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Multiphoton Lithography of Organic Semiconductor
Devices for 3D Printing of Flexible Electronic Circuits,

Biosensors, and Bioelectronics
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Sheereen Majd, Chandra Mohan, and Mohammad Reza Abidian*

In recent years, 3D printing of electronics have received growing attention
due to their potential applications in emerging fields such as nanoelectronics
and nanophotonics. Multiphoton lithography (MPL) is considered the state-
of-the-art amongst the microfabrication techniques with true 3D fabrication
capability owing to its excellent level of spatial and temporal control. Here,

a homogenous and transparent photosensitive resin doped with an organic
semiconductor material (OS), which is compatible with MPL process, is intro-
duced to fabricate a variety of 3D OS composite microstructures (OSCMs)
and microelectronic devices. Inclusion of 0.5 wt% OS in the resin enhances
the electrical conductivity of the composite polymer about 10 orders of magni-
tude and compared to other MPL-based methods, the resultant OSCMs offer
high specific electrical conductivity. As a model protein, laminin is incorpo-
rated into these OSCMs without a significant loss of activity. The OSCMs

are biocompatible and support cell adhesion and growth. Glucose-oxidase-
encapsulated OSCMs offer a highly sensitive glucose sensing platform with
nearly tenfold higher sensitivity compared to previous glucose biosensors.

In addition, this biosensor exhibits excellent specificity and high reproduc-
ibility. Overall, these results demonstrate the great potential of these novel
MPL-fabricated OSCM devices for a wide range of applications from flexible
bioelectronics/biosensors, to nanoelectronics and organ-on-a-chip devices.

stereolithography,® interference lithog-

raphy'” and multiphoton lithography
(MPL).'"l Among these techniques, MPL
based on direct laser writing is state-of-
the-art owing to its high spatial and tem-
poral control as well as the versatility of
photosensitive materials mostly composed
of acrylate-based polymers/monomers
or epoxy-based photoresists. One notable
feature of MPL is its ability to fabricate
3D microstructures with subwavelength
resolution typically 100-200 nm beyond
the optical diffraction limit, achieved
by combination of threshold effect and
reduction of effective beam diameters
due to multiphoton adsorption of pulsed
femtosecond near-infrared laser beams
(=800 nm).12B] Precise modulation of
laser intensity, together with optimal
writing speed and use of high numerical
aperture objective lens have even enabled
spatial resolution down to 15 nm.!*4

More importantly, MPL is an ideal
tool for 3D printing of functional struc-

1. Introduction

Development of innovative 3D micro and nanoscale tech-
nologies in nanoelectronics, micro/nanoelectromechanical
systems,?) nanophotonics,?! micro/nanofluidics,™ and nano-
biosciences!” requires advancements in existing light induced-
additive manufacturing techniques including electron beam
lithography,!®! Digital Light Processing,/! dip pen lithography,®!
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tures using photosensitive composite
resins doped with stimuli-responsive
nanomaterials.  Semiconductive  nano-
particles, magnetic nanoparticles, and metallic nanoparticles
have been introduced into the resins to fabricate photolumi-
nescent micro-nanostructures,™> remotely controllable micro-
nanomachines,®! and conductive micro-nanoarchitectures,’!
respectively. However, these nanomaterials that usually exhibit
inorganic properties are difficult to disperse homogenously
in largely doped fashion within photopolymerizable resins
without significant phase separation.[!618l
In recent years, there have been significant interests and
efforts in fabrication of MPL-based electrically conductive struc-
tures due to their potential applications in emerging fields
such as nanoelectronics, nanophotonics, plasmonics, and bio-
electronics. Metal salts such as AgNO5['*?% and HAuCl,[7212%
with relatively high concentration (=50 wt%) can be mixed with
photoresist and MPL is employed for simultaneous photoreduc-
tion of metallic salts and photopolymerization of photoresist to
fabricate highly conductive metallic nanoparticle-doped poly-
meric microstructures. Although relatively high specific elec-
trical conductivities up to =10° S m™! wt%! (conductivity per
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concentration of metallic nanoparticles) can be achieved, metal-
nanoparticle-loaded resins produce planar structures.”l. On
the other hand, MPL-compatible composite resins containing
carbon nanotubes (CNTs)?*-%°l and graphenel?>?] exhibit 3D
microstructures. However, these nanomaterials demonstrate low
specific electrical conductivities up to only =200 S m™ wt% 1124
To address these challenges, herein, we report a homog-
enous, transparent, and stable photosensitive resin doped with
an organic semiconductor material (OS) to fabricate highly
conductive 3D microstructures with high-quality structural fea-
tures via MPL process. OSs are a broad family of 7-conjugated
molecules or polymers with alternating single and double
bonds. The oxidized OSs (i.e., positively (p) doped) can reach
conductivities up to several thousand S m™. To maintain elec-
troneutrality, anions are intercalated within the bulk of p-doped
OSs, providing both mobile electronic and ionic charge car-
riers.?8] Furthermore, OSs have many unique properties such
as mixed ionic and electronic conduction, mechanical flex-
ibility, large optical absorption and emission, and solution
processability®®3% that are crucial for several applications
including optoelectronics,?"32 printed electronics,**3* and
bioelectronics.*>#! Poly(3,4-ethylenedioxythiophene) (PEDOT)
is considered one of the most promising OSs due to its high
electrical conductivity and chemical stability.?*#%l Fabrication of
organic bioelectronics has mostly relied on patterning and/or
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electrodeposition of OS on metal electrodes that are microfab-
ricated using conventional multi-step lithography methods with
limitations and challenges such as low resolution, 2D patterns,
and/or complex and high-cost procedures. 3]

Here, for the first time we report applying MPL process
to directly fabricate 3D organic semiconductor composite
microstructures (OSCMs). We introduce a new MPL compat-
ible resin composed of photopolymer poly(ethylene glycol)
diacrylate (PEGA), organic semiconductor poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), photo-
initiator 3-(trimethoxysilyl)propyl methacrylate (T-POL), and
miscible agent dimethyl sulfoxide (DMSO) (Figure 1A, black
boxes). Microelectronic devices made of this OS composite
resin were fabricated via MPL process and were characterized.
Furthermore, proteins such as laminin and glucose oxidase
were incorporated (Figure 1A, blue box) within MPL-based
conductive microstructures and assessed for their biological
activity and functionality. Compared to other 3D printing
methods™ such as ink-jet printing,* aerosol printing,!l
nozzle printing,¥’} screen printing,*® and lithography,*! MPL
offers facile fabrication of OS composite microstructures with
high resolution and high aspect ratio that can be integrated
with other MPL compatible materials such as insulating poly-
mers to fabricate functional electronic circuits, biosensors and
bioelectronics.
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Figure 1. Resin components and MPL fabrication process. A) Components of the OS composite resin: photopolymer poly(ethylene glycol) diacrylate
(PEGA), organic semiconductor (OS) poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), photoinitiator 3-(trimethoxysilyl) propyl
methacrylate (T-POL), miscible agent dimethyl sulfoxide (DMSO), and proteins such as laminin and glucose oxidase. B) Experimental setup for the
MPL process, including resin, glass/PDMS substrates, 3D piezostage, controller, femtosecond (fs) laser, and the objective lens. C) The OS composite
resin (yellow color) is crosslinked by a focused fs laser to create 3D OSCMs (green color). D) The sample is then rinsed in ethanol to remove any
unsolidified resin, leaving the 3D OSCMs on the substrate.
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2. Results and Discussion

Figures 1A-D illustrate the chemical components of the com-
posite resin and the MPL experimental procedure for fabrica-
tion of conductive microstructures. The composite resin was
prepared by direct addition of a mixture of OS and DMSO to
PEGA/T-POL (see resin preparation in Experimental Section).
The reason for choosing DMSO is the miscibility of the OS,
PEGA, and T-POL in DMSO in order to prepare a homoge-
neous and transparent MPL-compatible resin (Figure 1A). It
was observed that in the absence of DMSO, OS would imme-
diately aggregate, revealing the importance of DMSO in com-
plete dispersion of OS (Figure S1A, Supporting Information).
The photoinitiator T-POL was used due to its water solubility,
biocompatibility, high initiation efficiency, and large absorb-
ance wavelength 600-810 nm.%! To demonstrate its poten-
tial application, the OS composite resin was further modified
with proteins such as laminin and glucose oxidase (blue box
in Figure 1A) (see resin preparation in Experimental Section).
During the MPL process, a femtosecond laser beam (center
wavelength of 780 nm, pulse width of 130 nm, repetition rate
of 80 MHz, and power of 20 mW) was tightly focused by an
objective lens (40x, numerical aperture (NA) 0.65) into the
resin. The sample was then moved by a 3D piezostage to make
3D scans with a speed of 50 um s! based on the predefined
geometric design, resulting in solidified 3D microstructures,
while OS was simultaneously incorporated within the polymer
(Figure 1B). After MPL fabrication, the samples were rinsed in
ethanol for 1 min to remove any unsolidified resin, leaving the
3D microstructures of OS composite polymer on substrates
(Figure 1C,D).

Resin with DM SO concentration between 25 and 35 wt% was
found to be MPL-compatible. Specifically, OS was not miscible
in DMSO with concentration below 25 wt%, while further addi-
tion of DMSO above 35 wt% into the resin yielded detached and
lower quality microstructures (Figures S1B-E, Supporting Infor-
mation). The prepared resin was stable for =30 h at room tem-
perature without obvious OS aggregation (Figure S2, Supporting
Information). In addition, the maximum miscibility of OS in the
resin was found to be 0.5wt% (Figure S3, Supporting Informa-
tion). The fabrication process was performed on either flexible
poly(dimethylsiloxane) (PDMS) (Figure 2A) or glass substrates.
Figure 2B-F and Figure S4, Supporting Information show some
examples of 3D conductive microstructures fabricated from the
OS composite resin (0.5 wt% OS), including array of microgrids,
microsnowflakes, microsprings, microhoneycombs, and vertical
microtubes. It is noteworthy that the feature size (line width) of
~ 400 nm was achieved when a 28 mW fs laser was focused by
an oil immersion objective lens 63x (NA 1.4) and the OS com-
posite resin was scanned with a speed of 100 um s™! (Figure S5,
Supporting Information). We characterized the optical transpar-
ency of the composite resin as a function of OS concentration
(Figure 2G). As the concentration of OS increased from 0 to
0.5 wt%, the transmittance decreased from 99% to 89% at
550 nm (Figure 2H), demonstrating an excellent optical trans-
parency for the composite resin. The high level of optical trans-
mittance is an appealing feature for potential optoelectronic
application of MPL-fabricated organic semiconductor composite
microstructures (OSCMs).
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Fourier transform infrared (FTIR) spectroscopy was
conducted to confirm that OS was incorporated within 3D
microstructures (Figure 3A). For the OS composite polymer
microstructures (shown in red curve) and polymer microstruc-
tures (shown by the black curve), two characteristic peaks were
observed at 2910 and 1724 cm™!, which correspond to stretching
of —CH and =CO bonds of the polymer, respectively. Further-
more, the OS composite polymer showed three peaks at 1162,
1121, and 1066 cm™ that correspond to stretching vibration of
ethylenedioxy group, as well as peaks at 1345 and 1500 cm,
which can be attributed to C—C and C=C bonds in the thio-
phene ring of pure OS (shown in blue curve). To characterize
the electrical conductivity of the OS composite polymers, we fab-
ricated bar-shaped microstructures (265 pm x 10 um x 10 pm:
length x width x height) connecting two pairs of gold (Au) elec-
trodes (Figure S6A, Supporting Information). A Semiconductor
Device Parameter Analyzer (B1500A, Keysight) was utilized
to obtain the current—voltage (I-V) curves and to calculate the
electrical conductivity of the OS composite microstructures
(OSCMs) (Equation (S1) and Figure S6B, Supporting Infor-
mation). Figure 3B shows the electrical conductivity of the
OSCMs as a function of different OS concentrations in the
resin. As depicted, while the polymer microstructures (without
OS) were not conductive, loading as low as 0.1 wt% OS into
the resin dramatically increased electrical conductivity of the
OSCMs over 8 orders of magnitude (from 2 x 10 £ 6.5 x 107 to
3x10% £ 2 x 10> S m™). Furthermore, the electrical conductivity
significantly increased to 2.7 X 10* + 6 x 10> S m™! by increasing
the OS concentration to 0.5 wt% (the maximum miscibility
concentration of OS in the resin). It is noteworthy that there
was statistically significant difference in the electrical conduc-
tivities of OSCMs fabricated with 0.1, 0.2, 0.3, 0.4, and 0.5 wt%
(p < 0.001). To further demonstrate the electrical conductivity
of the OS composite polymer compared to nonconductive
polymer, OS composite polymer fabricated from a resin com-
posed of 0.5 wt% OS with a thickness of 1 mm and conduct-
ance of less than 0.1 S was able to serve as an interconnect to
switch on a light-emitting diode (Figure 3C,D and Movie S1,
Supporting Information). The electrical conductivity of the OS
composite polymer can be attributed to presence of OS in the
cross-linked polymer chains, providing both ionic and electronic
conduction pathways along the polymer chains (Figure 3E).1*!
Moreover, the excessive increase in electrical conductivity of
OSCMs is ascribed to the conductivity enhancing agent DMSO
that also acts as a miscible agent. Commercially available OS
PEDOT:PSS is an aqueous dispersion of chemically polymerized
PEDOT in polyelectrolyte PSS with moderate electrical conduc-
tivity (=100 S m™).B% It has been reported that the use of DMSO
could dramatically increase the electrical conductivity of OS
(about 2 orders of magnitude),’>>¥l presumably due to removal
of insulating counterions (i.e., PSS) from OS,*® reducing the
columbic interactions between OS and counterions,P3 as well as
reorientation and conformation of the OS polymer chains.®%"]
It should be noted that varying the concentration of DMSO in
the resin between 25 and 35 wt% (MPL-processible range of
DMSO concentration in the resin) did not significantly change
conductivity (Figure S7, Supporting Information).

Materials confocal microscopy (MCM) was utilized to assess
the surface topography of the OSCMs. As previously shown
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Figure 2. 3D microfabrication of conductive and bioactive microstructures based on OS composite resin via MPL and resin transparency. A) Thin and
flexible PDMS substrate used for MPL fabrication. B) Optical microscopy image of a microgrid fabricated on PDMS film shown in (A). C—F) SEM images
of various microstructures, including a microsnowflake (C), microspring (D), microhoneycomb (E), and vertical microtubes (F). G) Optical transparency
of the resin with various OS concentrations in the 350750 nm wavelength spectrum. The black squares, red circles, blue upsided triangles, magenta
downsided triangles, green diamonds, dark blue leftsided triangles, and royal rightsided triangles represent polymer (resin without DMSO), 0 wt% OS,
0.1 wt% OS, 0.2 wt% OS, 0.3 wt% OS, 0.4 wt% OS, and 0.5 wt% OS, respectively. H) Transmittance of resins at 550 nm with respect to various OS
concentrations. Data shown as mean £ S.EIM., n= 3.

in the scanning electron microscopy (SEM) images (Figure 2C-F)  features and were relatively smooth with average surface rough-
and indicated in the 3D view of the color-coded height map ness of 38 nm compared to nonconductive microstructures
(Figure 3F), OSCMs (OS 0.5 wt%) had high-quality structural  (Figure S8, Supporting Information). MCM revealed that as the
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Figure 3. Chemical, electrical, and physical characterization of MPL-fabricated microstructures. A) FTIR spectra of pure OS (blue curve), OS composite
polymer (red curve) and polymer (black curve) microstructures. B) Electrical conductivity of OSCMs with respect to OS concentration in the resin.
Data shown as mean £ SD, n =9, *** p < 0.001. In the box graph, the black squares, horizontal lines, and box range demonstrate the mean, median,
and SD, respectively. C,D) OS composite polymer structures (C) and polymer structures (D) acting as interconnects to drive a LED, respectively (scale
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OS concentration increased from 0.1 wt% to 0.5 wt%, surface
roughness increased from 19 + 1.2 to 38 £ 1.3 nm (p < 0.001),
respectively (Figure 3G). Moreover, there was statistically signif-
icant difference in the surface roughness of OSCMs fabricated
with 0, 0.1, 0.2, 0.3, 0.4, and 0.5 wt% OS (p < 0.05). In addition
to the quality of the MPL-based conductive microstructures, the
specific conductivity (conductivity per concentration of conduc-
tive filler in resin) is a particularly relevant metric for evalu-
ating the efficiency of the fabrication method, especially for
large-scale fabrication at low costs (Table S1, Supporting Infor-
mation). Figure 3H provides a comparison between the spe-
cific conductivity of the MPL-fabricated structures in relevant
studies using various conductive fillers. High content metallic
nanoparticles in the resin such as Au and Ag salts (10-50 wt%)
demonstrated high specific electrical conductivity of MPL-
based composites (10* to 10° S m™ wt% '), however, this
method often produced planar microstructures.”19-22585 [n
contrast, inclusion of carbon-based nanomaterials in the resin
such as CNTs, graphene, and post polymerization of conduc-
tive monomers (0.01-10 wt%) yielded 3D microarchitectures
with low specific conductivities.?3-260-62 Remarkably, our
OSCMs (0.5 wt% OS) not only exhibits high specific conduc-
tivity (=5.4 X 10* S m™ wt%™) but also smooth surfaces and
high-quality 3D structural features (Figures 2C-F and 3F,G).
The high specific conductivity together with the high-quality
3D microstructures of our OS composite polymer represents
a profound improvement in the fabrication of MPL-based 3D
conductive architectures compared to previously reported com-
posite resins (Figure 3H).

To demonstrate the potential of MPL fabrication process
based on the OS composite resin, we designed, fabricated,
and characterized various microelectronic devices, including a
micro-printed circuit board (WPCB), which comprises various
electrical elements (Figure 3I), and an array of microcapaci-
tors (Figure 3K).The straight lines in the I-V graph (Figure 3))
showed the resistor behavior of elements al, a2, a3, and a4
(Table S2, Supporting Information) with conductance of
106.52 £ 9.31, 140.16 + 13.14, 202.54 £ 15.39, and 459.31 £ 44.74 uS
(n = 5), respectively. Figure 3L shows the hysteresis loop (scan
rate: 2 V s7Y) of an array of microcapacitors (three microcapaci-
tors in parallel, Table S3, Supporting Information). The rec-
tangular-shaped I-V curve indicates capacitor behavior with a
specific capacitance of 0.08 £ 0.02 F g (n = 3) (Equation (S2),
Supporting Information).

3D bioprinting of OSCMs based on MPL has potential in
tissue engineering applications. To demonstrate the versatility
of this method, we first formulated and developed a bioac-
tive resin by adding laminin (LM) to the OS composite resin

www.advmat.de

(see resin preparations in Experimental Section). LM was
immobilized within OSCMs during solidification of the com-
posite resin. The fluorescence microscopy images shown in
Figure 4A,B indicate the distribution and incorporation of
laminin into MPL-fabricated LM-OSCMs (OS concentration in
resin was 0.5 wt%, and LM concentration was 0.1 X 107 M) and
line intensity scans across the LM-OSCMs structures revealed
a coefficient of variation of 5.5% (Figure S9, Supporting Infor-
mation). Laminin is a key component of the basement mem-
brane in multiple tissues, and is involved in structural stability,
cell attachment, cell signaling, cell migration, cell proliferation
as well as angiogenesis.®** To confirm that the bioactivity of
LM was retained throughout the entire MPL process, primary
mouse endothelial cells were cultured for 48 h on the LM-
OSCMs (500 pm x 500 um X 2 um: length x width x height).
As shown in the fluorescence microscopy images in
Figure 4C,D, and demonstrated in Figure 4E, the attachment
of endothelial cells was significantly higher on LM-OSCMs
compared to OS microstructures without laminin (337 + 20 and
8 + 13 cells mm™2, respectively, p < 0.001). Cells seeded on LM-
OSCMs displayed evidence of adherence to substrate, prolif-
eration, and enhanced survival, whereas the cells barely held
on to the substrate and were rounded and nonproliferative on
OS microstructures. These results confirm that LM incorpo-
rated into MPL-fabricated microstructures retains its biological
activity and that LM-OSCMs support and enhance the attach-
ment, spreading, and proliferation of living cells.

OSs have been one of the most promising materials in the
emerging field of bioelectronics owing to their mechanical flex-
ibility which simulates properties of biological tissue, mixed
ionic and electronic conduction that facilitates efficient biosignal
transduction, and biocompatibility and facile functionalization
with biomolecules for tuning biological responses.®>-%8] Fabri-
cation of organic bioelectronic devices have mostly relied on
conventional lithography techniques involving photomask pro-
cesses to fabricate metal electrical contacts and interconnects
followed by OS electrochemical patterning,* impaired with
their challenges and limitations. Here, we propose a mask-
less method based on MPL for fabrication of bioelectronics,
as schematically illustrated in Figure 5A-C. The proposed
shape and geometry of the device is similar to Michigan-style
neural electrodes.* The MPL fabrication process begins with
construction of insulating electrode shank and base (height:
2 um) from the polymer resin (without added OS) (schematic
illustration Figure 5A and optical microscopy image represen-
tation Figure 5G). Next, the resin is replaced with the OS com-
posite resin (OS concentration: 0.5 wt%) and OSCMs including
electrode sites (height: 7 um, diameters: 1, 5, 10, 20, 40, and

bars: 5 mm). E) Schematic of proposed conductivity of MPL-fabricated OS composite polymers. F) 3D view of color-coded height maps of cubic
microstructures fabricated using OS composite resin (0.5 wt% OS), showing surface texture of MPL-fabricated microcubes. G) Surface roughness
(Rims) With respect to OS concentration. Data shown as mean £ S.E.M., n =4, ** p < 0.05, *** p < 0.001. H) Comparison between specific conductivity
of MPL-fabricated conductive microstructures in this study using OS composite resin and prior works using other conductive nanomaterials and post
processing methods (Au NP: gold nanoparticles, Ag NP: silver nanoparticles, CP P.P.: conducting polymer (CP) post-polymerization (P.P.) after MPL
fabrication, GP: graphene, CNT: carbon nanotubes, CNT + CP P.S.: doping CNT in resin, followed by post soaking of MPL-fabricated structures in CP
solution, OS: organic semiconductor). The black squares represent planar structures, and the black triangles represent 3D microstructures. 1) Optical
microscopy image of a UPCB comprised of various electrical elements. |) |-V graph of elements in LPCB: al (black squares), a2 (red circles), a3 (blue
upsided triangles), and a4 (magenta downsided triangles); the straight lines indicate the resistor behavior of the elements. K) SEM image of a micro-
capacitor array. L) Hysteresis loop of three microcapacitors in parallel. The rectangular-shaped |-V indicates capacitor behavior.
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Figure 4. Incorporation of laminin (LM) into MPL-fabricated OSCMs. A,B) Fluorescence microscopy images of LM-OSCMs showing the incorporation
and distribution of LM. C,D) Representative epifluorescence microscopy images of endothelial cells fixed and stained with Oregon Green 488 phalloidin
(green) and DAPI (red) to visualize F-actin and cell nuclei, respectively after 48 h cultured on LM-OS microstructures (C) and OS microstructures
(without LM) (D) (scale bars: 100 um). E) Quantification of (C) and (D) showing the cell density, data shown as mean + S.E.M., n = 3, *** p < 0.001.

80 um), interconnect cables (width: 1 um, height: 2 um),
and contact pads (length: 20 um, width: 20 um, height: 7 um)
are fabricated (schematic illustration Figure 5B and optical
microscopy image representation Figure 5I). Finally, the insu-
lating layer is fabricated from the polymer resin (without added
OS) to encapsulate the interconnect cables (height: 3 um)
(schematic illustration Figure 5C and optical microscopy image
representation Figure 5]). It is worth noting that the fabrica-
tion process shown in Figure 5B can be further modified for
the development of enzyme based-biosensors by first fabrica-
tion of electrode sites from OS composite resin containing
biorecognition molecule such as glucose oxidase enzyme
(GOx) (schematic illustration Figure 5D and optical microscopy
image representation Figure 5H), followed by construction of
interconnect cables and contact pads from OS composite resin
(without enzyme), (schematic illustration Figure 5E and optical
microscopy image representation Figure 5I), and finally fabri-
cation of the insulating layer (schematic illustration Figure 5F
and optical microscopy image representation Figure 5J).
Figure 5G-] represent optical microscopy images of the fabri-
cation steps, and Figure 5K,L show SEM images of the MPL-
fabricated microstructures.

Next, we measured and characterized the electrochemical
properties of the OS composite microelectrode sites shown in
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the SEM images in Figure 5K using electrochemical impedance
spectroscopy (EIS) and cyclic voltammetry (CV). As shown in
Figure 6A, the impedance magnitude decreased across all fre-
quencies (1 to 10° Hz) as the diameter of the OS composite
microelectrode sites increased. The larger surface area resulted
in higher double layer capacitance, which is inversely related
to the impedance.[%? Specifically, at the biologically relevant
frequency of = 1 kHz, the impedance magnitude significantly
decreased from 63.13 £ 4.56 kQ to 19.28 + 3.08 kQ (p < 0.001)
as the diameter of sites increased from 1 to 80 um (Figure 6B).
The trend of both impedance magnitude and phase angle of
the OS composite sites (Figure 6C) were in agreement with
previous studies of electrochemical patterned OS."°7? In par-
ticular, OS composite sites exhibited capacitive behavior at low
frequencies (1-10 Hz) due to the dominance of double layer
capacitance. However, at frequencies between 10 and 10 Hz,
OS composite sites became more resistive as the frequency
increased because of predominance of charge-transfer reaction
and diffusion associated with mixed ionic and electronic con-
duction of the OS (Figure 6C)."72

It has been reported that pristine OS"3 structures and
OS composite structures containing >70 wt% OS/47! could
significantly swell in aqueous/ionic solutions. In agreement
with these findings, here, adding 0.5 wt% OS did not cause a

© 2022 Wiley-VCH GmbH
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[ Polymer
Il OS composite polymer

Il GOx-OS composite polymer

Bioelectronics

Figure 5. MPL-based Fabrication process of hybrid Michigan-style micro-
electrode for bioelectronics and biosensors applications. A-C) Schematic
illustrations for fabrication of bioelectronics: A) Construction of insulating
electrode shank and base (height: 2 um) using the polymer resin (without
added OS). B) OSCMs including electrode sites (height: 7 um, diameters: 1,
5,10, 20, 40, and 80 pum), interconnect cables (width: 1 um, height: 2 um),
and contact pads (length: 20 um, width: 20 um, height: 7 um) were fabri-
cated using the OS composite resin (OS concentration: 0.5 wt%). C) The
insulating layer is fabricated using the polymer resin (without added OS)
to encapsulate the interconnect cables (height: 3 pm). D—F) Schematic
illustrations for fabrication of biosensors: following construction of
insulating electrode shank and base (height: 2 um) from the polymer
resin without added OS (A), D) enzyme-loaded sites are fabricated from
OS composite resin containing glucose oxidase (GOx), E) construction of
interconnect cables and contact pads using OS composite resin (without
enzyme), F) fabrication of insulating layer. G—J) Optical microscopy image
representations of MPL-fabricated microstructures (scale bars: 50 um).
G) Representation of schematic (A), H) representation of schematic (D),
1) representation of schematic (B) and (E), )) representation of schematic
illustration (C) and (F). K,L) Pseudo-colored SEM images of MPL-fabricated
microelectrode at low and high magnifications, respectively (green repre-
sents polymer and red represents OS composite polymer). Scale bars in
(K) and (L) are 100 and 50 um, respectively.

significant change in the water absorption of MPL- fabricated
microstructures (Figure S10A, Supporting Information, no sta-
tistically significant difference between OS composite polymer
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and polymer) and the impedance was relatively stable in phos-
phate buffered saline during swelling (PBS, pH =74, T = 37 °C)
(=7% increase at biologically relevant frequency 1kHz after
3 days, Figure S10B, Supporting Information). In addition, the
OS composite polymer exhibited less than =~ 2.5% mass loss
after 10 days (no statistically significant difference) of incuba-
tion in phosphate buffered saline (PBS, pH= 74, T= 37 °C),
presumably due to hydrolysis of ester bonds (Figure S10C,
Supporting Information,). These results were in agreement
with those reported previously.”%”7! CV was conducted to study
redox reactions of the OS composite sites due to ion exchange
between OS and electrolyte. As shown in Equation (1), the
redox reaction is accompanied by the transportation of cations
inside and outside of the OS:

[0s" + (A7), J+nc+2[08°(A%), (€] )

where OS* represents the oxidized state, OS° represents
the neutral state, A~ represents immobile charge balancing
anions, and C* represents cations in the electrolyte. During
CV, OS composite sites were swept between —0.8 and 0.4 V at
a constant scan rate of 0.1 V s7! and the cyclic -V curves were
obtained (Figure 6D). The anodic peak potential (oxidation) was
E, = 0.1 V and cathodic peak potential (reduction) was
E,. = —0.2 V which were in the range of previously reported
0S.397172] As shown in Figure 6D, the cathodic and anodic
currents drastically increased as the surface area of the OS
composite sites increased presumably due to increasing ion
diffusion at the OS microelectrode—electrolyte interface. The
charge storage capacity (CSC) is proportional to the surface
area under the [-V curves and determines the charge of mobile
carriers accumulated within the OS composite polymer during
a I-V cycle (Equation (S3), Supporting information). It is note-
worthy that the charge storage capacity (Figure 6E) and specific
capacitance (Equation (S2) and Figure S11, Supporting Infor-
mation) significantly increased from 2.38 + 0.18 nC um= to
89.73 £ 15.14 nC pm~2 and from 435 + 19 to 16 398 £ 1597 F g7},
respectively (p < 0.001).

To demonstrate the potential application of our MPL-based
microstructures, we designed and fabricated a glucose bio-
sensor as described and illustrated in Figure 5D-F. To date,
the most commonly used amperometric glucose biosensors
utilize enzyme glucose oxidase (GOx) for the specific recogni-
tion of glucose and the glucose concentration is determined
by consumption of oxygen (to produce hydrogen peroxide)
and oxidation of hydrogen peroxide at high potential =+0.7 V.
In this study, GOx was encapsulated within the solidified OS
composite microelectrodes (GOx-OSCM) via the MPL process
from a homogeneous resin containing 0.3 x 10 M GOx and
0.5%wt OS (Figure S12A, Supporting Information, see resin
preparations and amperometric response measurements in
Experimental Section). EIS and CV plots of GOx-OSCM micro-
electrodes in the absence of glucose showed that the electro-
activity of OS composite polymer was relatively affected by the
incorporation of GOx, presumably due to excessive ion trans-
portation that was caused by the electronegative nature of GOx
(Figure S12B,C, Supporting Information).”® Figure 6F depicts
CVs of GOx-OSCM microelectrodes in the presence of glucose
at different concentrations. Further evaluation of CSC revealed

© 2022 Wiley-VCH GmbH
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Figure 6. Electrochemical characterization and glucose biosensing using MPL-fabricated composite microelectrode sites. A) Impedance magnitude
over a frequency range of 1to 10° Hz for electrode sites with diameters of: 1 um (S1, black squares), 5 um (S2, red circles), 10 um (S3, blue upsided
triangles), 20 um (S4, magenta downsided triangles), 40 um (S5, green diamond), and 80 um (S6, dark blue hexagon). B) Impedance of microelectrode
sites at 1 kHz. Data are shown as mean * SD, n =3, *** p < 0.001. C) Phase angle of the impedance spectrum over the frequency range of 1to 10° Hz.
D) Cyclic voltammetry of microelectrode sites, with potential swept from —0.8 to 0.4 V and a scan rate of 0.1 V s7\. E) Charge-storage capacity of the
microelectrode sites. Data are shown as mean + SD, n =3, *** p < 0.001. F) Cyclic voltammetry of a microelectrode site in various glucose concentra-
tions: 0.1x 1073 m (black), 0.2 x 1073 m (red), 0.5 x 1073 m (gray), 1x 1073 m (blue), 2 X 1073 m (magenta), and 3 x 1073 m (light green). G) Amperometric
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a good level of stability as its electrochemical properties
showed a slight reduction (=3%) as the glucose concentration
increased from 0.1 to 3 x 107 M. We evaluated the perfor-
mance of the biosensor by measuring the currents at a preset
polarization potential of + 0.3 V versus Ag/AgCl upon injec-
tion of increasing glucose concentration from 0.1to 3 X 10 m
(red curve, Figure 6G) in phosphate buffered saline (PBS,
pH =74, T= 37 °C), a clinically relevant concentration range for
glucose in cerebrospinal fluid” where the glucose concentra-
tion is two thirds that of its concentration in blood.”®! Various
attempts have shown that OSs could be used as mediators for
amperometric detection of glucose at polarization potential
lower than +0.7 V (i.e., 0.3-0.4 V), presumably due to the electron
pathway shown in Figure 6H, which is an oxygen-independent
detection mechanism (see glucose detection in deoxygenated
buffer solution and Figure S13, Supporting Information).[80-82
As shown in Figure 6G, OS composite sites without encap-
sulated GOx (blue curve) did not show any current flow with
increased glucose addition, demonstrating that the glucose
detection was enzymatic. Figure 61 shows the amperometric
response of the GOx-OSCM biosensor to successive addition
of 0.2 X 107 M glucose (1), 0.1 X 107> m acetaminophen (2),
0.1 x 1073 ™ ibuprofen (3), 0.1 x 1073 m ascorbic acid (4), and
0.1x 107 M urea (5). The concentration of the latter interference
species in blood is typically lower than glucose, however
they can produce large amperometric current compared to
the glucose presumably due to their faster charge transport
speed.®3] While the current response of glucose for GOx-OSCM
biosensor was remarkable at potential +0.3 V, the biosensor
exhibited trivial current response to other analytes (Figure 61),
which can be attributed to elimination of oxidation effect
from electrochemically active interferences at low potential of
+ 0.3 V. These results underscore the specificity and anti-inter-
ference performance of the biosensor. The response curve of
the biosensor showed an operating range of glucose concentra-
tion 0.1-3 X 10 M (dynamic range of current response 0-2 ULA),
with a sensitivity of 232.9 £ 22.5 pA mm~! cm~2 between 0.1 and
1% 1073 M, a limit of detection of 0.03 x 10~3 m (Figure 6]). In
addition, the biosensor exhibited a response time of = 4 s. The
sensitivity of the MPL-fabricated GOx-OSCM microelectrodes
marks a significant improvement compared to other GOx
immobilization methods in the literature including physical
binding, entrapment, and covalent attachment to electroac-
tive materials’# that may suffer from inefficient enzyme
loading and degradation of enzyme activity'"*1% (Figure 6K
and Table S4, Supporting Information). The method of immo-
bilization of enzyme plays an important role in enzyme sta-
bility and retention of enzyme activity, thus affecting the overall

www.advmat.de

performance of the biosensor.'%192 The efficient encapsulation
of enzymes within organic and inorganic matrices for the devel-
opment of biosensor with improved stability and high sensitivity
has been reported.'"17 Thus, the greater sensitivity may be
attributed to the efficient GOx loading by direct encapsulation
of the enzyme within MPL-fabricated OS microelectrodes (see
preparation of GOx-OSCM and GOx-OS biosensors and amper-
ometric measurements, Figures S14, Supporting Information).
Furthermore, we do not anticipate any changes in GOx activity/
stability when subjected to irradiation for = 0.03 s by the fem-
tosecond laser with peak power density of 141.54 x 10¢ W c¢m2
(Equations (S4-S9), Supporting Information). Previous studies
reported that exposure times >1 h for femtosecond lasers with
peak power density of 10010 W cm21%! could cause adverse
effects on the structure of DNA and proteins (damage and inac-
tivation)."®1 Tt has been reported that a femtosecond near-
infrared laser (peak power density = 120 x 10° W cm™2) with
short exposure time (3-10 s) can be utilized for safe and effi-
cient in vivo gene delivery and expression without any adverse
effects such as apoptosis, DNA/protein degradation, and
tissue damage." We further investigated the reproducibility
(i-e., precision) of the GOx-OSCM biosensor, which describes
the closeness of agreement between current signals obtained
using the same method but different GOx-OSCM biosensors.
For 0.2 x 107 M glucose injection, the mean value of the cur-
rent measured by three different biosensors was 0.38 pA and
the precision (relative standard deviation, RSD) was 4.02%. The
Food and Drug Administration has established that for develop-
ment of bioanalytical methods the determined precision should
not exceed 15% of the RSD,I therefore, the GOx-OSCM bio-
sensor can be used to detect glucose with sufficient precision.
Finally, we evaluated the biocompatibility of the OS com-
posite structures by culturing lymphocytes, namely splenic
T-cells and B-cells, on the fabricated surfaces and compared
them with control surfaces (without OS composite structures),
with respect to viability and expression of activation markers
of the cells by flow cytometry, after 7 days of culture. OS com-
posite polymers did not induce cell mortality with =94% cell
viability compared to the control surfaces (no statistically sig-
nificant difference) (Figure S15A, Supporting information).
Potential effect of OS composite polymers on cell activation
was also studied. Expression of CD69 (activation marker for
T-cells) and CD86 (activation marker for B-cells) were analyzed
by flow cytometry (Figures S15B and S16, Supporting Informa-
tion). After 7 days of culture, there was no significant differ-
ence in the expression of activation markers on the lympho-
cytes between OS composite structures and control surfaces.
Together, these results demonstrate that a 7-day incubation of

current response of OS (blue) and GOx-OSCM (red) composite microelectrodes to successive glucose addition at polarization potential of +0.3 V
versus Ag/AgCl. H) Proposed detection mechanism of glucose using MPL fabricated GOx-OSCMs: electrons are transferred from glucose to the OS
microelectrodes at +0.3 V versus Ag/AgCl. 1) Amperometric current response of a GOx-OSCM composite microelectrode to addition of: 1) glucose
(0.2 x 10 M), 2) acetaminophen (0.1 x 10 m), 3) ibuprofen (0.1 x 1073 m), 4) ascorbic acid (0.1 x 1073 m), and 5) urea (0.1 x 1073 m), sequentially.
J) The response curve (calibration curve) of the biosensor showed an operating range within 0.1-3 X 1073 m glucose concentration (dynamic range of
current response 0-2 HA), with a sensitivity of 232.9 + 22.5 uA x 107> M~ cm™2 between 0.1 and 1x 1073 M as shown in the figure inset. Data are shown
as mean £ S.E.M., n = 4. K) Sensitivity of glucose biosensors (based on a literature search) for different electroactive materials based on amperometric
detection of glucose (CP: conducting polymers, CNT: carbon nanotubes, Au: gold, and OS: organic semiconductor). The black squares and black
triangles demonstrate physical entrapment and covalent attachment, respectively. The star with the red circle background represents the sensitivity of
our novel sensor based on physical encapsulation of GOx in OS composite polymer). In (B) and (E), data are represented in the box graphs where the
black squares, red lines, and red whiskers demonstrate average, median, and standard deviation, respectively.
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primary T-cells and B-cells with OS composite polymer did not
induce cell mortality or cell activation. These findings support
the biocompatibility of OSCMs with primary mammalian cells,
allowing these cells to survive, without any untoward inhibitory
or stimulatory effects, thus supporting their use in biomedical
applications. Clearly, in vivo studies are warranted to further
assess their biocompatibility.

3. Conclusion

We have presented a homogeneous and transparent MPL
compatible resin-doped with an OS to fabricate 3D OS com-
posite microstructures with enhanced electrical conductivity.
Using MPL process, we fabricated various microelectronic
elements and devices on glass and PDMS substrates, including
microresistors, microcapacitors and HPCBs. We have demon-
strated that laminin can be incorporated into these OS composite
polymers without a significant loss of activity as the resultant
structures were able to support cellular adhesion and growth.
Moreover, we have extended the abovementioned MPL process
to fabricate enzyme-based biosensors, and as a proof-of-concept,
incorporated GOx into the microstructures and demonstrated
that glucose can be detected with high sensitivity, specificity, and
reproducibility. We anticipate that the presented MPL-compatible
OS composite resins will pave the path toward production of soft,
bioactive, and conductive microstructures for various applica-
tions in the emerging fields of flexible bioelectronics/biosensors,
nanoelectronics, organ-on-chips, and immune cell therapies.

4. Experimental Section

Materials: Poly(ethylene glycol) diacrylate (PEGA, M, = 700),
high conductivity grade of organic semiconductor poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) 1.0 wt% in H,0O,
3-(trimethoxysilyl)propyl  methacrylate  (T-POL),  laminin  from
Engelbreth—-Holm-Swarm murine sarcoma basement membrane
(L2020), anti-laminin antibody produced in rabbit, bovine serum albumin
(BSA) lyophilized powder (296%, agarose gel electrophoresis), RBC lysis
buffer, p-(+)-glucose, urea (ACS reagent, 99.0-100.5%), glucose oxidase
(GOx, type X-S from Aspergillus niger) were all purchased from Sigma
Aldrich. DMSO (molecular biology grade), phosphate-buffered saline
tablets (100 mL biotechnology grade), ethanol (200 proof), and Sylgard
184 silicone elastomer (PDMS, Electron Microscopy Science) were
ordered from VWR. Ethyl(2,4,6-trimethylbenzoyl)phenylphosphinate
was purchased from Oakwood Chemical. Goat anti-rabbit 1gG (H+L)
Superclonal secondary antibody (Alexa Fluor 488) was purchased from
ThermoFisher Scientific. Oregon Green 488 Phalloidin and DAPI were
purchased from Invitrogen. Fluorescein isothiocyanate (FITC) anti-
mouse CD3 Antibody and PE anti-mouse CD69 antibody were purchased
from BilLegend. APC Cy7 rat anti-mouse CD45R antibody and FITC rat
anti-mouse CD86 antibody were purchased from BD Biosciences.
Acetaminophen, ibuprofen, and ascorbic acid were donated to the lab.

Resin Preparations: Composite resins contained DMSO (25 wt%),
OS (0.1-0.5 wt%), and PEGA (72.5-72.9 wt%). Nonconductive resins
included neither PEDOT:PSS nor DMSO. In all formulations, liquid
resins were composed of a constant amount of T-POL (2 wt%).
These components were added sequentially: OS, DMSO, PEGA, and
T-POL. The mixture was magnetically stirred for 2 h, followed by 1 h
of degassing, using a desiccator. Functionalized ink was prepared by
addition of laminin (LM, 100 ug mL™) or GOx (3.5 KU mL™) to the
composite resin (containing 0.5 wt% OS) using a vortex mixer for 30 s.
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UV-Vis Spectroscopy: Optical transparency of the resin was measured
using a UV-vis spectrometer (SpectraMax M5, Molecular Devices)
and SoftMax Pro software (version 6.5). Resins with various OS
concentrations were prepared and poured into cuvettes (PerkinElmer
instruments). Transmittance was measured at wavelength spectrum of
350-750 nm. Air was used as the reference.

PDMS Substrates: A blend of 1:10 curing agent: PDMS base elastomer
(mass ratio) was prepared and well mixed, followed by degassing for 1 h.
The mixture was then poured in a glass mold, spin-coated at a speed of
1000 rpm for 5 s, followed by heat treatment in an oven at 60 °C for 2 h.
Thin, flexible PDMS films (thickness of 0.2 mm) were then detached
from the glass.

Fabrication of Gold-Coated Substrates: First, glass coverslips were
partially masked by temperature-resistant tape, followed by electron beam
evaporative deposition (Thermionics eBeam Evaporator, Thermionics) of
a thin layer of chromium (10 nm) and gold (100 nm). Chrome acted as
an intermediate layer to improve attachment of gold to glass.

Surface Treatment of Substrates: In order to facilitate the adhesion
of 3D microstructures to PDMS film/glass coverslip, surface plasma
oxidation, and salinization treatment were performed prior to MPL
fabrication. The substrates were first exposed to plasma (115 V,
50/60 Hz, 0.35 A) for 1 min, using a handheld corona surface treater
(BD-20, Electro-Technic Products). Salinization solution was prepared by
adding 100 pL of 3-(trimethoxysilyl) propyl methacrylate to 2 mL ethanol,
and 6 mL diluted acetic acid (1:10 glacial acetic acid:water). 200 uL of
this solution was added to the surface of substrates. After 5 min, excess
solution was poured off, followed by a gentle rinse in ethanol to remove
any residual reagent from the surface.

Multiphoton Lithography: A droplet of the resin (=10 pL) was loaded
between a glass slide and salinized PDMS film/coverslip which were
attached to one another by double-sided tape supports. The specimen
was positioned on the sample holder located on top of a piezostage (VP-
5ZA, Newport), which was connected to XY-stages (XMS 160, Newport).
A femtosecond laser (Mai Tai DeepSee, Spectra Physics), operating via
Mai Tai software (version 2.0), was focused at the PDMS film/coverslip
interface through a 40x objective with numerical aperture 0.65 (Plan N,
FN 22, Olympus). The resin was crosslinked using 130 femtosecond
laser irradiation at wavelength 800 nm, and laser power of 17 mW
through a Ti-sapphire oscillator operating at 80 MHz (Ti-sapphire laser,
130 fs, 80 MHz, 780 nm) and simultaneous 3D movement of the XYZ-
stages, resulting in layer by layer construction of the 3D microstructure
upside down on the PDMS film/coverslip. XYZ-stages were connected
to a motion controller/driver (XPS, Newport) and their movement was
adjusted by nFab software (version 5.0.14, Newport). Structures were
designed using Autodesk Fusion 360 software and the sketches were
converted into stereolithography format prior to being imported to nFab.
Microstructures were fabricated at scanning rate of 50 um s~ and after
completion of the MPL process, PDMS film/coverslip was detached
from the supports and immediately soaked in ethanol for 1 min to wash
off the remaining unsolidified resin. The samples were soaked in ethanol
for 2 h to remove any excess compounds.

Fourier Transform Infrared Spectroscopy: A droplet of pure OS,
composite resin (with OS), and polymer resin (without OS) was
placed on a calcium fluoride microscope slide. Photosensitive resins
were crosslinked using a long wave UV lamp (Black-Ray, model B 100
AP). Samples were characterized using FTIR imaging system (Agilent
670 spectrometer coupled to a Cary 620 microscopy system). Prior to
imaging, a background scan was performed and FTIR images were
acquired in transmission mode over 750 to 4000 cm™' spectral range.

Conductivity,  Resistance, —and  Capacitance — Measurements: A
semiconductor  device parameter analyzer (B1500A, Keysight
Technologies Inc) was used for electrical measurements. Briefly, probe
tips (Signatone, diameter 1 um) of two electrodes connected to source
measurement unit (SMU-8, Keysight Technologies Inc) were placed on
two sides of the gold-coated coverslip. Probe movement was thoroughly
adjusted using micromanipulators and a stereo microscope (Discovery.
V8, ZEISS Germany). -V sweep was performed by applying a voltage
in the range of -3 to 3 V (increasing step: 50 mV), and current was
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automatically recorded. EasyEXPERT group+ software (resident GUI-
based, Keysight Technologies Inc.) was used to analyze the data. In the
case of micro-printed circuit board (UPCB), probes touched both ends of
cube-cylinder sites simultaneously, followed by -V sweep. Resistance/
conductance was derived from the slope of the |-V graph, and
conductivity was calculated based on the geometry of the structure. For
capacitance measurements, hysteresis loop was obtained for an array of
three microcapacitors by performing double -V curve in the range of
-3to3Vandascanrate of 2V s

Surface Texture Measurements and Surface Roughness Analysis: Surface
texture measurements and roughness profile parameters of the MPL-
fabricated microstructures were assessed using noncontact material
confocal microscopy LSM800 (Zeiss, Germany), an objective lens
Epiplan-Aprochromat 50, NA 0.95 DIC, and ConfoMap software (Zeiss,
Germany) in accordance with 1SO 4287. Travel mechanism accurately
moved with a resolution of 10 nm. Confocal laser scanning microscopy
was performed for areal roughness measurements over the entire
surface (50 um x 50 pum), which expands the profile (line roughness)
three dimensionally, generates better statistics, and produces stable
results. The root mean square roughness (R,,s) parameter was reported.

EIS and CV: Both measurements were conducted using Autolab
PGSTAT 302N (Metrohm USA Inc.) and Nova Frequency Response
Analyzer software (version 2.1, Metrohm USA Inc.) in potentiostatic mode.
A solution of 0.1 M PBS (pH = 7.4) was used as the electrolyte. A three-
electrode configuration including Ag/AgCl reference electrode, platinum
foil counter electrode, and one end of the microstructure (fabricated on
the coverslip) was immersed in the PBS solution, while the other end was
connected to the working electrode outside of the electrolyte. In EIS, a
sinusoidal AC signal with 10 mV rms amplitude was imposed to measure
the impedance over a frequency range of 1-10° Hz. For CV staircase
analysis, the potential of the working electrode was swept across —0.8 to
0.4 V range with respect to the Ag/AgCl reference electrode at a constant
scan rate of 0.1V s7'. In each experiment, CV was repeated three times
and the third cycle was used to plot CV graphs.

Immunohistochemistry: In order to detect laminin on MPL-fabricated
microstructures, immunohistochemistry was performed in the following
order: 1) 0.01 m of blocking agent solution (BSA diluted in 1 x PBS) was
added to the surface of substrate. After 30 min of incubation in room
temperature, substrate was gently rinsed in deionized water (DIW); 2)
primary anti-laminin antibody ( volume dilution ratio of 1:30 in 1 x PBS)
was added to the substrate and kept at temperature of 4 °C overnight;
3) substrate was triple washed in DIW (each wash took 20 s); 4) a
secondary antibody solution (volume dilution ratio of 1:100 in 1 x PBS)
was added to the substrate and was incubated for 60 min at room
temperature without exposure to ambient light; 5) finally, the substrate
was triple washed in DIW and it was ready for fluorescence imaging.

Optical and Fluorescence Microscopy: Optical microscopy images were
captured using an upright microscope (Imager Z1, Zeiss Germany).
ZEN-pro Axiovision digital processing software (Zeiss Germany) was
used to analyze the images. For fluorescence imaging, fluorescently
tagged laminin was detected using the UV light bulb (X-Cite, Series 120
Q, Lumen Dynamics) and ZEN-pro Axiovision was used to analyze the
images and fluorescence quantification.

Scanning Electron Microscopy: Coverslips were mounted on aluminum
stubs by double-sided carbon tape and were then sputtered with gold
using desktop sputtering system (DESK-II, Denton Vacuum LLC) for 60 s
at 40 mA to reduce charging effects. SEM (XL-30S FEG, FEI) was
employed to capture images in secondary-electron detection mode,
at operation voltage of 5 kV. Adobe Photoshop was used to modify the
brightness/contrast of the SEM images. SEM images were pseudocolored
red/green for better illustration of the MPL-fabricated OS composite
polymer microstructures and polymer microstructures.

Endothelial Cell Culture and Microscopy: First, 5 by 5 array of connected
cubes with dimensions of 100 um x 100 um x 2 um (length x width x
height) were 3D printed via MPL, providing a total area of 500 pm x
500 pm. The microstructures were fabricated using composite polymer
resin with or without incorporated laminin. Following MPL fabrication,
samples were soaked in ethanol for 2 h to make sure DMSO was
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completely removed from the structure. Primary mouse endothelial cells
were isolated from glomeruli of H-2K>-tsA58 mice (Jax Stock # 032619) as
previously described."™ After trypsinization, 10° cells were seeded onto a
60 mm dish containing a glass coverslip with MLP-microstructures. Cells
were cultured for 48 h and cell adherence was assayed by fixing the cells
in 4% paraformaldehyde for 20 min followed by permeabilization using
0.1% Triton X-100 for 5 min; F-actin was stained using Oregon Green
488 phalloidin for 60 min. After washing in PBS, cell nuclei were DAPI
stained, and coverslips were mounted on glass slides ZEN-pro Axiovision
digital processing software was used to analyze the images and fluorescence
quantification. Following imaging by epifluorescence microscopy, Adobe
Photoshop was used to adjust image brightness/contrast.

Degradation Studies: Arrays of cylindrical OS composite polymers
were fabricated and then were soaked in ethanol for 2 h to remove any
excess compounds. The initial mass (W) of the samples was recorded
using a Mettler Toledo (XPR504S). The samples were then incubated
at 37 °C in 1 mL of PBS (pH = 7.4) for different amount of time until
swelling ratio and mass loss analysis at the desired time point. At the
designated time points, swollen samples (n = 5) were removed from the
PBS and then rubbed gently with a Kimwipe to remove any excess water.
The samples then were weighed to measure the swollen mass (W,,).
The samples were then dried in a vacuum oven and were weighed again
(Wy).The mass loss and the swelling ratio percentages of the samples
were calculated with the following equations

(Wo —Wy)
Wo

(Ww - Wd)
Wy

Mass loss% = %100 (2)

Swelling ratio% = x 100 (3)
Amperometric Response Measurements: BioStat (ESA Biosciences,
Inc.) was used to record the current response at polarization potential
of +0.3 V versus Ag/AgCl, which was applied to the biosensor in a stirred
solution of 20 mL PBS (1%, pH = 7.4, T = 37 °C). Once the background
current was stabilized, successive injections of glucose solution were
added (cumulative concentration ranging from 0.1 to 3 x 1073 m). The
size of MPL-fabricated GOx-OSCM composite electrode was 675 um x
675 um x 2 um (length X width X height). In the three-cell configuration,
a Pt wire counter electrode and an Ag/AgCl reference electrode were
used. Resulting current measurements were used to calculate the
sensitivity and limit of detection of the biosensor. The reproducibility
of the biosensors was investigated by measuring the current generated
by 0.2 X 1073 M glucose in 20 mL PBS by using three different glucose
biosensors. Each biosensor was tested by three replicates of analysis.
The total mean value was calculated, and the RSD provided the analytical
precision. The RSD was calculated using the following equation

Standard deviation

RSD(%) = Trage x 100 (4)

Spleen Cell Culture and Flow Cytometry: Spleen cells were isolated
from 3-month-old C57/B6 mice. Briefly, the spleen was dissected and
minced through a 70 um sieve and red blood cells were lysed using
RBC lysis buffer. After washing and counting cells using Cellometer
(Nexcelom Bioscience), spleen cells were cultured in RPMI 1640 media
with 10% fetal bovine serum either without (control) or with exposure
to OS composite polymer. After 7 days of exposure, the immune
cell numbers were counted and analyzed by flow cytometry using
the following antibodies, FITC anti-mouse CD3 antibody and PE anti-
mouse CD69 antibody, APC Cy7 rat anti-mouse CD45R antibody, and
FITC rat anti-mouse CD86 Antibody. All mouse handling and cell isolation
procedures were approved by the IACUC at University of Houston.

Statistical Analysis: Statistical analysis was carried out using OriginPro
software (Northampton, MA, USA). P-values were calculated by one-way
analysis of variance (ANOVA) followed by Tukey post-hoc test. Data are
presented as mean % standard error of mean (S.E.M.) and/or mean £
standard deviation (SD). Symbols ** and *** represent significance
level of p < 0.05 and p < 0.001, respectively and n.s. for not significance.
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