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Paper-based electronics are emerging as a new class of technology with broad
areas of application. Despite several efforts to fabricate new types of flexible
electronic devices by screen printing of conductive paste, many of them are
often nonbiodegradable, toxic, and expensive, limiting their practical use in
bioresorbable paper-based electronics. To address this need, a highly conductive
and biodegradable bimodal conductive paste is developed using cost-effective
zinc-based micro and nanoparticles with a facile low-temperature sintering
process compatible with paper substrates. The two-step sintering process
involves the removal of the insulating zinc oxide layer by spray coating acetic
acid followed by a heat press sintering process to ensure the formation of highly
packed and continuous metallic traces. The required conditions for the heat
press sintering process are systematically studied using electrical, optical, and
mechanical characterization techniques. The results of these investigations
revealed an ultra-packed microstructure with high electrical conductivity (0.5 X
10° S m™) and low oxide content that is obtained with a heat press sintering set-
ting of 220 °C for 60 s. Finally, as a proof of concept, the conductive paste with
an optimized sintering process is used to fabricate a wearable wireless heater for
remote-controlled release of therapeutics. The controlled delivery of the system
is validated in the practical and on-demand delivery of antibiotics for eradicating
commonly found bacteria such as Staphylococcus aureus in dermal wound infec-
tions. The biocompatibility of all the materials and manufacturing process is
validated by NIH/3T3 fibroblast cells via MTT assay and live/dead staining.

a broad spectrum of applications due to
their unique characteristics such as high
mechanical flexibility, low cost, and scal-
able manufacturing.™ However, many
of the materials and processes used in PE
devices often depend on nonbiodegradable
polymer supporting substrates (such as sili-
cone elastomers, polyethylene terephtha-
late, polyimide, etc.).b") Considering the
widespread implementation of PE, span-
ning from soft robots, human-machine
interface, and flexible displays to advanced
healthcare and virtual reality in the near
future, the buildup of discarded electronic
waste (e-waste) will cause adverse environ-
mental effects. Recently, the United Nations
has reported that by 2030 e-waste will grow
up to 74 million metric tons on the planet,
which will demand extensive landfill space
for its appropriate disposal or recycling.'”
Therefore, researchers and scientists are
highly inspired to find sustainable sub-
stitutes with the desired characteristics to
address the concerns mentioned above.
Recently, paper-based transient bioelec-
tronics (PTB) composed of biodegradable
materials have emerged as a new class of
technology that can fully degrade to benign
and environmentally safe by-products after

1. Introduction

In the past few years, printed electronics (PE) have gained sig-
nificant attention spanning from academia to industry with

they have served their primary function.'l Despite the known
bioresorbable characteristics of the paper substrates in PTB, the
conductive traces and circuitry in these devices must be made
from highly conductive and bioresorbable materials through
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cost-effective and scalable processes!?! such as screen printing.
In this process, conductive pastes made of metal microparticles
(MPs) or nanoparticles (NPs) dispersed in a liquid vehicle
(aqueous or organic) with various additives as binders are
deposited onto the desired paper substrate. Among different
metals, magnesium (Mg), zinc (Zn), iron (Fe), and tungsten (W)
are well-known biodegradable metals with demonstrated usage
in different biodegradable electronic devices.>'% Among these
metals, Zn and its alloys generally exhibit a relatively moderate
degradation rate with less harmful by-products than Fe- and
Mg-based metal alloys, making it a favorable metal for many
bioresorbable electronics.”-1% Furthermore, due to its biological
benefits (supports cell division, immune system, and protein
synthesis), it is also used in various biodegradable implantable
devices ranging from bone fixtures to wireless pressure sensors.

However, one of the main challenges of Zn-based pastes is
their rapid oxidation in ambient conditions.?”! The oxide layer
on the surface of the ZnMPs and ZnNPs in the printed pat-
tern prevents close electrical contacts between the particles
after printing, thus making it challenging to produce highly
conductive Zn printed traces. To address this issue, many
nondestructive sintering approaches, such as laser, photonic,
and electrochemical sintering, have been utilized as a post-
printing process for Zn based inks and pastes to remove/reduce
the zinc oxide insulating barrier on the particles and weld the
particles to form conductive Zn printed traces.?'24 Although
these techniques exhibited promising results in achieving
good conductivity levels (e.g., 10° S m™), they still face several
drawbacks, such as low electrical stability, high production
time, and incompatibility with large-scale roll-to-roll printing
processes. Moreover, many previously reported conductive
Zn-based pastes require a relatively thick printed layer to achieve
high conductivity, leading to several processing complications
such as more extended post-printing processing (e.g., drying
and sintering) and low mechanical stability. Hence, a general
strategy that can provide a highly conductive, biodegradable
screen printable Zn-based paste that can overcome the above-
mentioned complications is highly desired for developing next-
generation PTB devices. In this study, Zn MPs (ZnMPs) and
Zn NPs (ZnNPs) were used to prepare a bimodal conductive
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bioresorbable paste which can be sintered at low temperature
and yield improved conductivity of printed patterns. A complete
schematic illustration of the printing process with the two-step
thermo-electrochemical sintering process is shown in Figure 1.
After screen printing and drying the traces, diluted acetic acid
(CH3COOH:H,0, 1.5 by volume) was sprayed on the printed
pattern to remove and dissolve the native oxide layer formed
around ZnMPs and ZnNPs (Figure 1b). The acidic conditions
encourage the self-exchange among Zn and Zn?* at H,0/Zn
interfaces between the particles, which results in the welding of
particles and the formation of a conductive network. Next, a heat
press process was used to ensure the formation of a continuous
percolation network and a high packing density of the printed
pattern through sufficient contact between the conductive
fillers. In this step, the heat press process enhances the removal
of the zinc oxide from the ZnMPs and ZnNPs by accelerating
the rate of reaction of the acetic acid and activating the ethylene
glycol (EG) reducing agents in the pastes while simultaneously
applying pressure to enhance the electrical contact between
the particles (Figure 1c). The heat and the pressure-induced in
this step also improve the packing density of the printed pat-
tern, leading to a highly packed microstructure with enhanced
mechanical and electrical properties. To the best of our knowl-
edge, this is the first demonstration of bimodal biodegrad-
able ZnMPs and ZnNPs (ZnMPNPs) conductive paste with a
simple low-temperature heat pressure sintering process for use
in flexible PTB devices. As a proof-of-concept, the technology
was used to fabricate a flexible wearable wireless printed heater
for control and on-demand delivery of antibiotics into infected
wounds. The low cost and biocompatibility of the materials and
the simple post-printing sintering process demonstrate that the
newly developed conductive ZnMPNPs paste holds consider-
able promise for a wide range of future paper-based sensors and
actuators for different healthcare and food safety applications.

2. Results and Discussion

To prevent bubbles and microcracks formation, it is important
to effectively dry the solvents from printed traces before the heat

.
.,
3

Figure 1. Schematic of printing and sintering process of bioresorbable bimodal conductive ZnMPNPs paste. a) Screen printing of ZnMPNPs trace.
b) Acetic acid spraying and removal of oxide from Zn particles surfaces. c) Heat press sintering of printed trace. d) Final sintered trace with enhanced

packing density and high conductivity.
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Figure 2. Thermal characterization of developed bimodal ZnMPNPs
paste. a) ZnMP and ZnNP powder and the final paste. b) TGA and DSC
analysis of the ZnMPNPs paste.

press sintering process. To identify the drying kinetics of the
ZnMPNPs paste, a differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) were performed, Figure 2.
The TGA analysis demonstrated a primary weight loss occur-
ring in the range of 30.21 to 155.41 °C that corresponded to the
evaporation of the solvent. The strong endothermic peak in the
DSC graph confirmed that most of the solvent could be removed
with a drying temperature of around 128.73 °C. The second endo-
thermic peak in the DSC curve at 203.1 °C was attributed to the
degradation of EG (used as a secondary heat-activated reducing
agent in the paste preparation). Finally, a third endothermic
peak corresponding to the decomposition of the PVP binder
was observed at 429.43 °C, which resulted in a total weight
reduction of about 2% at 451 °C. At this temperature, the total
weight loss of the printed trace was 20% which corresponded to
the total weight percentage of the conductive filler used in the
bimodal paste preparation. These results revealed that the wet
printed trace would require a temperature of at least 128 °C to
remove the solvent from the printed traces effectively. Therefore,
all printed traces were dried in a hot air oven set at 128 °C for
10 min before the heat pressure sintering process.

Figure 3 demonstrates the result of sheet resistance assess-
ment of acid-treated ZnMPs and ZnMPNPs (with 20 wt% of
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Figure 3. Electrical and microscopic assessment of the Zn-based printed
traces. a) Sheet resistance measurements of ZnMPs printed trace after
heat press sintering with different durations and ZnMPNPs printed trace
before and after heat press sintering with different durations. b) Micro-
scope images of printed traces heat press sintered with different durations.

ZnNPs) printed trace before and after heat press sintering at
220 °C with different durations and ZnMPNPs printed traces
that was acid-treated without the heat press process as a con-
trol. This analysis showed a strong dependence on the elec-
trical resistance of the final traces with different durations
of heat press. The ZnMPNPs printed traces without the heat
press process showed unstable electrical resistance with a
gradual increase over time caused by the slow reoxidation of
the ZnMPs and ZnNPs in the printed trace. The lowest elec-
trical resistance was achieved with the heat press duration of
60 s. The ZnMPNPs traces with the optimum heat press sin-
tering process on average showed (0.13 Q [0} close to half
of the sheet resistance of sintered ZnMPs (0.22 Q [™) traces
with the final thickness of 15 um (Figure 3a). Longer dura-
tions of heat press resulted in an overall increase in resist-
ance which is explained by the excessive heat, which resulted
in damage to the conductive traces caused by burning the
paper substrate. The excessive heat could also lead to the PVP
binder burning and degradation that resulted in the printed
trace poor adhesion to the substrate (Figure S2, Supporting
Information).

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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The effect of excessive thermal energy was also reflected
in the microscope images of the printed traces with different
durations of heat press (Figure 3b). In this set of figures, one
can see that the color clearly changes into a bright silverish gray
after the heat press sintering of ZnMPNPs with an optimal
60 s duration. However, this color change was less observed in
ZnMPs traces (Figure 3b). In general, longer heat press dura-
tions resulted in a significant color change in the paper from
white to brown for both ZnMPs and ZnMPNPs compositions
(Figure 3b).

The obtained results show the necessity of both acetic acid
treatment and heat press to achieve minimal electrical resist-
ance in printed ZnMPNPs traces. In this process, the acetic
acid (CH3;COOH) reacts with zinc oxide (ZnO) according to the
following reaction!’!

ZnO+2CH;COOH — (CH;CO0), Zn+H,0 (1)

This reaction results in the dissociation of ZnO formed
around Zn particles, followed by the partial welding of the
particles together?” and the formation of a thin layer of
(CH3CO0),Zn. After such reaction, although the conductive
fillers within the printed feature are welded together segmen-
tally, the porous structure of the pattern after acid treatment
prevents further improvement in lowering the sheet resistance
of the printed trace by disrupting the formation of the electron
pathway throughout the matrix of the printed trace. This par-
tial welding results in the reoxidation of the printed trace com-
posed of ZnMPs and ZnNPs over a short period of time that
leads to a more than 70 times increase in the sheet resistance of
the printed trace within 70 s of exposure to room temperature
after acid treatment (Figure 3a).

www.advmattechnol.de

Therefore, to prevent the printed trace from reoxidation and
to remove the unwanted pores from the printed trace micro-
structure, heat press sintering was performed at the melting
point of (CH3;C0OO0),Zn (=220 °C).5 At this temperature, the
simultaneous application of heat and pressure induces extraor-
dinarily improved through-thickness contact between the parti-
cles and the final packing density of the printed trace.

The packing efficiency of the printed traces was investi-
gated via 3D confocal microscopy (Figure S1, Supporting Infor-
mation). The through-thickness profile of the ZnMPs and
ZnMPNPs compositions before and after sintering revealed
a clear reduction of =5.1 pm for ZnMPNPs composition after
heat press sintering with the optimum setting and duration
(Figure S1, Supporting Information). This change in thickness
was noticeably lower (1.9 um) in ZnMPs after the heat press
sintering process (Figure S1in Supporting Information).

The microstructure and the packing density of ZnMPs and
ZnMPNPs were qualitatively investigated by scanning electron
microscopy (SEM) before and after the heat press sintering
process.

Surface SEM images of ZnMPs composition, although
show signs of welding between the ZnMPs, a large number
of pores exist between the particles after this sintering pro-
cess, Figure 4a-b. In contrast, ZnMPNPs show a significantly
lower number of pores after heat press sintering, Figure 4c,d.
SEM images of the paper substrate showed no sign of thermal
damage to the cellulose fibers of the paper substrate after
the heat press sintering process with the optimized settings,
Figure 4e f.

To further investigate the quality of the heat press sintering
process through the thickness of the ZnMPs and ZnMPNPs
printed traces, a cross-sectional SEM analysis was performed

Figure 4. Surface SEM images of printed traces and cellulose paper substrate. ZnMPs composition a) before and b) after heat press sintering.
ZnMPNPs composition c) before and d) after heat press sintering. Cellulose paper substrate e) before and f) after heat press sintering.

Adv. Mater. Technol. 2022, 2101722 2101722 (4 of 13)
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Figure 5. Cross-sectional SEM analysis of printed traces and cellulose paper substrate. ZnMPs composition a) before and b) after heat press sintering.
ZnMPNPs composition c) before and d) after heat press sintering. Cellulose paper substrate e) before and f) after heat press sintering.

(Figure 5a—d). Results of this analysis revealed that the welding
of particles together is quite dominating due to the sintering
mechanism for both compositions through the thickness
(Figure 5b,d). Nevertheless, the difference between ZnMPs
and ZnMPNPs compositions arises from the fact that only
20 wt% of ZnNPs could fill the pores between the ZnMPs
for ZnMPNPs composition and eliminate most of the pores
through the thickness of this composition after compaction
induced by heat press sintering (Figure 5d). This study pro-
vides further rationale for the significantly lower sheet resist-
ance of ZnMPNPs composition (0.13 Q [17}) compared to that
of ZnMPs composition with an optimal sheet resistance of
0.22 Q 0% We believe that one of the major contributing fac-
tors to such low sheet resistance is the perfect adhesion between
the cellulose paper substrate and the printed pattern. Such
adhesion can only be achieved if the thermal energy applied to
the printed pattern by heat press sintering would not induce
any damage or defect to the fibrous structure of the paper sub-
strate. Cross-sectional SEM analysis further confirmed no sign
of damage induced to the microstructure of the paper after
heat press sintering with the optimized duration (Figure 5e,f).

Adv. Mater. Technol. 2022, 2101722 2101722 (5 of 13)

However, common polymeric substrates, such as polyeth-
ylene terephthalate (PET) and polyethylene naphthalate (PEN),
are incapable of withstanding temperatures as high as 220 °C
due to their low glass transition temperature (<120 °C), limiting
the application of the developed biodegradable ZnMPNPs paste
to circuits and devices on paper substrates.

Figure 6 shows the X-ray diffraction patterns of ZnMPs
(Figure 6a) and ZnMPNPs (Figure 6b) before and after heat
press sintering. The existence of a small peak at 32° diffrac-
tion angle associated with ZnO before heat press sintering
for both ZnMPs and ZnMPNPs compositions indicated par-
tial welding of ZnMPs in the paste after acid treatment. This
partial welding, which is mainly due to the existence of pores
between the particles before heat press sintering, was the main
contributing factor for reoxidation of the printed trace for both
compositions upon exposure to room temperature after acid
treatment. However, a considerably different oxidation behavior
was observed once both compositions were heat press sintered
with a substantial reduction in the intensity of the ZnO peak.
It can be seen from XRD spectra of the ZnMPNPs traces that
no noticeable peak associated with ZnO was detected, which

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 6. GIXRD spectrum measurement of the acid-treated bimodal paste

press sintering.

suggests that acid treatment followed by the heat press pro-
cess effectively removed the oxide compounds from the struc-
ture, forming densely packed Zn metal trace. This observation
further approves the claim made that the simultaneous acid
treatment and heat press sintering significantly contribute to
enhanced welding of conductive fillers in both compositions
that could prevent reoxidation of Zn particles in the printed
trace at the end of the sintering process.

For many PTB applications, the printed circuit requires to
maintain highly stable electrical conductivity under a different
mechanical deformation. Therefore, the robustness/reliability
of the printed Zn traces was assessed under different bending
cycles (Figure 7a,b). The electrical resistance of the ZnMPs
and ZnMPNPs printed trace with optimized sintering process
was continuously measured over cyclic bending, as shown in
Figure 7c.

It can be seen that the ZnMPNPs printed trace maintained
its initial electrical conductivity up to 13 000 cycles while sharp
changes in electrical resistance of ZnMPs printed trace emerged
before the 100th cycle (Figure 7c). Surface SEM analysis of
ZnMPNPs printed trace showed no signs of surface cracks or
delamination after 13 000 cycles of bending (Figure 7d). How-
ever, surface microcracks were clearly observed on the surface
of ZnMPs printed trace, which explained the sharp increase in
electrical resistance (Figure 7e).

Figure 7f,g shows a simple, flexible paper-based circuit
lighting with an array of LEDs using developed ZnMPNPs
with the optimized sintering process. The results indicated
that due to the superior conductivity of the developed paste,
only 2.5 V DC voltage could enable simultaneous, visible, and
uniform illumination of three LEDs. In addition, the printed
pattern with the developed bimodal paste could maintain its
uniform light illumination among the three LEDs during
mechanical bending load with different bending curvatures
(Figure 7h—j), twisting (Figure 7k), and mixed-mode deforma-
tion (Figure 71,m).

In addition to mechanical strength, long-term environ-
mental stability of the obtained optimal sheet resistances at
different temperatures and relative humidity is a contributing

Adv. Mater. Technol. 2022, 2101722 2101722 (6 of 13)

www.advmattechnol.de

—
(=)
N

—— After heat press sintering
—— Before heat press sintering

T

Intensity (a.u.)

Al L
30 40 50 60 70 80
20 (degree)

with compositions of a) ZnMPs and b) ZnMPNPs before and after heat

factor to enabling the durable performance of PTB for use in
food packaging and health monitoring applications. Figure S3,
Supporting Information, demonstrates the recorded changes
in sheet resistance of ZnMPs and ZnMPNPs printed traces
that were exposed to ambient (T = 23°, RH = 40%) and accel-
erated (T = 70°, RH = 100%) environmental conditions over
7 days. Both ZnMPs and ZnMPNPs composition showed a
stable sheet resistance in ambient conditions with minimal
changes in the sheet resistance (Figure S3a, Supporting Infor-
mation). However, when exposed to accelerated conditions,
the ZnMPs printed trace sheet resistance value reached more
than twice (0.56 Q [0 the initial resistance value (0.22 Q (1)
only after 3 days (Figure S3b, Supporting Information). A fur-
ther nonlinear increase was observed for the following days
up to the maximum of 3.4 Q [J7! on the 7th day of the meas-
urements, whereas the ZnMPNPs printed trace showed quite
a high degree of sheet resistance stability in the accelerated
condition during the 7-day period (Figure S3b, Supporting
Information). This observation is mainly attributed to the ultra-
packed, and uniform microstructure of ZnMPNPs printed trace
after heat press sintering that resulted in the removal of pores
from the microstructure, which enhances the physical contact
between the metal particles and reduces the potential risk of
pitting and crevice corrosion in the printed trace.

Recent advancements in the field of printed flexible transient
electronics have enabled employing novel technologies and
conductive pastes formulations that could be used as a potential
wearable drug delivery system with excellent conformal con-
tact with the skin.[?>?7l Such systems can be used as an active
drug delivery platform that could deliver a drug to a targeted
site in a controlled manner by external stimulation such as a
thermal field with no need for complicated external electrical
components.?#31 Some of the benefits of such drug delivery
systems are that they could maintain the drug concentration at
the targeted site on the tissue for a predefined period, reduce
the drug toxicity, and improve the therapeutic efficacy.

Hence, as a proof-of-concept, we have developed a wearable
and flexible printed paper-based patch for on-demand delivery
of antibiotics into skin wounds using the developed ZnMPNPs

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. Mechanical and electrical characterization of Zn-based bimodal paste. Photographs of ZnMPNP printed trace a) before and b) after bending.
c) Change in the electrical resistance of ZnMPs and ZnMPNPs printed trace under cyclic bending load (square indicates open circuit). SEM images
of d) ZnMPNPs and e) ZnMPs printed trace after 13 000 bending cycles. f,g) Images of a simple LED circuit using ZnMPNPs conductive paste with
optimized heat press sintering f) before and g) after applying 2.5 V DC to the circuit. h-m) The printed circuit lighting maintained equal illumination
among three LEDs under different h—j) bending conditions k) twisting and |,m) mixed-deformation.

conductive paste (Figure 8a). In this design, a thermo-respon-
sive drug releasing system comprising of a polymer composite
(PVA and antibiotics) was infused into the fibrous network of
the paper substrate containing a printed flexible heater to pro-
vide on-demand release of antibiotics into dermal wounds.
The heater on the patch is wirelessly powered by an external
coil that operates at a frequency of 220 kHz with 2 W power,
Figure 8a. The generated alternating magnetic field within the
external coil induces an electrical current in the printed coil
on the patch. The current passing through the printed circuit
results in an overall loss of energy in the form of heat, which
elevates the patch temperature and results in the release of
antibiotics into the wound.

Figure 8b shows a representative photo of the patch attached
to a mannequin hand using a medical transparent waterproof
dressing (Nexcare Tegaderm, 3M) and thermal profile on the
surface of the patch.

To identify the temperature profile required to trigger the
drug release, an experiment was designed where first; the
printed patch on the paper was laser cut into circles of diameter
of 35 mm and cast with 10 wt% PVA loaded with 0.3 g direct
red 80 dye. Direct red 80 dye was chosen as a model drug with
the same molecular weight and particle size as the vancomycin
antibiotic to evaluate the release and thermal characteristics of
the designed patch. Additionally, such red dye provides a fast,
simple, and visually observable confirmation of the release
phenomenon into the medium. The printed patch was placed

Adv. Mater. Technol. 2022, 2101722 2101722 (7 of 13)

in 1 mL of fresh PBS solution and aligned under the external
coil, and the temperature distribution driven by on-off cycles
of the patch induced by the external alternating magnetic field
was monitored by an IR camera over a period of 3 min at room
temperature (25 °C).

Figure 8c shows a series of images captured through an IR
camera during the on and off cycles of the printed patch that
alternate between heating up and cooling down for 3 min.
A symmetrical temperature distribution along the length of
the printed patch was observed. The thermal analysis of heat
maps obtained from IR imaging revealed that at least 2 min
of wireless power-up was needed to increase the average tem-
perature along the length of the patch to =60 °C (Figure 8d,f).
This level of temperature was needed to initiate the dissolu-
tion of a fully hydrolyzed PVA-loaded dye matrix leading to
the mobilization of the dye entrapped in the PVA matrix. At
this temperature, the diffusion of the dye through the paper
started, which led to the release of the dye into the PBS
solution.

Figure 8f demonstrates that further increase in heat acti-
vation time to beyond 2 min resulted in stable temperature
distribution. A similar trend was observed during the off-cycle
of the printed patch, where the temperature distribution along
the length of the patch was monitored during 3 min powered-
off period. It can be seen from Figure 8e that the off-cycle
temperature variations displayed a similar symmetrical distri-
bution along the length of the patch. In addition, a minimum

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 8. Printed paper-based wireless heater for wearable on-demand drug delivery. a) Illustration of wireless drug delivery by the printed ZnMPNPs
heater onto the skin wound. b—f) Thermal characterization of the optimally sintered printed ZnMPNPs heater via infrared imaging. b) Photographs of
the wireless printed heater attached to a plastic mannequin hand and corresponding thermal heat map after wireless heating. c) Thermal heat maps
of the wireless heater during 3 min on-off cycle. The temperature profile of wireless heater during d) 30 s to 3 min on cycle and e) 3 min off cycle.
f) The average temperature change of the wireless heater over the effective patch release area in response to different durations of thermal stimulation

by the primary coil.

of 3 min was required for the average temperature along
the length of the patch to reach back to room temperature
(Figure 8e). Although it has been reported that thermal stimu-
lation is harmless for epidermal drug delivery,?? increasing
the temperature of the skin to more than 45 °C range could
be potentially damaging to the skin.?3-3% Therefore, to mini-
mize any type of damage to the skin surface, the paper-based
delivery platform was printed on a thick filter paper substrate
(180 um thickness) to minimize any potential heat transfer to
the skin by the printed heater.
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To understand the drug release characteristics of the
designed patch, a systematic study was performed with a
phantom dye (Direct red 80) into the PBS medium. Figure 9a
shows the release profile of the dye from the patch under con-
tinuous wireless activation over the course of 27 min. It can be
seen that the dye release initiated after 2 min wireless activa-
tion and heating up the patch to around 60 °C. A sustained and
controlled release profile with 67% cumulative release from the
patch can be seen over a period of 22.5 min, beyond which no
further release was observed (Figure 9a).
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Figure 9. In vitro drug release kinetics from the paper-based patch with printed wireless heater. a) Drug release and temperature profile under con-
tinuous wireless activation. b) Cumulative drug release and temperature profile under cyclic activation. Inset: Photographs of change in color of the
test medium after different cycles of activating the patch and release of the phantom drug (Direct red 80 dye).
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Figure 10. Qualitative and quantitative antibacterial assessment of paper-based patch against S. aureus. a) Zone of inhibition study after 24 h incuba-
tion. b) Bacteria quantification (CFU mL™) of S. aureus. PP: Printed patch, VPP: Vancomycin loaded printed patch, WHPP: Wirelessly heated printed

patch, WHVPP: Wirelessly heated vancomycin loaded printed patch.

One of the critical characteristics of active and controlled drug
delivery systems that could be used in real clinical applications
is the potential to perform dosage of delivery over the course of
treatment. Figure 9b shows the performed on-off cycle tempera-
ture profile and the corresponding dye release profile. After the
first cycle, 23% of the dye was released over a 5 min period from
the patch with no further release for approximately 5 more min
until the temperature of the patch reached 60 °C in the second
cycle. In this cycle, approximately 50% of the dye was released
over 25 min (Figure 9b inset). A similar trend as in the first cycle
was observed in the second cycle, where the increasing release
profile slope was followed by a =5 min no-release period. Sub-
jecting the patch to the third cycle resulted in an overall =~65%
release of the red dye into the PBS environment and changed the
color of the solution to red (Figure 9b inset).

One of the major challenges of active drug delivery to the
wounded regions is to effectively control and limit bacterial
infection. It has been reported that in the US alone, chronic
wound treatment costs could go up to $25 billion annually,
affecting up to 6 million of the US population.l’®l Healing of
chronic wounds might take several months and, depending
on the condition of the wound, would often require the con-
trolled release of the antibiotic at the specific dosage and time
points.?”38 If not treated properly, some pathogenic strains
of bacteria, such as Staphylococcus aureus (S. aureus), could
severely inhibit the process of wound healing by biofilm for-
mation, which acts as a physical barrier and limits the penetra-
tion of drugs into the wound site.*®#0 Here we investigated the
possibility of utilizing the developed paper-based wireless drug
delivery platform for controlled and on-demand delivery of anti-
biotics (vancomycin) and eradicating S. aureus by using zone
of inhibition (ZOI) and antibacterial efficacy test via colony-
forming units (CFU mL™) studies (Figure 10 and Figure S4,
Supporting Information).

Figure 10a shows the results of the ZOI study. Among all
the test samples, the wirelessly activated paper-based delivery
platform containing antibiotics had a noticeable circular ZOI
with 34 mm diameter, including the diameter of the patch that
resulted from thermal diffusion of antibiotics into the agar plate.
No ZOI was observed in TSB plates exposed to test samples,
including inactivated printed patches with and without anti-
biotics, activated printed patches without antibiotics, control,
and pristine paper substrate. These observations prove that the
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observed ZOI is only due to diffusion of antibiotics into the agar
plate during the 2 min wireless activation of the patch, and other
conditions did not provide any antibacterial effect (Figure 10a).

To quantitively assess the antibacterial efficacy of the printed
patch against S. aureus, test samples including inactivated
printed patches with and without antibiotics, activated printed
patches with and without antibiotic, control, and pristine paper
substrate were fully immersed in S. aureus culture medium
for 24 h. Figure 10b shows the Log (CFU mL™) obtained for
different samples. It can be seen that among mentioned sam-
ples, only activated printed patch with vancomycin antibi-
otic demonstrated a significantly reduced Log (CFU mL™) to
3.6 (Figure 10b). These results attribute to the successful eradi-
cation of S. aureus by the activated patch upon release of the
antibiotic into the culture medium.

To minimize the health-associated risks stemming from the
toxicity of a medical device and environmental footprint, one
needs to ensure that the device has an appropriate degradation
period after their task is completed.

To investigate the degradation period of the developed
ZnMPNPs paste, in vitro degradation of the printed patch with
the optimized sintering process was monitored by weight loss
measurements over 12 days in DMEM/F-12 cell culture media.
Figure 11 shows the average normalized weight loss of the
printed patch in cell culture media as a function of time. A
monolithic decrease in the printed patch weight was observed
over 12 days with the maximum %weight reduction of 53.64%
after full degradation of the printed traces (Figure 11 inset).

To systematically investigate the biocompatibility of the
developed material and process for potential and safe use in
healthcare applications, an MTT assay was performed.®*!l In
this study, sintered ZnMPs and ZnMPNPs were examined
for the toxic activity against NIH/3T3 cells over 7 days. The
obtained viability percentage of ZnMPs paste was reported to
be 95%, 94%, and 95% on days 1, 4, and 7; respectively. Addi-
tionally, the viability percentage of ZnMPNPs paste was 90%,
92%, and 91% on days 1, 4, and 7; respectively (Figure 12a). The
reported cell culture study and %viability of the ZnMPs and the
ZnMPNPs pastes compared to control revealed a promising
biocompatibility characteristic of the developed bimodal paste
with NIH/3T3 fibroblast.

The obtained biocompatibility was also confirmed with
live/dead staining. The cells were stained with calcein-AM

© 2022 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 11. Degradation of the wireless heater in DMEM/F-12 cell culture
media over 12 days. Weight loss graph of the printed wireless heater
over 12 days at different time intervals soaked in DMEM/F-12 cell culture
media at 37 °C. Inset: Photographs of the printed patch on paper after
soaking in the media for different durations.

(live cells) and ethidium homodimer-1 (dead cells). The cells
were labeled green if they were alive and red if they were
dead, respectively. The microscopic fluorescence images were
observed on days 1 and 7, as shown in Figure 12b. Based
on this analysis, the ZnMPNPs showed promising biocom-
patibility such that there were no dead cells (in red) found
on days 1 and 7 of the experiment (Figure 12b), further con-
firming the biocompatibility of the final ZnMPNPs after the
heat press sintering process.

3. Conclusion

This work provides a two-step rapid sintering process for the
preparation of a novel bimodal paste composed of ZnMPs
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and ZnNPs. Unlike other sintering processes that depend on
atomic diffusion, the approach demonstrated here involves
the removal of insulating ZnO layer by spray coating acetic
acid followed by heat press sintering process to ensure the
formation of continuous printed patterns by using conduc-
tive ZnNPs. As a proof of concept, the developed paste with
optimal sintering conditions was employed to screen-print a
wearable wireless heater that exhibited a promising potential
to be used as an on-demand localized drug delivery platform.
The platform presented in this study paves the way for fur-
ther development and utilization of paper-based bioresorb-
able electronics to propose new solutions and techniques for
personalized medicine and treating diseases such as chronic
skin wounds.

4. Experimental Section

Materials: ZnMP (<10 um diameter) and ZnNP (20 nm diameter)
were purchased from Sigma Aldrich and SkySpring Nanomaterials,
respectively. Poly(vinylpolypyrrolidone) (PVP) (MW 360000), Ethylene
glycol (EG) (anhydrous, 99.8%), ethyl alcohol, pure (anhydrous,
>99.5%), acetic acid (ReagentPlus, 299%), polyvinyl alcohol (PVA) (99%
hydrolyzed; MW 8900-98000), Direct Red 80 (Dye content 25%) and
vancomycin hydrochloride from Streptomyces Orientalis were purchased
from Sigma Aldrich. Gibco Dulbecco's Modified Eagle Medium: Nutrient
Mixture F-12 (Ham) (DMEM/F-12) and phosphate-buffered saline (PBS)
(Dulbecco's Phosphate Buffered Saline, pH 7.4) were obtained from
Thermo Fisher Scientific.

Micro/Nano Paste Preparation: A mixture of ZnMPs and ZnNPs with
a weight fraction of 20 wt% ZnNPs was prepared as the conductive filler
of the paste. Meanwhile, 0.74 g PVP was dissolved in ethyl alcohol in a
separate vial and sonicated for 3 h to obtain a uniform mixture. Then 1¢g
of EG was added to the PVP solution and sonicated for 1 h. Afterward,
15.4 g of conductive filler was added into the polymer mixture and
ultrasonicated for 6 h at 100 W power and 16 kHz frequency (UP400S,
Hielscher) to ensure a homogenous dispersion of the particles in the
binding matrix. All the materials were of analytical grade and were used
as received. The prepared paste was then screen printed on a paper
substrate (Grade 1 cellulose filter paper, 180 um thickness, Whatman)
via screen printing (MPS TF-100, Micro Printing Systems). The printing
process starts with the sweeping motion of a squeegee made of rubber
at 6.66 cm s velocity across the surface of the screen. The screen was

Control

Figure 12. Biocompatibility of ZnMPs, and ZnMPNPs towards NIH/3T3 fibroblast cells. a) Bar graph showing the relative cell viability percentage for
ZnMPs, and ZnMPNPs pastes with the MTT assay. b) Immunofluorescence images of NIH/3T3 fibroblast cells on day 1 and day 7 of cell culture along
with ZnMPs, and ZnMPNPs coated coverslips. NIH/3T3 fibroblast cells are stained with calcein and ethidium homodimer showing the live (green)
and dead (red) cells (n = 3) in three biological replicates. Coverslip without any test material is included as a control. Cell grown on control samples

are considered 100% viable and relative viability is calculated.
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loaded with the prepared paste and placed within 0.1 cm distance from
the substrate. Upon squeegee sweeping motion, the paste was flown
onto the surface of the substrate, and then momentary contact of the
screen to the substrate left the printed traces with rectangular patterns
of 3 cm length and 2 mm width. The printed pattern was then dried in a
conventional oven at 128 °C for 10 min.

Sintering Process: The printed traces were sintered via acetic acid
surface treatment followed by a heat press sintering technique (Digital
Power Heat press, Fancierstudio). In this process, a solution of acetic
acid and distilled water (1:5 by volume) was sprayed onto a dried printed
pattern. The sprayed acetic acid enhances the dissolution of the inherent
oxide layer around the Zn particles in the paste and creates a melting
pool that facilitates particles packing. Next, the top and bottom plates of
the heat press equipment were pre-heated to 220 °C. Before placing the
samples between the plates, the plates were closed for 20 s to ensure a
steady 220 °C temperature on both plates. Before inserting the samples
in a heat press, the top surface and bottom surface of the substrate
were protected with parchment paper (Kitchens Parchment Paper Roll,
Reynolds) to avoid direct contact of the plates with the printed pattern
and the paper substrate. After the insertion of the printed trace between
the plates, the pressure was adjusted to 0.6 MPa to ensure maximum
compaction of the trace for pore removal within the trace. The printed
trace was left between the plates for various time frames in the range
from 5 to 100 s. After heat press sintering, the printed traces were
removed from the heat press and kept at room temperature for 30 min
to cool down. The sheet resistances of printed traces with ZnMPs and
ZnMPNPs compositions were calculated according to the following
equation

Rx W
ps=—T @

Where R is the resistance recorded via the four-probe technique
(34401A, Agilent), W is the width of the trace, and L is the length of the
printed pattern.

Material Properties Characterization: The drying temperature of the
paste was investigated via DSC (214 Polyma, Netzsch) and TGA (TG
209 F3 Tarsus, Netzsch) with 20 °C min™' constant heating rate. Optical
microscopy (Stemi 2000-c, Zeiss) and field emission SEM (Hitachi
S-4800) were employed to assess the surface and cross-sectional
microstructure of the printed traces before and after sintering. Grazing
incidence X-ray diffraction (GIXRD) characterization was carried
out to investigate the crystalline structure of the printed bimodal
paste before and after acetic acid treatment and heat press sintering
using PANalytical Empyrean multipurpose diffractometer (PANalytical,
Almelo, The Netherlands) with a fixed Cu Ka anode (A = 1.541, 87 A)
operating at 45 kV and 40 mA with an incident beam angle fixed at w=2°.
The thickness profile and 3D topography of the ZnMPs and ZnMPNPs
samples were studied by 3D confocal microscopy at 10x magnification
(Leica DCM8 Dual Core Measuring Microscope, Leica Microsystems).

The electrical stability of the printed traces was studied by
exposing them to two different environmental conditions. The stability
assessment tests were performed in an environmental chamber with
adjustable temperature, and relative humidity (RH) where the samples
of ZnMP and ZnMPNPs printed traces optimally sintered were exposed
to ambient (T = 23°, RH = 40%) and accelerated (T = 70°, RH = 100%)
environmental conditions. The sheet resistance of the exposed printed
traces was monitored over the course of 7 days every 24 h.

Mechanical ~ Characterization: The mechanical durability and
flexibility of the printed traces after sintering were evaluated via a
bending fatigue test (eXpert4000, Admet) that bends the surface of the
trace to a convex shape. Prior to the bending test, ZnMPs and ZnMPNPs
sintered traces were printed in 3 mm width and 9 cm length with two
ends of the traces adhered with copper tapes soldered with two pieces
of 2 cm long copper wires to ensure appropriate ohmic contact. The
cyclic bending fatigue tests were performed for a total of 13 000 cycles
with a cyclic motion frequency of 15 cycles per min. During the test,
the relative electrical resistance change per cycle was recorded in situ
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using a digital multimeter (34401A, Agilent) via four-probe technique and
the microstructure of the printed traces was investigated after 13 000
cycles via SEM.

The effect of binder (PVP) on adhesion properties of the developed
paste was assessed via standard peel tape test by a pressure-sensitive
tape (Scotch 898, 3M). Two sets of ZnMPNPs traces were printed on
Kapton (polyimide, Dupont) and then heat pressed at two different
temperatures of 220 °C (optimal sintering temperature) and 430 °C
(above PVP degradation temperature). Then, the tape was cut into a
rectangle of size 40 mm x 19 mm and the sticky side of the tape was
attached to the surface of the printed trace. Once a firm contact was
ensured, the tape was peeled off at a 90-degree angle at a constant rate
manually and the surface of the printed trace and the peeled tape were
observed optically.

The degradation of the developed bimodal ZnMPNPs paste was
assessed through weight loss measurements and optical disintegration
study. For this purpose, a printed heater patch on the paper substrate
was laser cut to form a circle of diameter of 35 mm and placed in a
polystyrene petri dish that contains 5 mL of DMEM/F-12 cell culture
media that was kept inside an orbital incubated shaker (MaxQ 4450,
Thermo Fisher Scientific) at 37 °C with 100 rpm speed. Weight loss
measurements of the printed sample with ZnMPNPs bimodal paste were
performed every 3 days over a period of 12 days. For each measurement,
the sample was taken out from the cell culture media, vacuum dried,
and weighed with a digital scale (Mettler Toledo, ME 104E) in triplicate.
A digital camera was used to monitor the physical degradation of the
printed patch for the 12-day period.

Drug Release Studies: PVA was dissolved in deionized water
overnight at 80 °C to form a homogenous solution with a 10 wt%
ratio. Then 20 g of the prepared solution was mixed with 0.3 g of the
dye and allowed to stir for 2 h. Then, 20 uL of the dye mixed solution
was drop cast onto the surface of the printed patch laser cut into a
circle with 35 mm diameter evenly and placed in the oven at 40 °C
for 5 h to ensure solvent evaporation and film formation. The paper
patch contacting PVA loaded dye was placed in a Petri dish containing
freshly prepared 1 mL of PBS and placed under the external coil at
room temperature. The external coil turn-on resulted in the generation
of Joule heating in the printed patch that resulted in a temperature
rise-up in the printed patch. During this period, the temperature of
the printed patch was monitored by an infrared (IR) camera (FLIR
A35, FLIR Systems). The amount of dye released in the PBS solution
was obtained from an absorption analysis (CLARIOstar Plus, BMG
LABTECH). The percent cumulative drug release was obtained by a
calibration curve which was prepared by measuring the absorbances
of known dye concentrations. Each release experiment was repeated
in triplicate and the average result was reported.

Antimicrobial Study: The antimicrobial properties of the developed
printed patch were determined by the antibacterial efficacy test via colony-
forming units (CFU mL™) count and zone of inhibition (ZOl).*2 S. aureus
(ATCC 2593) was cultured overnight in tryptic soy broth (TSB) (Sigma
Aldrich) and incubated at 37 °C with shaking. From the stock solution,
5log;y CFU mL™" of bacterial suspension were used to determine the
antimicrobial properties. Six sets of UV sterilized test samples, including
inactivated printed patches with and without antibiotics, activated printed
patches with and without antibiotic, control, and pristine paper substrate,
were housed in six-well tissue culture plates. Each well was inoculated
with 1 mL of 5log;o CFU mL™" from the overnight bacterial suspension and
incubated at 37 °C. After 24 h, 20 uL was withdrawn and transferred to
TSB agar plates after serial dilution. The plates were incubated at 37 °C
for 16 h and all the experiments were done in triplicates to determine the
average CFU mL™". To determine the ZOl, 100 puL of bacterial suspension
was spread on TSB agar plates and then exposed to UV sterilized
test samples, including inactivated printed patches with and without
antibiotics, activated printed patches with and without antibiotics, control,
and pristine paper substrate. Afterward, the test samples were incubated
at 37 °C for 24 h and then visually inspected to determine the ZOI.

Biocompatibility Study: MTT assay: Optimally heat press sintered
ZnMPNPs and ZnMPs pastes were analyzed for cytocompatibility with
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NIH/3T3 fibroblast cells by an enzyme-driven colorimetric assay, CellTiter
96 Aqueous One (Promega). The enzyme uses ATP to drive enzyme
function, so only live cells convert the substrate into the compound
detectable in the spectrophotometer. The samples were cultured with
NIH/3T3 cells in DMEM/F-12 media with 10% FBS and 1% Pen/Strep
media. To test the cytocompatibility, 12 well cell culture plate was seeded
with 200 pl of DMEM/F-12 media with 10% FBS and 1% Pen/Strep
containing 5000 cells mL™" suspension. Test surfaces seeded with
fibroblasts were cultured in a humidified 5% CO, incubator at 37 °C
for 24 h. The cells without the addition of any particles were used as a
control. Three identical plates were prepared for ZnMPs, ZnMPNPs,
and control. After days 1, 4, and 7 of treatment, DMEM suspension was
aspirated from the test wells and covered with 200 uL of MTT reagent.
The reagent to media ratio was 20:100 pL for a total of 200 pL to cover the
samples. Samples attached with NIH/3T3 cells were allowed to reduce
the substrate for 1 h. Then, three aliquots of 100 uL were transferred to
a 96 well plate. The optical absorbance of the samples was read at a
fixed wavelength of 490 nm in the spectrophotometer (SpectraMax M2,
MolecularDevices, USA), which was calibrated with a blank MTT reagent.

Live/Dead assay: Live/Dead imaging was performed to study the cell
viability of the developed paste. The NIH/3T3 fibroblast cells were grown
over the conductive sintered pastes. The cells were imaged for live/dead
using calcein-AM and ethidium homodimer-1 at different time intervals
such as day 1 and day 7. The NIH/3T3 cells were grown as mentioned
in the MTT analysis, and three identical plates along with control (no
treatment) were used for the study. The cells were imaged with the
respective filters in Nikon Ti2 Eclipse, equipped with a camera under a
10x optical lens using NIS-Elements D software.
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