercially available 

silica fibers using both artificial (phantom) and adult rat brain 

slices. Finally, a fiber photometry experiment was conducted 

in order to verify the ability of our fibers to collect fluorescent 

light from the tissue. The enlarged illumination angle given by 

their UHNA (>0.8), combined with the high flexibility and the 

MFCs, makes the presented neural devices valuable tools in 

optical neuromodulation for simultaneous on-demand drug 

delivery, enlarged illumination angle, and fluorescence light 

collection. 
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2.  Materials and methods 

2.1 Material properties 

To produce high-quality UHNA polymer step-index fibers 

by thermal drawing, the core and cladding materials should be 

thermally compatible while having a large difference in RI. 

The polymers used for the fabrication of the POFs were: 

PC/FEP and PSU/FEP. PSU and PC were the core materials 

for the two fibers, and FEP was the cladding material for both 

of them. PSU is an amorphous, high-strength thermoplastic 

with a very high RI in the whole visible wavelength range. PC 

is a very commonly used waveguide material in optogenetics 

and sensing applications because of its high transparency in 

the visible and near-infrared region [27]. FEP is a copolymer 

of hexafluoropropylene and tetrafluoroethylene. It is an ideal 

cladding material for both PC and PSU core fibers due to: 

firstly, FEP is very soft (Young’s modulus of FEP is 0.48 GPa 

[28], compared to that of silica is 70 GPa [29]), and therefore 

can highly increase the overall flexibility of the optical 

waveguide, a crucial property to achieve long-term deep tissue 

neuromodulation and minimize the foreign body response 

(FBR) [30]. Secondly, FEP has one the lowest RI within all 

the thermoplastics (1.34@630 nm [31]). The large RI 

difference between the core materials (PC, PSU) and the 

cladding material FEP leads to the UHNA of the POFs. 

The RIs of the bulk PSU, PC, and FEP materials were 

measured using an ellipsometer (J.A.Woollam, VASE), which 

covers a broad wavelength range of 210-1690 nm with a 5-nm 

resolution for the range 210-1000 nm. The results are shown 

in figure 1(a). The NA of the fibers was calculated from the 

measured values of RI as [32]: 

𝑁𝐴 = √𝑛𝑐𝑜𝑟𝑒
2 − 𝑛𝑐𝑙𝑎𝑑𝑑𝑖𝑛𝑔

2  

where ncore corresponds to the RI of the core and ncladding to the 

RI of the cladding. The NA of PC/FEP and PSU/FEP POFs at 

different wavelengths are also depicted in figure 1(a) for 

reference.   

    As shown in figure 1(a), the NA difference between the 

PC/FEP and PSU/FEP POFs at wavelengths shorter than 500 

nm is very small. However, at longer wavelengths (>600 nm) 

the NA profile of PC/FEP POFs exhibits a significant 

reduction compared to PSU/FEP POFs due to their different 

material dispersion.  

The main requirement for materials to be thermally 

compatible in terms of fiber fabrication is that they must have 

a relatively close softening temperature. Viscosity as a 

function of temperature is the main parameter that defines the 

thermal compatibility between materials [33]. In figure 1(b), 

the viscosity-temperature curves of PSU and FEP were 

measured using a rotational rheometer (TA, Discovery Hybrid 

HR-2). The measurement shows that the viscosity of PSU is 

relatively high at low temperatures and as the temperature 

increases it starts expanding and changing from a solid to a 

rubbery state. In this case, the viscosity decreases significantly 

and reaches a relatively rubbery plateau region as temperature 

further increases. For FEP, the viscosity at first decreases 

slowly with the increase of temperatures, and above ~260°C, 

the decrease is prone to be dramatic since the material became 

less viscous. By contrast, the viscosity of PC simply decreases 

with the increase of temperature [34].  

 

(a) (b)

 

Figure 1. (a) RI of PSU (red solid line), PC (blue solid line), and FEP (black solid line) as a function of wavelength, and the calculated NA 

for PSU/FEP POFs (red dot line), PC/FEP POFs (black dot line). (b) Viscosity as a function of the temperature of PC (blue solid line – 

extracted from Ref. [34]), PSU (red solid line), and FEP (black solid line). The target viscosity region for fiber drawing is highlighted in the 

red area. 

2.2 Fiber fabrication 

The fiber preforms were assembled by the rod-in-tube 

method, starting with a PC and PSU rod of 10 mm diameter 

and they were inserted into two pre-machined FEP tubes 

(inner diameter: 10.5 mm; Outer diameter: 25.5 mm), 

respectively as depicted in figure 2(a). As an added 

functionality in the PC/FEP POFs, two hollow channels with 
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an initial diameter of 4 mm were drilled in the FEP tube acting 

as the final MFCs. The two preforms, having a length of 10 

cm, were then drawn into 100’s of meters of fibers using a 

thermal drawing method in an optical fiber draw tower 

equipped with a 3-zone furnace (figure 2(b)). During the 

drawing process, the viscosity must be held relatively low, 

typically in the range from 104 to 108 Pa.s [35]. From figure 

1(b), it can be seen that the PSU/FEP preform should be drawn 

at temperatures between ~200°C and ~280°C. By contrast, the 

PC/FEP preform should be drawn at lower temperatures 

spanning from ~160°C to ~230°C. During the drawing 

process, the diameter of the optical fiber was monitored by a 

laser diameter gauge with < 0.1 μm resolution. The fiber was 

continuously pulled at a fixed 0.2 mm/min feeding speed, 

while the drawing speed was adjusted accordingly during the 

process until the desired fiber diameter was achieved. The 

total diameter of the fabricated fiber ranges from 350 μm to 

500 μm in order to be compatible with commercial 

connectorization components for implantation (cannula, 

ferrules, etc.). The drawn UHNA POFs were mechanically 

cleaved using a razor blade and inspected in an optical 

microscope to observe the cross-section interface. Figures 2(c) 

and 2(d) show the optical microscope images of the PC/FEP 

POFs with a core/cladding diameter of 200/420 μm and 

PSU/FEP POFs with a core/cladding diameter of 185/450 μm, 

respectively. Since our main goal is only to demonstrate the 

adaptability of the proposed fibers towards 

multifunctionalization, here we only introduced two MFCs 

into the PC/FEP fibers. However, it should be noted that more 

MFCs or metal electrodes can be added to the fibers if one 

wants to reach faster drug injection speeds or record neural 

electrical activity, respectively [21,22]. This feature can also 

be replicated in the PSU/FEP fibers.

(a) (b) (c)

(d)

(e)

(f)

 

Figure 2. (a) Schematics of the rod-in-tube method for making the preforms. For the preform of PC/FEP POFs, two additional holes were 

drilled in the FEP tube in order to introduce MFCs in the corresponding fiber. (b) Schematics of the thermal drawing method employed to 

fabricate the presented POFs. (c),(d) Optical microscope images of the drawn step-index PC/FEP POFs and PSU/FEP POFs,  respectively. 

(e) Blue light propagates in the PC/FEP POFs after being bent with a sub-centimeter radius. (f) An assembled neural device with both the 

waveguide and the MFCs connectorized. 

2.3 Mechanical flexibility modeling and MFCs 

characterization 

When conventional neural devices are implanted in the 

tissue for long-term neuromodulation, the mechanical 

mismatch between the devices and the brain tissue leads to 

neuronal death and inflammatory response [36]. This FBR can 

be mitigated by using more flexible neural devices [37]. 

Bending stiffness is thus a general parameter that defines the 

overall mechanical flexibility of the implants. Assuming the 

case of the device being fixed to the skull or vertebrae, 

bending stiffness is defined as the force (F) required to reach 

a certain deflection (d) [38]: 

𝐹

𝑑
=
48𝐸𝐼

𝐿3
 

where E is the composite Young’s modulus of the different 

materials calculated from the device’s geometry, I is the 

moment of inertia, and L is the length of the neural probe.  
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The fabricated POFs were found to be very flexible and can 

be easily bent at small radii as illustrated in figure 2(e). To 

quantitatively evaluate the flexibility of the structured POFs, 

a numerical analysis based on COMSOL Multiphysics was 

used to simulate the bending condition and calculate the 

corresponding bending stiffness. A 3D finite-element model 

of the probe was developed and the ratio between the core and 

cladding diameter of the UHNA POFs was set to 2:5, the same 

as the one of the initial preforms. One end of the fiber was 

fixed and a force perpendicular to the axial direction was 

applied to the other end. We compared the bending stiffness 

of the fabricated UHNA POFs with three other optical 

waveguides: silica fibers, the most commonly used optical 

waveguide in optogenetics; fluoropolymer (CYTOP) fiber, a 

kind of commercially available POF which has significantly 

low optical loss; PMMA fibers, another conventional and 

widespread type of POF in optogenetics [39]. To evaluate the 

geometrical/size impact of the mechanical flexibility, we 

calculated the bending stiffness of the fabricated UHNA POFs 

with diameters ranging from 100 to 500 μm and lengths 

ranging from 8 to 13 mm. The Young’s moduli of the five 

materials used in our simulations were retrieved from the 

literature and are shown in Table 1. 

Table 1. The Young’s Modulus Used in Numerical Analysis 

Materials 

[Ref.] 

PMMA 

[40] 

PSU 

[41] 

FEP 

[28] 

Silica 

[29] 

CYTOP  

[42] 

Young’s 

Modulus 

(GPa) 

3 2.48 0.48 70 1.6 

 

To test the drug delivery ability of the PC/FEP fiber, the 

MFCs were carefully exposed from the side of the fiber with 

a scalpel under a microscope (Zeiss, Axioscope) and 

connected with a syringe using a low-density polyethylene 

tube (Goodfellow, ET317150, inner diameter: 0.9 mm, outer 

diameter: 1.1 mm). The gap between the fiber and the tube was 

sealed using an epoxy resin (Thorlabs, G14250). The fully 

assembled device is shown in figure 2(f). The probe was 

inserted into the prepared brain phantom and the injection was 

driven by an electrical syringe pump (Harvard, PHD 2000). 

To demonstrate the stable fluid delivery using the MFCs of the 

implanted PSU/FEP probe, we injected 10 μL trypan blue 

staining dye (Sigma-Aldrich, T8154) with a target rate of 10, 

50,100, 500, and 1000 nL/min, respectively. The output rate 

was calculated by dividing the output volume by the time 

required for achieving the injection.   

2.4 Brain phantom, ethical approval, and brain slice 

preparation 

The illumination maps of the optical fibers were firstly 

measured in a brain phantom (0.6% agarose) as the 

propagation medium. It has been extensively demonstrated 

that 0.6% agarose gels can be used as a surrogate material as 

a brain tissue model towards diagnostic and therapeutic 

applications [43]. To prepare the brain phantom, agarose gels 

were dissolved in distilled water with a concentration of 0.6% 

(wt/vol). The solution was heated using a microwave oven and 

poured into a petri dish. After the solidification at room 

temperature, the phantom was sectioned using a vibratome 

into 20 x 20 x 1 mm slices.  

In order to investigate the performance of our fiber devices 

in real brain tissue, wild-type adult rats were employed 

afterward as a more realistic model for the actual propagation 

of light during in vitro experiments. The procedure to prepare 

the fixed brain slices presented below is approved by the 

Animal Experiments Inspectorate under the Danish Ministry 

of Food, Agriculture, and Fisheries, and all procedures adhere 

to the European guidelines for the care and use of laboratory 

animals, EU directive 2010/63/EU. A Long-Evans wild-type 

adult rat was anesthetized by intraperitoneal injection of 200 

mg/kg sodium pentobarbital. Hereafter, the level of anesthesia 

was assessed by pedal reflex pain response to firm toe pinch. 

Once a sufficient level of anesthesia was reached, the chest 

cavity was opened to expose the heart. A  catheter, connected 

to a peristaltic pump (Gilsion, minipuls3),  was inserted into 

the left ventricle of the heart, and a small incision was made 

into the vena cava inferior for perfusion. The perfusion of the 

rat was performed with 30 ml of 1X phosphate-buffered saline 

(BPS) followed by 30 ml of 4% paraformaldehyde (PFA) at 

the rate of 7.8 ml/min [44]. The rat was subsequently 

decapitated using a guillotine. The brain was dissected out and 

directly put into ice-cold 4% PFA. After fixation for 4 hours 

at 4°C, the brain was transferred to 30% sucrose (w/v) for 

cryoprotection at 4°C[45–47]. The whole rat brain and the 

cross-section used in the experiments are shown in figure 3. A 

vibratome (LEICA，VT1200) was then used to section the 

brain into slices. To facilitate sectioning, the brain was 

embedded in 3% agarose gels prepared with a method similar 

to the one for preparing the 0.6% gels described above. The 

slicing was conducted in ice-cold 1X PBS. Two different brain 

slice thicknesses were prepared: 700 μm for measuring the 

illumination map and 100 μm  for the fluorescent light 

collection experiment described in section 3.4. 

2.5 Illumination map characterization 

    As shown in figure 1(a),  the PC/FEP POFs have a high NA 

for wavelengths shorter than 550 nm. Therefore, they are ideal 

for neuromodulation based on the activation of standard 

channelrhodopsins (ChRs), which have absorption peaks in 

the 450–545 nm range [48,49]. Recently, red-shifted variants 

of ChRs have attracted significant attention since the tissue 

absorption and scattering is significantly reduced (6 times 

lower) for the red light, allowing deeper penetration into 

biological tissues compared to blue light [50–52]. The 
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PSU/FEP POFs are thus more efficient as optical waveguides 

for red-shifted ChRs because they offer higher NA than that 

of PC/FEP POFs at wavelengths longer than ~600 nm. 

Therefore, the illumination map of the PC/FEP POFs was 

measured with blue light (wavelength λ = 470 nm) and that of 

PSU/FEP POFs was measured with red light (λ = 650 nm). For 

both cases, the core diameter was chosen to be 200 µm in order 

to directly compare their illumination maps with that of the 

commercial silica fibers (Thorlabs, FT200EMT, core 

diameter: 200 μm, NA: 0.39), which are extensively used in 

optogenetics [53–55]. To measure the illumination map of  

PC/FEP POFs, a LED with a central wavelength at 470 nm 

(Thorlabs, M470L4) was used. The light was coupled to the 

fiber after being collimated with an aspheric lens (L1), passed 

through a bandpass filter (F1) with center wavelength at 470 

nm (Thorlabs, FB470-10), and then reflected by a dielectric 

(Thorlabs, BB1-E02)  and a dichroic mirror (Thorlabs, 

DMLP650R) as shown in figure 3. Similarly, for the PSU/FEP 

POFs, a LED with a central wavelength at 650 nm (Thorlabs, 

M650L4) was coupled to the fiber using the same method as 

mentioned before. We then evaluated the performance of 

every fiber by inserting them both in phantoms (0.6% agarose 

gels) and brain slices (configuration 1 in figure 3). The 

illumination maps were measured by recording the scattered 

light perpendicularly to the propagation direction using a 

digital microscope (Dino-Lite, AM7915MZT). This particular 

configuration was found to be an efficient way to characterize 

our fibers since the light-tissue interaction at visible 

wavelengths is strongly scattering-dominated [56]. For 

example, at  674 nm wavelength, the scattering coefficient of 

cortical human tissues is 124 cm-1. By contrast, the absorption 

coefficient is only 0.17 cm-1 [57].

Figure 3. Schematic of the experimental setup for measuring the illumination map of UHNA PSU/FEP POFs, PC/FEP POFs, commercial 

silica fibers, and testing the viability of the UHNA POFs for fluorescent light recording in fiber photometry in the brain slice. (L1: Lens1. 

F1: Filter1. M1: Mirror1. L2: Lens2.  F2: Filter2. M2: Mirror2. DM: Dichroic Mirror. L3: Lens3. M3: Mirror3. F3: Filter3. L4: Lens4. PD: 

Photodetector. DAQ: Data acquisition system).

2.6 Fiber photometry and fluorescent light recording 

Fiber photometry is one of the fundamental methods for 

optical interrogation of neural circuits with cell specificity and 

high temporal and spatial resolution [58]. Since most of the 

techniques rely on the implantation of optical fibers in the 

brain, fiber photometry can eventually induce tissue damage 

due to FBR over chronic experiments [10]. Since a major 

advantage of the fabricated implantable fiber devices is their 

soft cladding material (FEP) that can mitigate the FBR, an in 

vitro fluorescent light recording experiment was conducted to 

show their ability to be used in fiber photometry. The 

experimental setup included two main parts: a custom-built 
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fiber photometry setup and an imaging system, as shown in 

figure 3 (configuration 2). A polystyrene (PS) microsphere 

with a diameter of 15 μm (Thermo Fisher Scientific, F8843) 

was embedded into a 100 μm thick brain slice and placed on a 

microscope slide to simulate the fluorescent signal emitted 

from an activated single neuron [59,60]. The excitation and 

emission peaks of the fluorescent PS beads have their maxima 

at 650 nm and 680 nm, respectively. An LED with a central 

wavelength at 650 nm was coupled to the fiber and was used 

as the excitation wavelength of the PS. The fluorescence 

signal from the PS bead was collected by the same optical 

fiber. The backward fluorescent light was reflected (M3) and 

filtered by a bandpass filter (F3) with a center wavelength at 

680 nm (Thorlabs, FB680-10), and finally focused on a 

sensitive photodetector (Newfocus 2151, Newport) with a 

photosensitive area of 1x1 mm2. In the imaging system, a 

motorized 2D scanning stage (Standa, 8MTF) was employed 

to mount the optical fiber and scan the position of the fiber in 

the X and Y direction. Two digital microscopes that connected 

to a computer were used to monitor the relative position 

between the optical fiber’s tip and the sample. A DAQ (USB-

6211) from National Instruments and a custom-made program 

in Labview software were used to scan and collect the emitted 

fluorescent signal from the photodetector.  

3.  Results 

3.1 Mechanical flexibility and MFCs characterization 

Figure 4(a) shows the numerical analysis of the bending 

stiffness for PSU/FEP, PC/FEP, silica, PMMA, and CYTOP 

optical fibers. For a direct comparison between the data, the 

diameter of the fibers was normalized to 400 μm as most 

multifunctional neural probes used by researchers have a 

diameter between 300 μm and 500 μm [21,22,61]. The 

bending stiffness of the PSU/FEP and PC/FEP fiber was found 

to be almost two orders of magnitude lower than the 

commonly used silica fibers. Due to the low Young’s modulus 

of FEP,  the bending stiffness of PSU/FEP and PC/FEP fibers 

is several times smaller than that of CYTOP and PMMA 

fibers. For example, the bending stiffness of CYTOP and 

PMMA fibers is 11.8 N/m and 22 N/m, respectively when the 

length of the probes is set to 8 mm. By contrast, that of the 

PC/FEP and PSU FEP POFs are 4.96 N/m and 5.02 N/m, 

respectively using the same length. It is noteworthy that the 

bending stiffness difference between PC/FEP and PSU/FEP 

fibers is insignificant, which is why they are overlapped with 

each other in figure 4(a). Figures 4(b) and (c) illustrate the 

bending stiffness variation of PC/FEP and PS/FEP POFs as a 

function of fiber diameter and length. For comparison, the 

bending stiffness of two commercially available silica fibers 

is plotted in these figures as a dotted line. The silica fibers 

chosen in our investigations are widely used in fiber-based 

neural applications: FG105LCA (Diameter: 125 μm) and 

FT200EMT (Diameter: 225 μm) from Thorlabs, both 

evaluated assuming a length of 10 mm.  The advantages in 

terms of the mechanical properties of the presented fibers with 

respect to the current standard in the field of neuroscience are 

underlined by these numerical results. Indeed, for their 

bending stiffness to reach values similar to the ones of the thin 

silica fibers (i.e. 125 μm), the UHNA POFs should have a 

diameter larger than 300 μm.   

The functionality of the MFCs was firstly evaluated by 

using them to inject 2 µL of 0.4% trypan blue dye solution to 

the 0.6% agarose brain phantom with an injection rate of 100 

nL/min as shown in figures 4(d) and (e). The dye flowed 

through the MFCs without leaking and was evenly diffused in 

the medium (figure 4 (e)). Figure 4 (f) shows that 10 μL trypan 

blue dye was injected by the MFCs with different target rates 

at 10, 50, 100, 500, and 1000 nL/min. For all measurements, 

the output rate was found to be equal to the injection rate, 

verifying the functionality of the integrated MFCs in our POFs 

to act as a precise tool for on-demand drug delivery. 

Page 7 of 15 AUTHOR SUBMITTED MANUSCRIPT - JNE-104989.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t
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(d) (e) (f)

Figure 4. (a) Comparison of calculated bending stiffness between PSU/FEP, PC/FEP, silica, CYTOP, and PMMA fibers. (b),(c) Bending 

stiffness as a function of fiber diameter and length for PC/FEP  and PSU/FEP respectively. (d),(e) PC/FEP fiber with trypan blue loaded 

inside the MFCs, before and after injection, respectively.  (f) Output rate as a function of injection rate by the MFCs in 1 cm long PC/FEP 

fibers. 

3.2 Illumination map in brain phantom 

In figure 5, we show the illumination map in the brain 

phantom of the UHNA POFs compared to standard 

commercial silica fibers (NA=0.39). For these experiments, 

two different excitation wavelengths have been used, i.e. 470 

nm and 650 nm. The direct comparison of the 2D illumination 

maps involving the PC/FEP and PSU/FEP POFs are shown in 

(figures 5(a),(b)) and (Figures 5(c),(d)), respectively. Iso-

intensity contours in these images define the boundaries at 

which intensity falls to 5%, 10%, 25%, 50%, and 75% of its 

maximum are shown in white, green, yellow, orange, and red, 

respectively. In the bottom row of figure 5, the corresponding 

3D iso-intensity surfaces defining the boundaries at which 

intensity falls to 5%, 10%, 25%, 50%, and 75% of its 

maximum for silica fibers and UHNA POFs are shown in 

black, blue, green, orange, and red, respectively. This is used 

to further highlight the difference in illumination volume 

between silica and UHNA POFs in 3D space. Table 2 

summarizes the illumination area of the fibers in figure 5(a-d) 

with the unit of mm2 to quantitatively indicate how the 

increased illumination angle from the UHNA POFs leads to a 

larger area. The illumination area as a percentage of the total 

area of the figure is also indicated in parentheses. One can see 

that the increased illuminated area of UHNA POFs is more 

evident when intensity falls to 5% of maximum compared to 

the relatively low NA silica optical fibers. 
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Figure 5. (a), (b) Experimentally measured illumination map at 470 nm in brain phantom (0.6% agarose gels) from a commercial silica fiber 

and the PC/FEP fiber, respectively. (c),(d) Illumination map measured with 650 nm in brain phantom from a commercial silica fiber and the 

PSU/FEP fiber, respectively. Iso-intensity contours are plotted in these images to highlight the boundaries at which the light intensity falls 

below 5% (white), 10% (green), 25% (yellow), 50% (orange), and 75% (red) of its maximum. (e) (f) (g) (h) Cross-sections of the 3-

dimensional reconstruction of the illumination area for the corresponding measured profiles. Iso-intensity surfaces defining the boundaries at 

which intensity falls to 5%, 10%, 25%, 50%, and 75% of its maximum are shown in black, blue, green, orange, and red, respectively.

 

Table 2. Illumination Area (unit mm2) 

Light Source 

(wavelength) 

LED (470 nm) LED (650 nm) 

Fiber Silica Fibers PC/FEP POFs Silica Fibers PSU/FEP POFs 

NA 0.39 0.87 0.39 0.84 

>75% 0.064 (1.61%) 0.086 (2.14%) 0.005 (0.13%) 0.01 (0.25%) 

>50% 0.223 (5.58%) 0.257 (6.41%) 0.032 (0.8%) 0.047(1.17%) 

>25% 1.086 (27.16%) 1.257 (31.42%) 0.454 (11.34%) 0.613 (15.34%) 

>10% 1.313 (32.82%) 1.783 (44.58%) 1.097 (27.43%) 1.611 (40.28%) 

>5% 1.506 (37.65%) 2.187 (54.68%) 1.349 (33.73%) 2.172 (54.3%) 

 

3.3 Illumination map in brain slice 

In optogenetic experiments, tissue can not only be damaged 

by the mechanical mismatch between the implant and tissue 

but also by an excessive power density of the stimulating light 

[62]. The opsins should be activated by a power density that, 

while being higher than the excitation threshold, remains 

below the phototoxicity threshold. Dubois et al. [57] have 

performed numerical simulations to optimize the design of 
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optical fibers to achieve minimally invasive optogenetics 

stimulation or photomodulation of deep and large cortical 

areas with red light in the non-human primate brain. In these 

simulations, in which the diameter of the fiber is fixed to 500 

μm, it is shown that when increasing the fiber’s NA from 0.1 

to 0.9, the penetration depth of the red light reduces and the 

lateral spread of the light becomes wider. Consequently, fibers 

with a large numerical aperture are preferable since they can 

effectively decrease the power density in the illuminated brain 

layer and reduce light-induced tissue damage. Because of the 

lack of optical fibers with NA higher than 0.5, the illumination 

map from UHNA optical fibers has only been numerically 

demonstrated so far. Here, for the first time, an experimental 

comparison between the illumination map of UHNA POFs 

and commercial silica fibers in real brain tissue is presented. 

To image the illumination map in brain tissue, the 

experimental setup (configuration 1) presented in figure 3 was 

used, by substituting the artificial phantom with a brain slice 

of  700 μm thickness. The central wavelength of the LED 

source was 650 nm and the power was set to 50 μW. Figure 6 

shows the iso-intensity contours in the images defining the 

boundaries at which the intensity falls to 10%, 25%, 50%, 

75%, and 90% of its maximum. By comparing the two images, 

one can see a significant light expansion in the lateral direction 

where the UHNA POFs are used. However, this effect is 

reducing as depth increases since the light is strongly diffused 

by the brain tissue. Our experimental result was found to be 

consistent with the simulation investigation from Dubois et al. 

[57]

 

(b)(a)

 

Figure 6. Illumination map at 650 nm wavelength measured in the brain slice using (a) commercial silica fiber (NA=0.39), and (b) UHNA 

POF (NA=0.84), respectively. Iso-intensity contours in the images defining the boundaries at which intensity falls to 10%, 25%, 50%, 75%, 

and 90% of its maximum are shown in white, green, yellow, orange, and red, respective

3.4 Fluorescent light recording 

Optical fibers have also a crucial role in fiber photometry 

applications [63,64]. In order to verify the capability of our 

UHNA POFs to be used as an efficient optical waveguide in a 

fluorescent light recording system, the position of the fibers 

was scanned using a custom-made motorized system from        

-500 μm to 500 μm in both X and Y direction with a step of 

50 μm after the center of the fiber end-facet has been aligned 

to the fluorescent PS bead (figure 7(a) and (b)). The backward 

fluorescent light intensity was detected using a sensitive 

photodetector and recorded by the DAQ for each X-Y 

position. The normalized 2D detected fluorescent light 

intensity is shown in figure 7(c). Although the excitation light 

and backward fluorescent light have been strongly scattered 

by the brain tissue, one can see that the position of the 

fluorescent PS bead was identified in the center of the map 

clearly, which is consistent with the physical position of the 

PS bead. This suggests that the photometry system based on 

UHNA POFs can act as an accurate fluorescent light recording 

in each position of the scanning process. Our results indicate 

that the developed UHNA POFs can be employed for 

fluorescent light recording in fiber photometry setup. In 

addition,  the UHNA POFs have the potential to be fabricated 

as fiber bundles for in vivo fluorescent light imaging in the 

deep brain without requiring the scanning process [25].
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(a)

(b)

(c)

 

 

Figure 7. The end-facet of the optical fiber is aligned to the PS bead in both (a) X-Y and (b) Z direction, acquired by the digital microscope  

(see figure 3(b) and (c), respectively).  (c) The collected map of the fluorescent light of a bead by UHNA based fiber photometry. The 

position of the fiber scans from -0.5 mm to +0.5 mm away from the original place in both X and Y directio

4.  Discussion 

This work demonstrates for the first time the development 

of UHNA fiber neural devices based on soft polymer materials 

for enlarging the output illumination angle towards efficient 

neuromodulation of brain activity. The highest commercially 

available silica optical fibers have an NA of 0.5, a fact that can 

result in a limitation to the applications of optogenetics in the 

deep brain region. Although some researchers have developed 

UHNA microstructured silica fibers by introducing a photonic 

crystal cladding [32,65] (NA as high as 0.61), such fibers are 

not suitable for being implanted in the brain since the 

biological liquids from the tissue could enter the hollow 

channels and detrimentally change the light propagation 

properties [66]. Recently, silica fibers with a tapered structure 

have been reported that can act as an alternative route for 

increasing illumination area in neural tissues [67,68]. 

However, such structures are based on stiff and fragile glass 

materials and would therefore inevitably cause the same 

inflammation issues as conventional silica optical fibers. 

Polymers are thus a promising candidate as the host material 

for the fabrication of optical fiber-based implants. Even 

though several step-index POFs have already been developed 

for this application, POFs with NA higher than 0.5 do not 

exist, to the best of our knowledge. Therefore, here we 

propose two new UHNA POFs enabled by using a very soft 

material (FEP) for the first time. The low RI of this material 

creates new possibilities to significantly increase the NA of 

step-index POFs. Furthermore, the high softness (low 

Young’s modulus) of FEP endows this material with a natural 

advantage to reduce the FBR and thus provide the possibility 

to conduct improved chronic experiments involving optical 

neuromodulation and fiber photometry. The presented fiber 

devices can be also developed to advanced multifunctional 

neural interfaces. Here, we demonstrated the possibility of 

integrating MFCs in the FEP cladding, however more 

functional structures can be added in the cross-section of the 

fiber such as metal electrodes for electrophysiology 

application [21,22,69]. 

    In this work, we investigate the illumination performance 

of the developed fibers as implants in phantom and brain 

slices. It is worth noticing that scattering and absorption 

characteristics can vary widely between different tissues, 

resulting in a strong difference in terms of the illuminated 

area. For example, Al-Juboori et al. have found that the 

effective scattering coefficient of the Ventral Nucleus of the 

Trapezoid Body (VNTB) of C57BL/6J mice is 199.6 cm-1 at 

453 nm wavelength while that of the cerebellum is only 97.6 

cm-1 at the same wavelength [70]. Since the scattering 

coefficient can dramatically vary across different brain 

regions, here we focused on comparing the illumination map 

of the brain phantom (0.6% agarose) and the prefrontal cortex 

of adult rats. The reason we selected brain phantom and real 

brain slices is because the former (i.e. brain phantom made by 

0.6% agarose gels) has been extensively used as a reliable 

testbed for in vitro studies of neurological modalities 

involving light-brain interaction [43]. The latter (i.e. adult rat 

cortex) on the other hand is one of the most commonly used 
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parts of the brain for optogenetics [7,71]. Our results indicate 

that when we use the brain phantom, the illumination area of 

the UHNA fiber is significantly increased compared to the 

standard commercial silica fibers. When we replace the brain 

phantom with real brain tissue, the strong scattering 

introduced by the sample limits the illuminated area, while 

allows lateral expansion of the light distribution and 

consequently leads to a lower power density at the various 

brain layers, reducing the light-induced thermal damage [57]. 

5.  Conclusion 

In summary, two different optical fibers based on two sets 

of polymers are presented: PC/FEP and PSU/FEP. Two MFCs 

have been added to the cladding of the PC/FEP POFs for 

accurate on-demand drug delivery. The numerical analysis 

based on the finite element method shows that the bending 

stiffness of these POFs is 100 times lower than that of 

commercial silica fibers, a property that is critical in brain 

implants that are to be used in neuroscience. The performance 

of the developed fiber devices was characterized in both brain 

phantom and real slice. Compared with commercial silica 

optical fibers, the illumination area (defined as the region of 

the sample reached by at least 5% of the maximum light 

intensity) is enlarged by 17% and 21% at 470 nm and 650 nm 

wavelength, respectively. When illuminating a brain slice, the 

expanded lateral distribution of the light from the output of the 

UHNA-POFs with respect to silica optical fiber was 

demonstrated, showing the potential for reducing light power 

density and subsequently avoiding light (thermal)-induced 

tissue damage [57]. Furthermore, the fabricated POFs were 

used for fluorescent light recording demonstrating their ability 

to be used for fiber photometry. In conclusion, we believe that 

the presented fiber devices constitute an efficient route for the 

development of fiber-based neural probes based on advanced 

optical materials towards biocompatible multifunctional tools 

for long-term optical neuromodulation in freely behaving 

animals as well as high-resolution fluorescence imaging. 
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