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High Performance, Biocompatible Dielectric Thin-Film
Optical Filters Integrated with Flexible Substrates and
Microscale Optoelectronic Devices
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Kaiyuan Zhang, Huachun Wang, Deying Kong, Lan Yin, Lei Liu, Guisheng Zou,
Lingyun Zhao, and Xing Sheng*

been investing considerable efforts in the
exploitation of implantable optoelec-
tronic devices and systems, which have
capabilities to deliver and receive optical
power and signals directly within the deep
tissue. Remarkable examples include the
development of microscale, injectable light-

Miniaturized, wearable, and implantable optoelectronic devices and systems
provide incomparable opportunities for applications in biomedical fields.
Optical filters with wavelength selective reflective/transmissive responses
that can be integrated onto these biointegrated platforms are critically
important for high performance operation. Here, high quality, dielectric

thin-film optical filters on unconventional substrates via transfer printing

are reported. Designed filters formed on flexible substrates exhibit highly
spectral selective transmission and reflection, with the maximum optical
density at stop band reaching 6. Additionally, freestanding filter membranes
are combined with microscale optoelectronic devices, achieving enhanced
emission intensity for light-emitting diodes and spectral sensitivity for
photovoltaic detectors. Finally, their in vitro cytotoxicity is evaluated within
cell culture, and in vivo biocompatibility is supported in living animals. The
presented results offer viable routes to high performance optical components
for advanced biointegrated optoelectronic systems.

emitting diodes (LEDs), photodetectors,
and waveguides in flexible, stretchable, and
even biodegradable forms for mneural
stimulation, fluorescence sensing, and
prosthesis.’1% In such implantable opto-
electronic systems, optical filters serve as
one of the key components, which selec-
tively transmit, reflect, or absorb light in
particular wavelengths, enabling numerous
applications in areas such as fluores-
cence imaging,''1? marker-free micros-
copy,* and biochemical sensing.]
Conventional optical filters (longpass,

1. Introduction

Advanced optoelectronic devices play an important role in bio-
medical fields like bioimaging,!l epidermal sensing,>* photo-
therapy,Pl and laser surgery.’! More recently, researchers have
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shortpass, bandpass, etc.) typically consist
of carefully designed multilayer dielectric or metallic structures,
which exhibit excellent optical performance in terms of their
high optical densities (O.D.s) in the stop bands (O.D. > 6, i.e.,
transmittance < 107%), high transmittance in the passing bands
(>90%), and sharp cutoff from transmission to reflection.l'®!”]
These filter structures are commonly formed on rigid substrates
like glasses via vacuum deposition techniques (evaporation,
sputter, etc.) at elevated substrate temperatures (up to 300 °C) to
obtain thin-film materials with high quality and stability.'® Such
thick and rigid substrates hinder the integration of these high
quality filters with microscale devices in wearable or implant-
able formats. In addition, high temperature and the potential
use of ion beam bombardment to assist the film deposition are
incompatible with many inorganic- and organic-based devices as
well as flexible, stretchable, and biocompatible substrates.[®1
Filter structures can also be directly fabricated onto flexible sub-
strates or formed by incorporating dye molecules or pigments
directly into organic polymer films.?%23 However, these dem-
onstrated flexible filters exhibit optical performance inferior
to their counterparts on rigid glass substrates. Therefore, it is
highly crucial to explore approaches to realize high performance
thin-film optical filters on flexible and biocompatible substrates,
and further heterogeneously integrate them with microscale
optoelectronic devices for desirable biointegration. The recently
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developed transfer printing—based assembly approaches provide
a powerful solution to integrate high performance, thin-film
optoelectronic devices and structures (for example, LEDs, solar
cells, lasers, metamaterials, etc.) onto various unconventional
substrates.??l In this study, we present high performance,
thin-film, dielectric-based optical filters on flexible substrates by
the transfer process. Their optical properties are simulated and
measured, with results comparable to the filters on original glass
substrates. Furthermore, these freestanding filter membranes
are combined with microscale optoelectronic devices including
gallium nitride (GaN)-based LEDs and gallium arsenide (GaAs)-
based photovoltaic (PV) detectors, demonstrating highly selective
spectral reflection and transmission, as well as the feasibility of
device integration. Finally, in vitro and in vivo studies illustrate
the biocompatibility of the filters and their capabilities for poten-
tial use in implantable optoelectronic systems. These results
offer simple and reliable routes to various types of flexible optical
filters that are manufacturable, transferable, and biocompatible,
and provide unprecedented opportunities for high performance
biointegrated optoelectronic systems.

2. Fabrication and Characterizations

The process flow to fabricate thin-film, freestanding optical
filters via transfer printing approaches is schematically shown
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in Figure 1a. As an example, a bandpass filter that selectively
reflects blue and green photons (420-560 nm) and transmits
yellow and red photons (560—620 nm) at normal incidence is
designed and fabricated in this study. The filter structure con-
sists of a series of titanium dioxide (TiO,) and silicon dioxide
(SiO,) films with a total thickness of about 8 um. Such a filter
has potential applications in detecting and imaging yellow and
red fluorescence signals with high sensitivities by rejecting blue
and green excitation sources.’%3! The first step in the fabrica-
tion flow is to deposit a sacrificial layer onto single crystalline
silicon (Si) wafers. In our experiments, materials that can serve
as sacrificial layers include copper (Cu), magnesium (Mg), and
germanium oxide (GeO,). Designed dielectric filters comprising
multilayered TiO, and SiO, films are formed on the sacrificial
layer using ion beam-assisted deposition (IBAD), with Si sub-
strates heated up to 300 °C. Figure 1b illustrates optical images
of the filter coatings generated on optical K9 glass as well as Si
substrates with different sacrificial layers (Cu, Mg, and GeO,).
Visual inspection of these samples indicates smooth, mirror-
like surfaces, rendering different colors on different substrates
at various tilted angles. Subsequently, a flat stamp made of poly-
dimethylsiloxane (PDMS) elastomer is attached to the surface
of the filter, serving as a temporary holder during the etching
process of the sacrificial layer. The sacrificial layer is selectively
undercut by appropriate etchants (HCl-, FeClsy-, and H,0,-
based aqueous solutions for Mg, Cu, and GeO,, respectively),
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Figure 1. a) Schematic illustrations of the process flow to fabricate the flexible filter. b) Optical images (tilted view) of the filter layers deposited on
glass and Si substrates with different sacrificial layers (Cu, Mg, and GeQ,). c) Scanning electron microscopic (SEM) image (cross-sectional view) of
the filter structure, revealing multilayered periodic TiO,/SiO, stacks. Bright and dark layers represent TiO, and SiO,, respectively. d) Photograph of a
released filter membrane on a flexible PDMS sheet. e) Transmission spectra of the flexible filter on PDMS: original flat (black), bending (red, bending
radius 1 cm), after 200 times bending (blue).
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Figure 2. Optical performance of optical filters on glass and PDMS substrates. a) Measured and b) simulated transmission spectra for filters on glass
and PDMS at normal incidence. c) Measured and d) simulated contour plots of angular-dependent transmission spectra for filters on PDMS.

releasing the thin-film filter structures from Si substrates. It is
discovered that the releasing process carried out on Mg- and
Cu-coated Si substrates renders high reproducibilities and suc-
cess rates to form large area, freestanding membranes, while
those filters on GeO, sometimes form cracks and break into
small pieces (see Figure S1 in the Supporting Information).
The film quality is probably related to the residual stress during
film deposition, and the details are worth further investigation.
Corresponding scanning electron microscopic (SEM) cross-
sectional image in Figure 1c illustrates the multilayered filter
structure with periodic TiO,/SiO, stacks that are optimized
to obtain highly band selective transmission and reflection. A
representative image of an intact freestanding thin-film filter
(size = 1 cm?) released from Mg-coated Si onto a flexible PDMS
sheet (bending radius = 1 cm) is shown in Figure 1d. The filter
membrane can be transferred onto target substrates in subse-
quent processes. Transmission spectra of flat and bended filters
are presented in Figure le, demonstrating that their superior
characteristics remain almost unaffected when bending. At a
bending radius of =1 cm, the transmission slightly decreases in
the transmission band and exhibits a small blueshift, which is
attributed to the oblique incident angles on the curve surface.
In addition, no crack or significant performance degradation
is observed after the fatigue test under 200 cycles of bending.
The filter’s mechanical performance can be further improved by
systematic structural designs (for example, embedding the film
into the neutral planel®?) to mitigate the strain in the rigid die-
lectric layer. Such a transfer printing-based assembly approach
provides unique opportunities to integrate these high perfor-
mance filters with various heterogeneous materials and devices,
when the direct deposition appears daunting due to the material
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instability and expansion mismatch at elevated temperatures as
well as the ion beam bombardment-induced damages.

Figure 2 plots measured and simulated performance of the
filter on a flexible PDMS sheet, in comparison with the one on
an original rigid glass substrate. At normal incidence, the filter
exhibits a passing band between 560 and 620 nm, with transmit-
tance > 90% (Figure 2a,b). Considering that K9 glass and PDMS
have similar optical properties at visible wavelengths, similar
results are obtained for filters on these substrates, revealing that
the filter structure and performance are preserved during the
transfer process. Furthermore, optical transmission in the stop
band (420-550 nm) is measured to be less than 107, reaching
an O.D. of at least 6. By contrast, the O.D. of a commercially
available flexible filter based on dyed sublayers of acrylate pol-
ymer is 2;3% and for a dye-doped PDMS-based flexible filter
(total thickness = 1 mm), its O.D. is 4.12%] The optical character-
istics of our flexible filters are also superior to other reported
ones.[20-22:32.3435] Contour plots of measured and simulated trans-
mission spectra at various incident angles for filters on PDMS
are presented in Figure 2¢,d, respectively. At oblique angles, the
passing band shifts to shorter wavelengths due to the enhanced
effective indices."”] Additionally, simulated transmission spectra
are in agreement with experimental results (Figure 2b,d), indi-
cating that the numerical tools provide capabilities to design and
predict the filter performance very accurately.

3. Device Integration and Performance

These released thin-film filters are heterogeneously integrated
with active optoelectronic devices to further explore their

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Optical image of filters diced by laser milling. b) Microscopic image of a patterned filter (150 tm x 200 um) mounted on the PDMS stamp.
c) Images of the microscale blue GaN LED stacked on a filter structure, with LED turned on (right) and off (left). d) Measured (left) and simulated
(right) angular emission profiles for micro-LEDs with and without filters in the bottom (in arbitrary units).

functionalities. The high O.D. in the stop band (420-550 nm)
measured in Figure 2 indicates that the fabricated filter can
achieve near-unity (>99%) reflectance in these wavelengths.
Therefore, it can be utilized as a perfect mirror to improve
the emission intensity of thin-film blue LEDs, as shown in
Figure 3. The microscale GaN-based blue LEDs used here have
an emission peak at 470 nm and a size of 125 um x 180 pm,
and the details of their fabrication process and performance are
described in previous work.**! To match with the dimension of
the LED, the filter illustrated in Figure 1Db is first patterned into
grid forms (size = 150 um x 200 um) down to the sacrificial
layer by laser milling, and then released by undercutting the
sacrificial layer (Figure 3a). The released filters are individually
picked up by PDMS stamps (Figure 3b) and transferred onto
polyimide substrates. A microscale blue LED is further stacked
onto the filter layer and metalized (Figure 3c). Far-field angular
emission profiles of the micro-LEDs with and without the filter-
based reflectors are measured and compared with ray tracing
simulation results (Figure 3d). Lambertian radiation patterns
are observed for both the devices, and the LED emission inten-
sity in the front side is significantly enhanced at least by a factor
of 2 using the filter in the backside, clearly demonstrating the
highly reflective behavior (at 470 nm) of the band selective filter.

The thin-film filter is further integrated with microscale
thin-film PV detectors to demonstrate its capability for band
selective photodetection (Figure 4). GaAs-based detectors (size
=~ 700 um x 700 um, thickness = 3.7 um) are transferred onto
glass substrates after epitaxial liftoff,’”38 with the released filter
membrane printed on the device surface after encapsulation
and metallization. The images of detectors with and without
filters are shown in Figure 4a. External quantum efficiency
(EQE) spectra of both the GaAs detectors are measured and
simulated, presented in Figure 4b-d. As shown in Figure 4b,
a bare GaAs detector exhibits broadband spectral sensitivities,
covering the entire visible and part of the near-infrared ranges
(400-900 nm). It is noted that no antireflective coatings (ARCs)
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are implemented on these GaAs detectors, and the spectral
response of these detectors can be further improved from about
60% to more than 90% by optimizing ARCs®! in the future. By
employing the designed thin-film filter on the device surface,
the spectral sensitive region is limited to 560-620 nm in the
visible range at normal incidence (Figure 4c,d), demonstrating
high spectrum selectivity. At larger incident angles, EQE spectra
shift to shorter wavelengths, in agreement with the filter proper-
ties presented in Figure 2. Such microscale detectors integrated
with designer filters show promises for detecting fluorescence
of chemical species and biomarkers in selective bands.[3%4%

4. Biocompatibility Evaluation

The unique features and properties of such a flexible and min-
iaturized thin-film filter can potentially serve as a vital compo-
nent in wearable and implantable optoelectronic systems. It
is critically necessary to evaluate its biocompatibilities. One of
the key aspects is to assess its cytotoxicity. L929 mouse fibro-
blast cell lines are cultured on filters, and the cell behavior is
analyzed by fluorescence imaging after 1, 3, and 7 days. As
presented in Figure 5a, living and dead cells are marked with
green and red fluorescence, respectively. 1929 fibroblasts
interact and adhere to the samples, proliferating significantly
within 7 days. Cells cultured on both bare glass (negative con-
trol) and filter-coated glasses maintain their characteristic mor-
phologies. Regarding to their number and distribution, there is
no significant difference between these two groups. Figure 5b
summarizes the viability of cells determined by a live/dead cell
count from three different areas on each sample. The viability
is high for both the types of samples during the incubation, dis-
playing no signs of cytotoxicity.

Figure 5c,d further investigates in vivo biocompatibilities of
these released thin-film filters, by implanting them subcutane-
ously in back and skull regions of the healthy male Sprague
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Figure 4. Performance of GaAs-based photodetectors integrated with freestanding filters. a) Images of GaAs detectors with (left) and without (right)
the filter. b) Measured and simulated EQE spectra of the bare GaAs detector. ¢) Measured and d) simulated EQE spectra of the GaAs detector with

the filter at different incident angles.

Dawley (SD) rats. The evaluations of the tissues adjacent to the
filters are conducted after 1, 2, and 5 weeks, respectively. From
the captured images of the skin in Figure 5c, macroscopic evalu-
ation of the implantation site shows that the filter adheres to a
transparent layer of connective tissues, and no obvious signs of
pathological inflammatory tissue responses to the filter implan-
tation are observed. Tissues covering the filters are retrieved
and stained with hematoxylin and eosin (H&E). The histological
analyses of the tissues show the accumulation of neutrophils
and macrophages around the implants during the first 2 weeks
(Figure 5d). Considering their number and distribution, the
overall inflammatory are graded minimal*! indicating ideal
biocompatibility of the implants. Meanwhile, there is an appreci-
able increase of fibroblasts and a sprout of capillaries, marking
the commencement of proliferative phase. Thick collagen fibers
are observed around the implants. The left and the right images,
which are from surrounding tissues (=2 mm away), show no sign
of infection and inflammation, indicating that the influence of the
implant is within a small area. On the whole, the wound closure
is clean without tissue loss and the healing process is smooth and
prompt, therefore the process belongs to healing by primary inten-
tion.[*2l The desirable biocompatibility of these implantable filters
can be attributed to the high stability of the TiO, and SiO, base
dielectric materials that are used to form the filter structure.104]

5. Conclusion

In conclusion, we present high performance, dielectric-based
flexible thin-film filters based on transfer printing methods.
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These flexible filters obtained in this study not only illustrate
their utilities to modulate device performance when integrating
with microscale LEDs and PV detectors, but also exhibit ideal
biocompatibilities both in vitro and in vivo. As an essential
optical component, such filters can be readily implemented
into wearable and implantable optoelectronic systems for bio-
medical uses, including fluorescence sensing, optogenetic
interrogation, and health monitoring.*#4#’l Besides LEDs and
photodetectors, such filters can also be combined with other
photonic devices such as microscale lasers and waveguides
for versatile applications like beam steering and spectral
shaping.324% Other research efforts would include the use of
phase change materials to offer additional features like tun-
able and reconfigurable optical behaviors.[*”8 In bioresorbable
device systems for potential clinical uses,***% it is envisioned
that biodegradable materials (like SiO,, MgO, Si, polymers,
etc.) can be incorporated to realize natural degradation after
implantation. To summarize, these findings clear away obsta-
cles in universal fabrication of high performance flexible filters
and open the door for their broad applications in biointegrated
optoelectronic systems.

6. Experimental Section

Filter Design and Optimization: The transfer-matrix method!'’!
was employed to design the filter structure (details are provided in
the Supporting Information), which comprised alternating layers of
high-refractive-index titanium dioxide (TiO,) and low-refractive-index
silicon dioxide (SiO,) with their optical properties extracted from the
literature.’" In the initial design, the multilayer filter consisted of two

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. In vitro and in vivo biocompatibility tests of the released flexible filter. a) Fluorescent images showing the proliferation behavior for L929 cell
lines cultured on glasses with and without filter coatings. Green and red fluorescence represent live and dead cells (L929 fibroblasts), respectively.
b) Comparison of cell viability on glasses with and without filter coatings over 1, 3, and 7 days, with results calculated as the fraction of total cells.
c) Optical images of implantation process (left) and filters being retrieved after 2 and 5 weeks of subcutaneous implantation in Sprague-Dawley rats.
Arrows indicating the filters embedded in tissue. d) Histological evaluation of the effect of subcutaneous implants on surrounding tissue (stained with

H&E) after 1, 2, and 5 weeks of implantation. Healing by primary intention.

periodic substructures and each substructure was a stack of alternate
TiO, and SiO, films. One substructure had 17 periods of 86 nm TiO, and
120 nm SiO,, and the other had 32 periods of 53 nm TiO, and 78 nm
SiO,. A freely available software package (OpenFilters)®2 was used to
calculate and optimize the filter performance. The optimized filter had a
structure of 146 nm TiO,/26 nm SiO,/81 nm TiO,/104 nm SiO,/107 nm
TiO,/17 periods of 120 nm SiO, + 86 nm TiO,/18 nm SiO,/38 nm
TiO,/32 periods of 78 nm SiO, + 53 nm TiO,/64 nm SiO,/35 nm TiO,,
with a total thickness of 8.3 um.

Fabrication of Flexible Optical Filters: Silicon (Si) {100} wafers served
as the substrates for forming the multilayered dielectric optical filters.
Materials used as sacrificial layers included Cu, Mg, and GeO,. Cu, Mg,
and Ge thin films were, respectively, deposited on the Si substrates by
sputtering, and the thicknesses of all these films were 500 nm. GeO,
films were formed by thermally oxidizing the deposited Ge film at 500 °C
for 5 h in air (with a heating rate of 8 °C min~', self-cooling to room
temperature afterward). The designer TiO,/SiO, filter structure was
subsequently coated onto the Si wafers with sacrificial layers as well
as bare K9 glasses using ion beam-assisted sputter deposition, with
substrates heated up to 300 °C (HB-Optical, Shenyang, China). Different
etchants were utilized to selectively remove the different sacrificial
layers between the filter and Si. The corresponding etchants were FeCl;
solution (FeCl3:H,0 = 1:1 weight ratio) for Cu (etch rate = 0.3 mm h™),
diluted HCI (HCI:H,O = 1:1 volume ratio) for Mg (etch rate =2 mm h7),
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and diluted H,0, (H,0,:H,0 = 1:1) for GeO, (etch rate = 0.05 mm h").
It was discovered that the Mg layer rendered the optimal undercut
results with minimum defects formed in the freestanding filter layer
after etching. Released, freestanding filters could be picked up by PDMS
stamps (Dow Corning Sylgard 184 kit, 1:10 weight ratio) and transferred
onto any substrates. Laser milling (Nd:YVO, laser, 1064 nm) was applied
to form the filters with designed patterns and shapes.

Integration of Filters with LEDs and Detectors: Freestanding, laser-
patterned filters were transferred onto polyimide with a thin-film polymer
as an adhesive. The thin-film microscale blue LED structure (from bottom
to top) consisted of a GaN buffer layer, a n-GaN layer, an InGaN/GaN
multiple-quantum-well layer, and a p-GaN layer, with a total thickness of
about 7.1 um. The GaN-based micro-LEDs were grown on flat sapphire
substrates and released after laser liftoff.*®l The thin-film, microscale GaAs-
based PV detector structure (from bottom to top) included a p-GaAs contact
layer, an Aly3Gag 7As back surface field (BSF), a p-GaAs base layer, a n-GaAs
emitter layer, and an InGaP window layer, with a total thickness of about
3.7 um. The GaAs detectors were grown on GaAs substrates and released
after etching the AlAs-based sacrificial layer.’®l These fabricated microscale
devices were transferred onto flexible polyimide substrates by PDMS
stamps, with patterned filters integrated on the bottom of the GaN LEDs
and on the top of the GaAs detectors, respectively. A 2 um thick SU-8 film
was used as the adhesion layer. The interconnected metal electrodes that
consisted of 20 nm Cr/500 nm Cu/100 nm Au were formed by sputtering.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Device Characterization: The SEM image was captured by ZEISS
Merlin microscope (15 kV). The optical microscopy images were taken
by microscope MC-D800U (C). The transmittance spectra of the optical
filters were measured using a UV-vis-IR spectrophotometer (Cary 5000,
Varian). Typical scans were performed from 300 to 1000 nm with a 2 nm
resolution at every 5° from 0° to 70°, and the incident probe beam spot
had a diameter of 1 mm. The O.D. at the filter stop band was measured
at 470 nm using a laser source (MBL-FN-473 Solid State), calibrated by a
standard Si photodetector (DET36A, Thorlabs). At specific wavelengths,
O.D. is defined as Iog]O(IO/Itransmission)r where IO and Itransmissionv
respectively, refer to the incident light power and transmitted light power
after passing the filter. The LEDs were mounted onto a goniometer for
angular emission intensity measurement from —90° to 90° in steps of
5°, at an injection current of 3 mA. The emission intensity was captured
by a standard Si photodetector (DET36A, Thorlabs). The EQE spectra
of the GaAs detector (incidence from 0° to 40°) were measured using a
quantum efficiency measurement system (QEX10) from 300 to 1000 nm
with a 5 nm resolution.

Device Simulation: The emission profiles of the stacked LED/filter
structures were modeled by using Monte Carlo-based ray tracing
methods (TracePro free trial version).’3l The file source emitted light
with the wavelength of 470 nm toward all directions obeying Lambert’s
cosine law. All surfaces of structures in the model were considered as
smooth planes without surface scattering. The simulated EQE spectra
for detectors with and without filters on top were obtained based on the
transfer-matrix methodl'’] (see the Supporting Information for details)
using OpenfFilters.’2

In Vitro Cytotoxicity Study: Glass substrates with and without the
designed optical filter coating were sterilized in 70% ethanol followed
by ultraviolet (UV) irradiation for 3 days. L929 fibroblastic cells (ATCC,
USA) were cultured in the Roswell Park Memorial Institute (RPMI)-
1640 (Gibco Life Technologies, China) medium with 10% fetal bovine
serum (FBS) and 1% penicillin—streptomycin in a humid atmosphere
containing 5% CO,. The cell culture medium was replaced every day.
Cells were then seeded on samples at a density of 300 cells mm™.
Live/dead staining was conducted after the cells were incubated for 1,
3, and 7 days to qualitatively evaluate the cell viability. Calcein-AM and
propidiumiodide (Gibco Life Technologies, China) were used to stain
live and dead cells, respectively. Before the analysis of cell proliferation,
the cell-laden constructs were washed with phosphate buffered saline
(PBS) twice and stained with Calcein-AM and propidiumiodide for
20 min. A confocal microscope (Leica, Germany) was used to determine
the distribution of living and dead cells on the samples. The numbers of
live and dead cells in three randomly selected fields were counted and
values were calculated based on the average percentage of living cells
based on total cells to measure the viability of cells.[>

In Vivo Biocompatibility Study: Filter samples used in the in vivo
experiment were dipped in 70% ethanol and exposed to UV radiation
so as to minimize the risk of infection. Healthy male SD rats (Beijing
Vital River Laboratory Animal Technology, China) of 4 weeks were
employed in this study to evaluate the biocompatibility of the flexible
filters. The skin region of surgery was shaved and prepared aseptically
for operation and the animals were anesthetized by gas concentration
of 2.5% isoflurane during the process. After the standard transversal
incision of 3-5 mm was made, a piece of flexible filter (diameter:
~2.0 mm) was placed in subcutaneous space. The blank control group
was operated as the control group but placed nothing. Then, the wound
was closed by suturing. The whole process was under sterile conditions
and the rats were held in standard conditions both prior to and after
implantation. The in vivo biocompatibility of flexible filters was evaluated
after embedding filters under the back and skull skin of SD rats. At 1, 2,
and 5 weeks after implantation, rats were euthanatized in carbon dioxide
chamber. Photographs of pieces of filter in subcutaneous tissues were
taken. Then, the implants and the surrounding tissues were carefully
collected from the body. Samples were soaked in formalin for 3 days
in order to fix the tissue. Then, they went through biopsy process and
were stained with H&E for histological examination. The slices were
photographed with optical microscope (Nikon, Eclipse Cl). Animal

Adv. Optical Mater. 2018, 1800146

1800146 (7 of 8)

www.advopticalmat.de

care is in accordance with the institutional guidelines of the Tsinghua
University. Protocols are proved by the Institutional Animal Care and
Use Committee (IACUC) in the Tsinghua University.
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