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(57) Abstract: Organic semiconductor microelectronic devices (OSMDs) can be fabricated through direct 3D printing using a gel-
pen technique. The technique utilizes in situ electrochemical deposition of the meniscus provided by a wet hydrogel cartridge at the
clectrode interface. Bioactive proteins such as laminin, fibronectin and. glucose oxidase can be incorporated in the gel and entrapped

within the OSMDs.
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SOFT BIRECT 3D PRINTING OF ORGANIC SEMICONDUCTORS

BACKGROUND

{0001 This application claims priornty to US. Provisional Patent Application
Serial No. 63/449 445, entitled “Sott Direct 3D Printing of Grganic Semiconduciors,” the entire

contents of which are hereby tncorporated by reference.

{0002] This disclosure pertains fo systomns and methods for fabrication of

microelectronic devices.

{003] The necessity for developing advanced microelectronie devices has grown
mmensely in a vanety of scientific / technological fields such as flexible clectronics, micro /
nano clectromechanical systems, organic bigelectronics and biosensing. Choice of functional
material coupled with craployment of advanced fabrication techmuques constitute key elements
for successful demonstration of next-generation microclectronics. Most recently, Organic
sSenuconductors {O5s) have emerged as ideal matenal candidates for construction of soft and
conductive microstructures. (5 1 an umbrella ferm, referning to molecules / polvmers with
clectroactive propertics, steraming from n-conjugated (alternative single and double) bonds in
their chemical structure. If doped properly with a counterion in their bulk stracture, USs can
exhibit a wide range of clectrical conductivity from semiconductors to even close-metallic
levels. OSs offer many attractive propertics such as mixed ionic / clectronic conductivity,
mechanical sofiness, and biocompatibility, which make them appealing m primted circuitry,
optoclectronics, and neural interfaces. Among OSs, conjugated polymers such polypyrrole
{(PPy} and poly(3.4-cthylenedionythiophene} (PEDOT) have gamered tremendous atfention
owing fo their superior conductivity, outstanding chemical stabdity, and excellent
biocompatibility. Such O8 platforms have been widely used for applications such as neural

clectrodes, solar cells, and chemical / biological sensors,

{O004] One of the most fascinating features of OSs is their facile processability
and ease of fabrication. To date, construction of organic electronics 1n micron-scale have
mostly relicd on conventional printing / patterning techniques such as aerosol jot printing,
rkjet printing, screen punting, photolithography, elecrochemical paticrming  (through
selective removal / deposition}, and dip-pen nanolithography. The challenges associated with
these approaches include mimimald control over geometry, the need for sophisticated / expensive

mstruments, and multi-stop / labor-intensive fabrication procedures.
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SUMMARY

{0005] The present disclosure relates generally to systems and methods for direct
wrtting of organic senuconductor microclectronic devices. There has been a growing interest
towards direct writing of conjugated polymer OGS structares using varous 3D printing
technigques such as nozzle printing and direct writing based on ion-conductance microscopy
tips. In divect writing techoiques, typically a meniscus (higuid bridge) 1s formed at the interface
between the tip of the 3D printer and the surface, and as the tip moves based on the pre~-defined
geometry, the meniscus 15 publed and the 3D structure is directly constructed m a layver-by-layer

fashion.

{0006] In particular, the present disclosure relates to a gel-pen 3D printing technigoe
that can be utilized to fabricate conductive and bicactive orgapic semiconductor
microelectronic devices {OSMDs) for a variety of applications, including electronic circuitry,
biosensing and bioclectromics. Aspects of the present disclosure relaie to m-house 3D pnnter
for direct writing of (5SMDs made of any suitable organic semiconductor matenial, including
but not  lumted to  polvpyrrole  (PPy), poly{andine} (PANL} or poly(3.4-
ethylenedioxythiophene) (PEDOT). Embodiments of this technique, generally referred to as
gel-pen, use a meniscus-ginded wet hvdrogel carindge to directly electrodeposit the precursor
solution, 1.c. monomer and dopant, at the electrode interface which leads to creation of 08
structures. Fabrication and characterization of OSMDs with various geometres and arbitrary
shapes have been successfully demonstrated. Moreover, by using the hydrogel cartridges as
reservoirs for biomolecules such as laminin and glucose oxidase, these bicactive proteins can
be entrapped within the produced OSMDs, and their biclogical activity and functionaltty have

been further assessed.

BRIEF DESCRIPTION OF THE DRAWINGS

{00607] FIG. 1 shows (A} a schematic of an experimental setup of an exmplary 3B
printer, according to preferred embodiments described herein, (B) a close-up illustration at the
clectrode interface of an exemplary 31 printer according to preferred embodiments, (C)
exemplary deposited structures including 3D mesh of organic semiconductor, dopant, and
bicactive agent, (I} thickness measurement at various set of current densities (0.5 to 1.5 mA

cm?y and stage velocites (S pm sl 10 pm ¢, 15 pm sh 20 wm g7, and 25 pm sl (E)
thickness of deposited lines with repect to current density at stage velocity of 10 pm s7, optical

micrographs of deposited lines at stage velocity of 10 10 pm s and various current densities
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of (FY 0.5 mA em™? () (.75 mA om™”, (H) I mA em?, (1) 1.25 mA em™, and (J) 1.5 mA om?,
and (K) 3D render of a deposited line at stage velocity of 10 um s and carrent density of 1

mA ¢, obtained from MCM.

{0008] FIG. 2 shows images of excmplary fabricated OSMDs prepared usmg
embodiments of gel-pen 3D prnting method, jocluding (A(B) array of capacitors, {C)-(1D}
array of square mazes, (E)-(F) array of six-pomnted stars, (G}-(H) spiral, (1)~} brain ¢lectrode
array, {K)-(L} concentric circles, (M)-{N) mufti-line electrode, and {Q) resistor array fabricated

on thin and flexible gold-coated PDIMS film.

{0009] FIG. 3 shows optical micrographs of Ppy lines deposited using embodiments of
gel-pen 3D printing method at (A) 2-pass, (B} 4-pass, (C) 6-pass, () 8-pass, and (E} 10-pass,
MCM cross-sectional 3D render of lines depostted at (F) 2-pass, (G} 4-pass, (H) 6-pass, () 8-
pass, and (J} 10-pass, (K} thickness measurement of deposited lines at vanous passes, (L} width
of the deposited limes at various passes, and 3D printed shapes fabricated at 4-pass, including

{M)} a circle and (N) a triangle.

{0010} FIG. 4 shows micrographs of deposited lines at cwrrent density of 1 mA cm™
and stage velocity of 10 um s using {A) 20 pd pippette tips. (B) 300 wl pippette tips, ({) 1 mi
pippetic tips, and (1) 10 md pippetic tips, () hine thickness with respect to opening diameter
of pipette tips, (F} line width with respect to opening diameter of pipetie tips, micrographs of
deposited lines at current density of 1 mA cm™? and adjosted stage velocity of {(G) 10 pm 57 for
20 ul pippette tips, (H) 16 pm 571 for 300 ul pippette tips, (1), 22 um s for 1 ml pippetie tips,
and (I} 53 um ™' for 10 ml pippetie tips, and (K) Hine width with respect to opening diameter

of pipetie tip at current density of 1 mA cm™ and adjusted stage velooitics.

{0011] FIG. 5 shows (A) illustration of exemplary ciching procedure, images of a
resistor array (B) before etching and (C)-(D) afier etching, images of a capacitor array (E)
before etching and (F}-(G} after etching, (H) current-voltage sweep of the resistor, (1) hysieresis
loop for capacitor, (1) impedance magnitude of electrodes over a frequency range, and {K)

cvelic voltammetry of electrodes 10 a potential sweep in the rtange of -0.4 V- 08 V.

{001 2] FIG. 6 shows {A) a schematic for a proposed detection mechanism of ghicose
at low activation potendial of 300 mV vs. Ag/AgCl reference electrode, where O8 acts as a
mediator m clectron iransfer pathway, (B} amprometric current response of GOx-0O8
biosensors and 08 control structures, (C) calibration curve of biosensors showed an operating

range within 0.1-25 mM for glucose concentration and dynamic range of 0-1.25 A for current
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resposne at both activation potentials, (B} linear range of bicsensors between .1 and 1.5 mM
glucose concentrations at both activation potentials, (E) longevity {sensitivity loss} of
biosensors at both activation potentials over 30 days, (F) electroactivity {change m charge
storage capacity) of biosensors at both activation potentials for simulated time frames, and (G)
amperometric carrent response of a GOx-0S biosensor upon sequential addition of {1} glucose
{0.5 mM), (2) acetominophen {0.2 mM)}, (3} ibuprofen (0.2 mM), {4} ascorbic acid {0.2 mM),

and (5} urca (0.2 mM) at activation potential of 300 mV vs. Ag/AgCl

{001 3] FIG. 7 shows (A} MTT assay characterization of bicactive OSMDs prepared
using crobodiments of gelpen 3D printing wmethod showing viability, attachment and
profiteration of HUVECs on clectrodes, biocompatbility assessment of O5MDs on splemic
gells after 7 days incubation mcluding (B} celiular viability {(normalized with respect to control}
and () activated T-cells / B-cells agssessed by flow cyvtometry, (I3} bright field and (£}
epifluoresence micrographs of endothelial cells fixed and stained afier 48 h for lammin-
meorporated hnes {(LM-0SMDs) and lines without laminin, and (F) quantification of cellular

density for LM-O5MDs and OSMDs.
DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS
{0014] The present disclosure relates to techmiques for direct writing of organic

semiconductor nucroelectronic devices {OSMDs).

{801 5] Preferred embodiments disclosed heremn relate to a straightforward and versatile
30 pnoting techmique, referred 1o as gel-pen, for fabnication of mucroclectronic devices,
particularly OSMDs. Exemplary embodiments are based on in-situ electrochemical deposition
of the meniscus provided by a hydrogel cartridge at the clectrode interface. Fabrication and
characterization of OSMDs with arbiirary shapes and goometries have been successfully
demonsirated via gel-pen 3D pringer. Bioactive proteins such as lamiotn and ghicose oxidase
are preferably meorporated in the gel and entrapped within the O5SMDs. High-performance
glucose biosensors based on O5MDs exiubited high sensitivity, low limit of detection, fast
response time, high specificity, and longevity. Biocactive O5MDPs are biocompatible and
support cell adhesion and proliferation. Conductive and bicactive OSMDs hold great promise
for a host of applications, mehuding flexible elecironics, bioelectronics, and bicsensing.

{0016] Preferred embodiments herein relate to a 3D printing technique utilizing gel-
pen methodology for fabnication of (0SMDs. This approach s based on highly localized and
m-situ electrodeposition of the solution precursor {confaining monomer, dopant, and protein)

4.
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which 1s delivered by a gel cartridge at the electrode mterface. Preferred examples of gel in
the gel cartridge include hydrogels such as agarcse as well as any gynthetic or natural
byvdrogels.  Preferred examples of monomer include monomers of any suitable organic
senuconductor {O8) material, such as pyvrrole, anmiline, or 3 4-cthvlenedioxythiophene.
Preforred examples of dopant include any suitable negatively charged dopant or tons, such as
perchlorate or polystyrene sulfonate. Preferred examples of protein include any suitable
proteins or biomolecules, such as laminio fragments, fibronccn fragments, or glucose oxidase.
Preferred processing parameters are uiilized. Various O5MDBs have been designed, fabricated
and characterized. 3D microstractures can be prepared through layer-by-layer deposition.
Additional embodiments of this method ncorporate GOx n the gel cartridge and allow for
fabrication of high-performance ghicose biosensors and bicactive microdevices, Biosensors
show high sensitivity, fast response time, excellent specificity, and reproducibility. The
longevity and electroactivity of bilosensors immproves significantly by utilizing low activation
potentials, such as 300 mV. Moreover, jounchilization of LM m OSMDs significantly
mmproves ccliular attachment and proliferation. These conductive, biocompatible and bioactive
OSMDBs based on gel-pen 3D printing can be widely used in varions applications such as
flexible electronics, organic bioclectronics, and wearable biosensors.
EXAMPLES.
MATERIALS AND METHODS

{001 7] Marerials: Pyrrole {Py) (Mw= 67.09 g/mol), gold cichant {nickel compatible),
D~{+}-glucose, Urca (ACS reagent, 99.0-100.5%), MTT solution, Laminin from Engelbreth-
Holm-Swarm murine sarcoma basement membrane (L2020 — 1 MG), and glucose oxidase
{GOx, type X-8 from Aspergillus nigery were purchased from Sigma Aldrich. Poly(sodivm-p-
styrenesulfonate) (PSS {average Mw= 70 kI3} was purchased from Alfa Aesar. Agarose I'™
(biotechnology grade}, phosphate-buffered saline tablets (100 ml-biotechnology grade), and
Sylgard™ 184 silicone elastomer (polvdimethylsiloxane (PDMS), Electron Microscopy
Science) were ordered from VWR. CEP 200 (MICRO-CHROME ETCHANT {chromium
ctchant) was purchased from HTA Enterprises (Microchrome Technology Division). Pipetie
ups (Ep TIPS, vanous sizes) purchased from Eppendorf Acctaminophen, Ibuprofen, and
Ascorbic acid were donated to the lab. Oregon Green 488 Phalloidin and BAPI were purchased
from Invitrogen. FITC Anti-Mouse CD3 Aptibody and PE Anti-Mouse CD69 Antibody were
purchased from Bilegend. APC Cy7 Rat Anti-Mouse CD45R Antibody and FITC Rat Anti-

Mouse CDE6 Antibody were purchased from BD Biosciences.
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{0018 POMS film fabrication: A blend of 1.10 curing agent: PDMS base elastomer
{mass ratic) was prepared and well mixed, followed by degassing for 1 hr. The mixture was
then poured n a glass mold, spin-coated at a speed of 1000 rpm for 3 s, followed by heat
treatment 1n an oven at 60°C for 2 hr, Thin, flexable PDMS films (thickness of 0.2 mm) were

then detached from the glass.

{0019] Preparation of conductive electrodes: Castom gold electrodes were fabricated
on silicon wafors / PDMS films, using an m-house electron beam evaporative deposition
sysiern. A 20 nm laver of chronuum was deposited first to vuprove adhesion of the 100 nm
gold layer onto the sihicon wafer. Electrodes were then individually cut by hand o

approximately 3 om % 3 om.

10028] Preparation of gel cartridges: A 2 wi% mixture of agarose powder and Py: PSS
{0.2 M Py and (0.2 M P5S) solution  deionized water (DIW) was prepared. The mixture was
heated up to near-boiling temperature and shaken constantly vntd agarose became completely
soluble. The gel was then mjected into the pipette tip by a svringe. Five mimutes at room
temperature was sufficient to solidify the hydrogel. The cartridge tip was dipped in a separate
container of Py PSS solution (less than 5 seconds) prior 0 use. In case of protein mcorporation,
GOx (concentration: 2 kU mi} / LM (concentration 100 pg mi) solution was directly

meorporated at the tip of the cartndge and incubate for 1 h so that 1s was absorbed by the gel.

{0021] Gel-pen 3D prinsing: Electrodes were secured on top of a sub-micron three-
dimensional translation stages (XMS100, XMS36, and GTE30V, Newport). The stages were
connected to a computer controller (Newport XPS-(34). The gel cartridge was mounted on a
high-precision  manually-articulated  threc-axis  micromanipulator  (World  Precision
Instruments Taurus-L), and a meniscus was set up at the intertace of electrode and gel cartridge.
As the motorized 3D stages translated the movement of electrode undemeath the gel cartridge
{controlled by uFab Software (Newport)), AUTOLAB mstrument (PGSTAT 128N, USA
METROHM) supplicd electrical current through the gel and into the electrode n galvanostatic
mode (NOVA 2.1 software was used to adjust deposition parameters).  Amperage was
calculated based on applied current density {(in the range of 0.5-1.3 mA cm™?) and the surface
arca of the cartridge gel tip, t.¢. opening diameter of the utilized off-the-shelf pipette tip. A
digital magmifier (Dino-Lite Edge) was also used to monitor the gel-pen 3D printing on a
computer via Dino Capture 2.0 software. All depositions were performed on a vibration

isolation table (63-series, TMC) with a built-in and enclosed Faraday cage. The humidity level

-
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was monitored and kept at 50% using a hupudifier.

{0022] Materials Confocal Microscopy: Tn order to characierize the morphology of'the
created structures, a confocal laser scannimg microscope (Observer with an Laser Scanning
Muodule {LSM) R0, Zeiss Germany) was used in combination with ConfoMap data analysis
software. Scans were performed in a tile-by-tile fashion at 50X maguification, using a raster-
scanning laser at 405nm. Tiles were 162 pum square and sufficient tiles were scanned o caphure

the ridge and the bare gold on either side of the ridge.

{0823] /maging: Optical micrographs were captured using an upright microscope
(Imager £1, Zeigs Germany) and storeo suicroscope {Discovery. V8, ZEISS Germany}. ZEN-

pro Axiovision digital processing software {Zeiss Germany) was used to analyze the tmages.

{9024] Frching: To remove goid and chromium, electrodes were briefly dipped in gold
etachant solution for 10 s, followed by chromuum etchant solution for § 5. Etching times were
optimized. Higher ctchant exposure would damage OSMDs structure, while lower etching time

would not etch the entire gold / chromum layer from the silicon wafer electrode.

{00258] Flectrical characierization:  Semiconductor Device Parameicr  Analyzer
{B1500A, Keysight Technologies Inc) was used for elecirical measurements. Briefly, probe
tips (Signatone, diameter 1 pm) of two electrodes connected to Source Measurement Unit
{(SMU-8, Keysight Technologics Inc) were placed on two sides of the OSMDB. Probe movement
was thoroughly adjusted using micromanipulators and a stereo microscope. -V sweep was
pertormed by applying a voltage m the range of -3 V to 3 V (increasing step: 30 V), and
current was automatically recorded. EasyEXPERT group+ software (resident GUl-base
Keysight Technologics Inc.} was used to analyze the data. For capacitance measurements,
hysteresis loop was obtained by performing double |-V cirve inthe range of -3 Vio 3 Vand a

scan rate of 2 V g1

{0026] Flecrrochemical  characterization:  Both  electrochemical  impedance
spectroscopy (EIS) and cyclic voltammetry (CV) were conducted using Autolab PGSTAT
302N (Metrohm USA Inc) and Nova Frequency Response Analyzer software (version 2.1,
Metrohm USA fnc)) in potentiostatic mode. A solufion of 0.1 M PBS (pH= 7 4} was used as
the clectrolvie. A three-clectrode configuration including Ag/AgCl reference electrode,

platinum foil counter electrode, and OSMDs were immersed in the PBS solution. In EIS, a

-3
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simisoidal AC signal with 10 mV rms amphitude was imposed to measure the impedance over
a frequency range of 1-10° Hz, For OV staircase analysis, the potential of the working electrode
was swept across ~0.8 V to 0.4 V range with respect 1o the Ag/AgCl reference electrode at a
constant scan rate of 0.1 V ¢ In cach experiment, CV was repeated three times and the third

gyele was used to plot OV graphs.

[0027] Amperometric Detection: BioStat™ (ESA Biosciences, Inc.} was used to record
the current response at polarization potentials of 300 mV and 760 mV vs. Ag/AgCl, which was
applied 1o the biosensor in a stirred solution of 20 ml PBS (1X, pH= 74, T=37°C). Once the
background current was stabilized, successive injections of glucose solution were adde
{camulative concentration ranging from 0.1 mM to 25 mM). The size of GOx-0O8S electrode
was 2 mm x 2 mm < 2y (length < width) which was deposited by 10 ml gel carinidge at
current density and stage velocity of T mA em™ and 10 um s on platinum foil. Tn the three-
cell configuration, a Pt wire counter clectrode and an Ag/AgCl reference electrode were use
Resulting corrent measurements in the Hnear range were used to calculate the sensitivity and
bmit of detection (LOD) of the biosensor. The reproducibility of the biosensors was
mvestigated by measuring the current generated by 0.5 mM glucose in 20 mi PBS by using
three different ghicose biosensors. Each bigsensor was tested by three replicates of analysis.
The total mean value was caleslated, and the relative standard deviation (RSD) provided the

analytical precision.

{D028] Longevity of biosensors: GOx-0F5 biosensors were fabricated and amperometric
detection of the hincar range was performed at the specified davs over the course of one month.
After biosensing, the biosensors were kept at 4°C in PBS. The biosensing took approxamately

30 min.

{0029] Llectroactivity loss of bivsensors: GOx-O8 biosensors were fabricated and were
mmmediately used for €V measurements. First, the biosensors were subjected to activation
potentials of 300 mV or 700 mV vs. Ag/AgCl by the BioStat™ system 1 a stirred solution of
28 ml PBS (1X, pH= 7 4, T=37°C} for the simulated time frames and were then transfered to

electrochemical vial for OV measruements.

{0038] MTT assay. After 24, 48, 72 b of seeding 25000 Human Umbilical Vein
Endothelial Cells (HUVEC) per well, 20 pi of 5 mg ml't MTT solution was added to cach well

and mcubataed for 4 hours at 37°C. After meubation, medivm was aspirated, and formazan

-8
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crystals were solubalized by 0.04 N HCI in isopropyl alchohol and absorbance was measured
at 570 nm wavelength after using a refrence wavelength of 630 no in Eix808 Bio Tek plate
reader. Wells with only media were used to subtract background and the viability % was

obtained by normalizing the optical density values to underireated control samples at 24 h.

10031] Spleen Cell Culture and Flow Cviomefry: Spleen cells were isolated from 3-
month-old C537/B6 mice. Briefly, spleen was dissected and minced through a 70-micron sieve
and red blood cells were lysed using RBC lysis buffer. After washing and counting cells using
Celloraeter (Nexcelom Bioscience), spleen cells were cultured 1n RPMI 1640 media with 10%
fetal bovine serum erther without {control)} or with exposure to OS composite polymer. After 7
days of exposure, the smmune cell nambers were counted and analyzed by flow cytometry
using the following antibodies, FITC Anti-Mouse CD3 Antibody and PE Anti-Mouse CD6Y
Antibody, APC Cy7 Rat Anti-Mouse CD43R Antibody, and FITC Rat Austi-Mouse CD86
Antibody.

{32] Fndothelial Cell Culture and Microscopy: First, 5 by 3 array of connected cubes
with dimensions of 100 pm x 100 um » 2 pm (length x width = height} were 3D printed via
MPL, providing a total area of 500 pm ~ 300 wm. The microstructures were fabricated using
composite polymer resin with or without incorporated larninin. Following MPL fabrication,
samples were soaked in ethanol for 2 hr to make sure BMSO 15 completely removed from the
structure. Primary mouse endothelial cells were isolated from glomerull of H-2K 45 AS8 mice
{Jax Stock # 032619) as previously described " After tryvpsinization, 10° cells were seeded
onto a 6 mm dish contaiming a glass covership with MLP-microstructures. Cells were eulinred
for 48 hr and celi adherence was assayed by fixing the cells in 4% paraformaldehvde for 20
min followed by permeabilization using 0.1% Triton X-100 for 5 min; F-actin was stained
using Oregon Green 488 phaliowdin for 60 min. After washing in PBS, cell nuclet were DAPL
stained, and coverslips were mounted on glass shdes ZEN-pro Axiovision digital processing
software was used to analyze the images and fleorescence guantification. Following imaging
by epifiuorescence microscopy, Adobe  Photoshop was used to  adjust  image

brightness/contrast.

10033] Staristical Analysis: Statistical analysis was camed out using OrngmPro
software (Northampton, MA}. P-values are calculated by one~-way ANQGVA followed by Tukey
Post-Hoc test. Data are presented as mean + standard error of mean (SEM} and/or mean =+

standard deviattion {5D). Svmbols ** and *** represent significance lovel of p<0.05 and

-0
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p<0.001, respectively and n.s. for no significance.

{0034] FIGs. 1A-IK show an exemplary gelpen 3D printing setup, according to
preferred cmbodiments disclosed herein, and optimization of processing parameters. FIG. 1A
shows an exemplary experimental setup of a 3D panter, including XYY 3D stages connected
to a motion controler, carindge gel tip mounted on a mcro-manipulator, gold electrode, and a
compter or processor in communication with an electrochemical workstation such as an
AUTOLAB potentiostat. FIG. 1B shows a close-up illustration at the electrode interface. The
gel cartridge delivers the solution precursor containting monomer, dopant and protein 1o the
electrode surface through a hquid bridge {(mewscus). In the illustraied embodiment, a wet
hydrogel cartridge comes into contact with the electrode surface, in this case a gold-coated
silicon wafer / thin and flexible polvdimethyistioxane (PDMS) sheet, and delivers solution
precursor, 1. raonomer {pyrrole) and dopant {polystyrene sulfonate (PSS)), at the mterface in
form of a hquid bndge (meniscus). The cariridge shown n this example i1s a pipetie tip
containing 2 wit% agarose hydrogel and the soletion precursor. The pipetic tip serves as an
mexpensive and versatile comtainer for the gel, prevents fast gel dehydration in ambiont
environment, and most importantly, provides a consistent and controlled route for direct
writing without the need for constant resupply of solution. As the 3D stages move based on the
pre~defined geometric design, a constant electrical current is applied between the conductive
clectrode and the hydrogel cartridge using the potendiostat {e.g. AUTOLAB PGSTAT 128N
(USA METROHM)), which leads to mm-situ electropolymerization of monomer at the site of
contact. As the stages move based on the geometry of the structure the AUTOLAB delivers
current at the clectrode surface, therefore a trail of monomer is mstantly clectrodeposited,

cading to fabrication of organic semiconductor microclectronic devices (OSMD).

{0035} In this approach, simultancous eloectrodeposition at selective regions guided by
the gel cartridge and 3D movement of stages result 1n construction of OSMDs, FIG. 1C shows
an exemplary itlustration of the deposited structures, which in this embodiment are a 3D mesh
of Ppy {organic semiconductor}, PSS (dopant). and bioactive agent (protein}.  Taking
advantage of the biocompatible and wet nature of the gel carinidge, bicactive protens such as
lammin and ghicose oxidase can be incorporated into the gel and entrapped within the OSMD
matrix o further demonstrate their potential in biomedical apphications. To characterize
structural properties of OSMDs and optimize the processing parameters, lines were tabricated

with an exemplary gel-pen 3D printing setup. Optimal hamidity for deposttion was determined
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to be 50 % smee the gel cartndges stayed hydrated and fresh for deposition of OSMDs and
longevity of a single cartridge (maximum deposited length) was found to be 30 mm. in
preforred emboduments, a 2 wi agarose hydrogel can be used to produce a thin and consistent

meniscus for deposition,

{0036] The structural propertics of depostted OSMDs can be adjusted by changing the
applied corrent density and stage motion velocity. The preferred operating ranges for cusrent
density and stage velocity are 0.5~ 1.3 mA cm? and 5 - 23 ym 7, respectively. To investigate
the effect of these parameters, 2 nun-long hines were deposited at various stage velocities and
current densitics and Matenals Confocal Microscopy (MUM} was utilized {0 assess the
topography and thickness of lines. FIG. 1D shows the combined correlation between stage
velocity and current density with thickness of the deposited lines. FIG. 1D shows thickness
measurement at various sets of current densities (ranging from 0.5 to 1.5 mA cm?) and stage
velocites (S pum 87, 10 pm s, 15 pmos?, 20 um s, and 25 pm s7, respectivelyv). As shown,
a combination of slower speeds and higher current densities produced (OSMBs with higher
thickness values. For example, the thickness mereased significantly from 123 = 3.4 mo at
current density of 0.5 mA cm? and stage velocity of 25 pm s 0 260.5 &+ 7 nm at current
density of 1.3 mA cnv? and stage velocity of 5 pm s It was also observed that the deposited

fine width varies as the stage velocity and current density changes.

{0037} The optimized set of parameters ideally minimizes the operation time while
depositing higher amount of 08 with stable and high-quality morphology. FIG. 1E shows
thickness of the deposited lines with repect to current density at stage velocity of 10 um 5™ At
stage veloeity of 10 pm s there was an excellent incar correlation between line thickness and
current density {(R?= 0.98), demonstrating the predictabilitv and consistency of the fabrication.
Moreover, this velocity resulied 1n deposition of smooth lines at almost all current densities.
FIG. 1F-1J show optical micrographs of deposited lines at stage velocity of 10 pm s7 and
various current densities of 0.5 mA cm™ (F), 0.75 mA e {G), I mA om™ (HY, 1.25 mA om™?
{G), and 1.5 mA cm™ (J). Preferred, optimal parameters are | mA cn? {current density) and
10 um s7 (stage velocity), which result in deposition of consistent and high-guality lines for
gel-pen 3D printing. The average thickness and width of deposited hines at this set of parameters
were measured to be 77.6 & 5.5 nun and 488.7 = 16 um. respectively. FIG. 1K shows a 3D
render of a deposited line at optimized parameters, 1.¢. stage velocity of 10 pm s and current

density of | mA em?, obtained from MCM,
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{8038] FIG. 2 shows exemplary fabrication of vanous OSMDs based on gel-pen 3D
printing and optimized processing parameters, as discussed above. FIG. 2A-28 show an array
of cappacitors, FIG. 2C-2D show an array of square mazes, FIG. 2E-2F show an array of six-
pointed stars, FIG. 2G-2H show spirals, FIG. 21-23 show a brain clectrode array, FIG. 2K-21
show concentnic circles, FIG. 2M-2N show multi-line electrodes, starting with deposition of 4
adjacent lines and ending with a single deposited line. FIG. 20 chows an image of a resistor
array fabricated on thin and flexible gold~coated PDMS film. FIGs. 2A, C E, G, L K, M, and
O were tmaged using a camera, while FIGs. 2B, D, F, H, J, L, and N are sterco micrograps
{Scale bars: 1 mm). All structures were fabricated using 20 ul pipetie tip gel cartridges (2 wt%
hydrogel concentration) and optimized parameters, 1.e. current density of | mA om™ and stage

velocity of 10 wm st

{0039] Laver-by-layer deposition at the optimum parameters was also used to fabucate
30 OSMDs. FIG. 3 shows examples of multi-pass deposition based on gel-pen 3D prnting.
The motion stages were programmed to move forward and backward along the same geometry
to deposit multi-pass OSMDs. Fi(ss. 3A-3E show optical micrographs of Ppy lines fabricated
at 2-pass (A}, 4-pass (B), 6-pass (), 8-pass (D), and 10-pass (E) {scale bars: 500 um}, along
with thetr corresponding MCM cross-sectional 3D render of lines deposited shown in FIGs.
3F-3] FIG. 3K shows thickness measurement of deposited lines at various passes and FIG. 3L
shows width of the deposited lines at various passes. MCM analvsis showed that the thickness
grows linearly as the number of passes mereases (R%= (0.97), and on average, cach pass added
64.8 nm to the deposited structure. Morcover, it was observed that the line width mercases
from 488.7 £ 16.5 um at single-pass 10 972.6 £ 41.9 ym at 10-pass. FIGs 3M and 3N show a
circle and tnangle fabricated at 4-pass with gel-pen 3D printing setup, respectively (scale bars:
500 um}. Stractures were fabricated using 20 il pipette tip gel cartridges (2 wi% hydrogel
concentration} and optimized parameters, €.g. current density of 1 mA cm™ and stage velocity

of 10 um s,

{9048] In most meniscus-guided 3D prnting techniques, line width is limited to the
size of the depositing tip. Preferred embodimentes described herein mclude a straightforward
route to fabricate varicus line widths using off-the-shelf pipeite tips with different openings as
the gel cartridge, referred to as tip-swapping. FIGs. 44, 4B, 4C, and 4D show deposited lines
using pipetie tips with opeoning diameters of 375 um (regular 20 pl pipette tip), 600 pm (regular

300 wl pipette tip}, 835 um (regular 1 mi pipette tip), and 2 mm (regular 10 md pipette tip),
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respectively. The lines were deposited using optimized parameters, £.¢. current density of I mA
cm? and stage velocity of 10 pum 571 {scale bars: 300 um). ) FIG. 4E shows line thickness with
respect 1o operung diantter of pipette tips and FIG. 4F shows bme width with respect to opening
diameter of pipette tips. In FIG. 4F and 4F, current density and stage velocity were set at | mA
o™ and 10 pum s, respectively. As shown in FiGs. 4E and 4F, the relation between ling
thickness / width and opening diameter of the tip is a good hinear fit. FiGs. 4G-4) show
micrographs of deposited fines at current density of 1 mA oo™ and, in FIG. 4G, adjusted stage
velocity of 10 pum s7 for 20 ul pippette tips. Processing parameters had been originally
optimized for tips with opening diameter of 375 um (regular 20 ul pipetie tip). To further
demonstrate the versatility of tip-swapping, the velocity was adjusted for larger tips based on
the cartridge residence time, 1.¢. ratio of opening diameters, which was calculated to be 16 um
st for 300 ul pipette tip (FIG. 4H), 22 um s for 1000 ul pipetic tip (FIG. 41), and 33 pm ¢~
for 10 mi pipette tip (FIG. 41). FIG. 4K shows line width with respect o opening diameter of
pipette tip at current density of T mA om™ and adjusted stage velocities. As expected, using the
adjusted velocity and optirmized current density (1 mA cor?), the fabricated lines were smooth
and high-quality and the thickness stayed roaghly the same, t.e. 77.6 £ 5.5 nm for 206 ul pipette
tip, 69.1 = 8.6 nm for 300 ul pipetie tip, 55.7 £ 11.5 nm for 1000 yl pipetic tip, and 82.8 £ 14

nm for 10 ml pipetie tip.

{0041] Various OSMDs were designed, fabrcated and characterized. FIG. 5 shows
elecrical and electrochemical charactenization of OSMDs. For electrical charactenzation, the
clectrodes were subjected to etchant to remove gold and chromium, and after etching, the
resultant OSMDs were remained untouched on the silicon wafer. FIG. 5A shows an illustration
of an exempiary etching procedure. Unexposed gold and chromium layers were removed from
the surface of the electrode through etching. A resistor array 18 shown before etehing in FIG.
5B, and afier etehing in FiGs. 5€ and 5D, A capacitor array is also shown before etching in
FIG. 3K, and after etching in FiGs. SF and 3G, FIG. 5H shows a current-voltage sweep of the
resistor. Linear fit shows the resistor behavior. The remistance and conductance were measured
to be 631 + 71 kQ and 1668 + 189 uS, respectively. FIG. ST displayvs the hysieresis loop of the

capacitor. The rectangular I-V shape demonstrates the capacitive behavior,

{0042] Electrochemical properties of O5MDs were characterized. 3 mun x 5 mm 08
clectrodes were fabricated with gel-pen 3D printing at various current densities, 1., 8.5 mA

em?, 1 mA om™, and 1.3 mA om™ followed by performing electrochemical impedance
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spectroscopy {EIS) and cyelic voltammetry {CV}. EIS was performed to explore the impedance
behavior of the 08 clectrodes. FIG. 5§ shows the impedance magaitude of electrodes over a
frequency range of 1-10° Hz. Impedance magnitude decreased over the entire frequency
spectrum {1 to 10° Hz} as current density of deposition increased in the electrodes. This
mmpedance trend is in paralicl with other related works in the literature, and can be attributed
to thicker deposited OS laver at higher current densities. Specifically, at biclogically relevant
frequency of = 1 kHz, impedance sigmficantly decreased as the current density increased, 1.e.
from 1802.5 + 246 O at current density of 0.5 mA con? to 31.1 5 = 1.8 Q at current density of

1.5 mA om™ (p<0.001).

{0043] Cyclic voltammetry {CV) was conducted to mvestigate the ion exchange
between OS clecirode and the electrolyvie during redox reactions FIG. 5K shows eyclic
voitammetry of clectrodes in a potential sweep in the range of <04 ¥V - 08 V. In FIG. 3 and
SK, 3 o % 5 mm electrodes were fabricated using 10 m pippete tips at stage velocity of 16
w57 and various current densities, 1.e. 0.5 mA cm™ {(squares and lines), | mA cov? {circles
and lines), and 1.5 mA om™ {triangles and lines). During CV, the voltage was swept in the
range of 0.4 V 10 0.6 V at a constant scan rate of 0.1 V 571, Charge storage capacity ({S{) is
proportional to the area of the UV curve and 1s a metnie of the charges of mobile carners
accurulated within the 08 during current-potential sweep. It was observed that CSC increased
significantly as the deposition current density increased, and C8C of clectrodes were caleunlated
tobe 116 201 mCen?, 1232015 mCow™, and 23 1.64 mC cm™? at current denstties of 0.3

mA cm™?, I mA oo™, and 1.5 mA em™, respectively (p<0.001},

{00844] To further demonstrate the versatility of gel pen-fabncated OSMDs, glucose
biosensors were developed. Immobilization / entrapment of the enzyme glacose oxidase {GOx)
within the matrix electrodes has been a popular approach for construction of electrochemical
sensor which work on the basis of amperometric detection of glucose. Here, GOx was
entrapped within OSMDs by directly injecting GOx solution {concentration of 2 kU mlY) mto
the tip of the gel cartridge. GOx solution was absorbed by the gel tip after 1 hour which was
then used to deposit 2 mm X 2 mm biosensor electrodes (GOx-08) on platinam foil. During
clectrodeposition, GOx was entrapped within porous structure of OSMs by physical

mieractions and polymer charge balance.

{0045] It was observed that the GOx-0S biosensors exhibif a current response upon
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addition of glucose {at a given concentration of 0.3 mM) at activation potentials eqoal to and
above 300 mV, and reach a saturation bt at 700 mV. For amperometric detection, successive
mjections of ghucose (in the operating range of 0.1 mM — 25 mM) were made to a phosphate
buffered saline (PBS, pH= 7.4, 6= 37°C) contaiming GOx-08 biosensors and the current
response was recorded at activation potentials of 300 mV and 700 mV vs. Ag/Ag(l reference
clectrode. Fig. 6A shows a proposed detection mechanism of glucose at low activation potential
of 300 mV vs. Ag/AagCl reference clectrode, where O8 acts as a mediator m electron transfor
pathway. In amperometric biosensors, glucose 1s tyvpically detected through consumption of
oxygen and oxidation of hydrogen peroxide at high potential of 700 mV, which is an oxygen
dependent pathway . However, relevant studies in the literature have demeonstrated that OSs can
serve as mediators for detection of glucose at lower activation potentials (1.e. 306 mV} via an
oxygen-independent pathway. It was observed that the GOx-08 biosensor showed current
response to ghucose addition m an oxygen-depleted PBS media at activation potential of 300
mV, demonstrating that the detection mechanism is oxygen-mdependent. FIG. 6B shows
amprometric current response of GOx-0S biosensors (lines demmonstrate biosensing at
activation potentials of 300 mV and 700 mV vs. Ag/AgCl, respectively} and OS control
structures (lincs demonstrate biosensing at activation potentials of 300 mV and 700 oV vs.
Ag/AgCl, respectivelv). OS electrodes without GOx did not exhibit current changes
response to addition of glucose at neither activation potentials {curve for 300 mV and curve for
700 mV), confirming that ghicose biosensing is enzymatic. However, GOx-05 biosensors
showed considerable current changes at both activation potentials {curve for 300 mV and curve

for 700 mV).

{0046] Calibration curves were plotted to correlate current response to glucose
concentrations, FIG. 6C shows calibration curves of biosensors showed an operating range
within $.1-25 mM for ghicose concentration and dypamic range of 0-1.25 pA for current
resposne at both activation potentials. FIG. 6D shows lincar range of biosensors between 0.1
and 1.5 mM glucose concentrations at both activation potentials. While the glucose operating
range was 0.1 mM-25 mM, biosensors showed a linear range op to 1.5 mM at both activation
potentials. Using the linear range, the sensitivity and hionit of detection were calculated to be
482 £ 036 pAmM™ om™ and 0.01 mM at 300 mV, and 6.3 £0.44 pA mM? em™ and 0.004
mM at 700 mV. It 18 worth noting that both binuts of detection fall below the glucose
concentration in biological fluids. In addition, response time of bicsensors was measured to be

11 =17 sand 10+ 1.2 s for activation potentials of 300 mV and 700 mV, respectively. The
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precision of the GOx-08 bioscnsor was mvestigated by measuring the reproducibility of
biosensors which 13 derived from the closeness of current responses of different biogensors to
a given glucose concentration. At 0.5 mM glucose, the relative standard deviation (RSD) was
12.2 %, 1.¢. the current response of 011 = 0.01 pA, for 300 mV and 11.2 %, 1.e. current response
of 0.21 4 0.02 pA for 700 mV respectively. According to the Food and Drag Administration,
the precision of biosensors should not exceed RSD of 13%. Therefore, GOx-O5 biosensors can

be precisely and cfficiently utitized 1o detect glucose.

{B047] As pouded out carlicr, 700 mV activation potential resulted m significantly
higher sensitivity and lower himit of detection compared to 300 mV (p<0.03). While applving
higher activation potentials yields higher sensitivity values, utibization of lower activation
potential could be advantageous since it can potentially increase the hifotime of biosensor. To
that cnd, the longevity {change 1 sensitivity) of the GOx-08 biosensors was examined over a
30 dav-time period. FIG. 6F shows longevity (sensitivity loss) of biosensors at both activation
potentials over 30 days. Biosensors were stored i PBS at 4°C after biosensing. At 700 mV,
the sensitivity of GOx-0S biosensors decreased 32.4 % (from 6.3 = 0.44 pA mM™* e at day
1o 34033 uA mM em? at day 30). Reducing the activation potential to 300 mV improved
the longevity of the biosensor and resulted in a 33 .43% drop in sensitivity over the course of
30 davs (from 4 82 £ 036 pA mM™T em? 10 3.21 £ 0.07 pA mM™ o). Based on the reaction
cascade for glucose detection it can be hypothesized that at lower activation potentials, less
hydrogen peroxide 1s oxidized which can help retaining the bicactivity of GOx. Interestingly,
after the sixth day the sensitivity value at activation potential of 300 mV outperforms that of
700 mV, further demonstrating the destmctive eftect of bigher voltages on scusitivity of

biosensors over time.

{0048] Since 1t was observed that activation potential plays a key part in sensitivity
loss, the electrochenmical behavior of the potentiostated GOx-08 biosensors were also
mvestigated. For GOx-0S biosensors, measunng the current response for the operating range
of glucose councentration toock approximately 30 min, during which the biosensor was
potentiostated (subjected to the activation potential). To simulate this condition, CV was
conducted on 300 mV and 700 mY potentiostated GOx-O8 biosensors after O mun, 30 min, 90
min, 300 min, and 900 min, which corresponded to before applving voltage, day 1, day 3, day
10, and day 30, respectively. FIG. 6F shows electroactivity {change in charge storage capacity)

of bigsensors at both activation potentials for simulated time frames. In C-E, cireles / lines and
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sqaares / lines demonstrate activation potentials of 300 mV and 700 mV vs. Ag/Ag(l,
respoctively . At activation potential of 700 mV, CSC dropped 84.7 %, te. from 1653 £ 1.08
m{ cm™ at O min to 2.52 £ 0.65 mC cor? at 900 ouin. However, at activation potential of 300
mV, the C8C decreased 63.89 %, i.e. from 15,74+ 1.98 mC om0 5,69+ 0.64 mC cm™? These
results demonstrate that when subjected to higher activation potential, GOx-0§ biosensors
experience more loss in electrochemical properties. On a molecular level, the decrcase m
clectroactivity can be explained by nucleophilic attack by water or anions and / or oxidation by
hydrogen peroxide. This phenomena presumably causes ring opening and loss of conjunction
of OS, which leads to decrease in conductivity and clectroactivity. Overall, these findings
suggest that smaller decrease 1o sensitivity of GOx-0S8 biosensors over time at low activation
potential can be attributed to higher GOx activity retention and / or lower loss of electroactivity

of the biosensor.

{0049] Another advantage of biosensing at low activation potential s the higher
specificity of the biosensor. FIG. 60 shows amperometric current response of a G0x-O8
binsensor upon sequential addition of (1) glucose (0.5 mM), {2} acetominophen (0.2 mM), (3)
thuprofen (0.2 mM), {4) ascorbic acid (0.2 mM), and (3} urea (0.2 mM) at activation potential
of 300 mV va. Ag/AgCl Althought the concentration of analyvtes 2-5 are usually lower than
glucose m blood, they could stimulate large amperomentric current responses compared o
glucose, which can be attributed to their fast charge transport capability. As shown, the
biosensor only exhibited current response upon addition of glucose, demonstrating high
specificity and anti-interference effect of the biosensor. This can be presummably associated to
chmunation of oxidation effect for detection at low activation potential of 300 mV. Compared
to relevant ampeometric biosensors in the lierature, developed GOx-0S biosensors n thig
work offer high sensitivity, decent longevity, fast response time, and excellent specificity,
which is presumably dee to efficient entrapment of GOx withio the 05 mesh, as well as the

oxygen-independent detection pathway at fow activation potential of 300 mV.

{0056] To investigate whether OSMDs provide suitable sobstrates for cellular
attachment and proliferation, MTT assay was performed by seeding endothehal cells on
(O5MDs, and comparing to tissue culture treated plastic wells, FIG. 7 shows fabrication /
characterization of bioactive (SMDs via gel-pen. As shown, OSMDs provided an excellent
surface for attachment, growth, and proliferation of cells and were comparable to the traditional

tissue culture treated plastic wells, validating the biocompatbility of structarcs. As shown
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FIG. 7A, MTT assay shows excellent viability, attachment and proliferation of HUVECs on
clectrodes. Control samples {culture treated dish} and OSMD electrodes are shown in squares
/tmes and circles / hines, respectively (data are represented as mean = 8D, n=3). After 72 b of
seeding, the surfaces were fully covered with cells and the rate of proliferation slowed down,
however, there was no statistical difference between OSMDs and tissue culture treated plastics.
For O8MDs to be used as biosensors they should not trigger immume response in the body. To
ravestigate this, lvmphocytes were cubtured on OSMDs, and viabiltty and ioumune cell response
were measured compared to control substrates {without OSMDs) afier 7 days. FIGs. 7B and
7C show biocompatibility assessment of OSMDs on splenic cells after 7 days incubation.
Cellular viability (normalized with respect to control) (shown in FIG. 7B) and activated T-cells
/ B-cells assessed by flow cyvtometry (shown i FIG. 7€) OSMD clectrodes and control
(without structure) are shown in black and grey, respectively (data are shown in mean + 5D,
n=3}. The initial cell count was 5000000 cell mi, therefore there are no error bars for B at day
0, and n.s. indicates no significance. As shown in FIG. 78, the normalized viability was 98%
on OSMDs after 7 days (with no statistical difference to control samples), indicating that the
structures did not mduce cell mortality. Furthermore, expression of CDA9 {activation marker
for T-cells) and CDR6 {activation marker for B-cells) were measured by flow cytoraetry, It was
observed that there was no significant difference w activation of T-cell and B-cells between
O5MDs and control substrates, which confirmed that OSMDs do not provoke mmmune cell
response. Together, these findings demounstrate the biocompatibility of OSMDs and support

their applications in biomedical devices such as bioscusors.

{B051] To further demonstrate the potential of gel-pen 3D printing in biomedical
engimeering apphications, we functionalized the OSMDis with bioactive properties. To that end,
famimn (LM} was meorporated within the gel cartridge through divect injection, which led to
mmmobilization of LM within OSMDs dunng clectrodeposition {(LM-OSMDs). LM is a
substraic-bound protein in the extra cellular matrnix which s vital for cellular attachment, cell
signaling, cell migration and proliferation. To investigate the bioactivity, primary endothelial
cells were cultured on LM-OSMBs and (O5MDs (4 mm-long hnes), which were
immunostained after 48 b F1Gs. 7D and 7E show bright field and epifluoresence micrographs
of endothehial colls fixed and stained afier 48 h with DAP (to visualize cell nuclei) and Oregon
Green 488 Phallowdin (to visuahize F-actin} for lammmin-incorporated hnes (LM-OSMDs) and
fnes without laminin (OSMDg). Scale bars are 500 um. Ag shown in the fluorescent

micrographs, cells displayved adherence to LM-OSMDs and were weli-spread, whereas for
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OSMBs, there was barely any signs of attachment, and cclls presented rounded morphology.
Morcover, cell density was significantly higher on LM-OSMDs (83 + 14 cells mm™2) compared
to OSMDs {8 = 3 cells mm ) {(p<0.001). FIG. 7F shows guantification of celtular density for
LM-OSMDs and OSMDs, Data shown i mean + SEM, n=3, *¥* p<0.001 These results
demonsiraie that incorporation of LM improve cellular adhesion and supports spreading of

fiving cells.
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WHAT IS CLAIMED Ix

1. A method for direct 3D printing of an organic senuconductor nucrockectronic

devices (OSMD}, comprising:

{oading a wet hydrogel cartridge with precursor solution to form a loaded wet
hydrogel cartnidge, wherein the wet hvdrogel cartndge comprises a
pipetie tip with a sized opening, and wherein the precursor solution

comprises a sofution of monomer and dopant;

placing the sized opening of the loaded wet hydrogel cartridge in proxinuty to
an electrode mnterface;

establishing a meniscus between the precursor solution n the loaded wet

hydrogel cartridge and the electrode interface;

applving a current through the precursor solution n the loaded wet hydrogel
cartridge mto the electrode mterface to electrodeposit a portion of 3D

microstructure on the electrode mterface;

moving the electrode interface relative o the loaded wet hvdrogel cartridge at a
selected velocity while applving the corrent, whereby a geometric
design of 3D microstructure is clectrodeposited on the electrode
interface as the meniscus 1s moved; and

ciching the geometric design of 3D microstruchure o create an organic

semiconductor microclectronic device (OSMD).

2. The method of claim 1, wherein the monomer is pyrrole, aniline. or 3.4-

cthvlenedioxythiophene and the dopant 1s perchlorate or polystyrene suifonate.

3. The method of claim 1, wherein the olectrode imterface comprises gold or
chromium,
4. The method of claim 1, wherein the sized opening of the pipette tip 15 375 um

to 2 mm m diametler.

5. The method of claim 1, wherein the current apphed through the precursor

solution has a current density of 0.5 to 1.5 mA om™
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6. The method of claim 1, wherein the selected velocity at which the clectrode

interface is moved relative to the loaded wet hydrogel cartridge is 5 t0 25 ym g7

7. The method of claim 1. wherein the precursor solution further comprises
protein.

8. The method of claim 7. wherein the protein is laminin, fibronectin or glucose
oxidase.

9. The method of claim 1, wheremn the sized opening of the pipette tip 5 375 um,

the current applied through the precursor sohution has a current density of 1 mA cm™, and the
selected velocity at which the electrode mterface 18 moved relative fo the loaded wet hydrogel

cartridge is 10 pwm s,

18, The method of claim 1, wheremn the electrode mmterface is a gold-coated silicon

wafer or a polvdimethylsiloxane sheet.

11, A system for direct 3D printing of an organic semiconductor microelectronie
devices ({OSMD), comprising:

a wet hydrogel cartridge, wherein the wet hydrogel cartridge 18 loaded with

precursor solution, wherein the wet hydrogel cartridge comprises a

pipetie tip with a sized opening, and wherein the precursor sohution

coraprises a solution of monomer and dopant;

an clectrode mterface, wherein the electrode interface may be placed n

proximity to the wet hydrogel cartindge;

an instrument for applving a current through the precursor solution in the wet
hydrogel cartridge into the electrode interface to electrodeposit a portion
of 313 microstructure on the electrode mmterface;

3 motorized unit that moves the electrode interface relative to the loaded wet
hydrogel cartridge at a selected velocity to allow a geometric design of
30 microstruciure o be electrodeposited on the clectrode interface

during current application; and

a processor in commumication with the motorized unit for controiling the

movement of the electrode interface.
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12, The system of claim 11, wherein the monomer 18 pyrrole, aniline, or 3.4-

cthylenedioxythiophene and the dopant is perchlorate or polystyrene sulfonate.

13, The svstem of claim 11, wherein the electrode mterface comprises gold or
chromium.
14, The system of claim 11, wherem the sized opening of the pipetie tip 1s 375 um

to 2 mm o diameter.

15. The gsystem of claim 11, wherein the instrument applies a corrent having a

current density of 0.5 to 1.5 mA e,

16, The system of claim 11, wherein the motonzed unit moves the clectrode

miterface relative to the wet hydrogel cartnidge at a selected velocity of 5 to 23 wm s7H

17.  the svstem of claim 11, wherein the precursor solution further comprises
protein.

18, "The system of claim 17, wherein the protein is laminin, fibroncctin or glucose
oxidase.

19, The system of claim 1, wheremn the sized opening of the pipette tip 15 375 um,

the current applied through the precursor solution has a current density of 1 mA om™?, and the
selected velocity at which the electrode interface 1s moved refative to the wet hydrogel cartridge

is 10 pm 5L

20, The system of claim 1, wherein the electrode mterface s a gold-coated siticon

wafer or a polydimethyisiloxane sheet.
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