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Multifunctional “Hydrogel Skins” on Diverse Polymers

with Arbitrary Shapes

Yan Yu, Hyunwoo Yuk, German A. Parada, You Wu, Xinyue Liu, Christoph S. Nabzdyk,

Kamal Youcef-Toumi, Jianfeng Zang, and Xuanhe Zhao*

Slippery and hydrophilic surfaces find critical applications in areas as diverse
as biomedical devices, microfluidics, antifouling, and underwater robots.
Existing methods to achieve such surfaces rely mostly on grafting hydrophilic
polymer brushes or coating hydrogel layers, but these methods suffer from
several limitations. Grafted polymer brushes are prone to damage and do not
provide sufficient mechanical compliance due to their nanometer-scale thick-
ness. Hydrogel coatings are applicable only for relatively simple geometries,
precluding their use for the surfaces with complex geometries and features.
Here, a new method is proposed to interpenetrate hydrophilic polymers

into the surface of diverse polymers with arbitrary shapes to form naturally
integrated “hydrogel skins.” The hydrogel skins exhibit tissue-like softness
(Young’s modulus = 30 kPa), have uniform and tunable thickness in the range
of 5-25 um, and can withstand prolonged shearing forces with no measurable
damage. The hydrogel skins also provide superior low-friction, antifouling,
and ionically conductive surfaces to the polymer substrates without compro-
mising their original mechanical properties and geometry. Applications of

the hydrogel skins on inner and outer surfaces of various practical polymer
devices including medical tubing, Foley catheters, cardiac pacemaker leads,
and soft robots on massive scales are further demonstrated.
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Polymer-based devices with complex
geometry are ubiquitous in a wide range of
areas including bioengineering,!! medical
and clinical devices, 3 microfluidics,* and
soft robotics.>®) In many applications,
these polymer devices are used in close
contact with human body. For instance,
the intravenous delivery of therapeutic
fluids, a routine procedure for hospitalized
patients, is accomplished by using different
types of vascular catheters.”) Moreover,
soft robotic devices such as heart sleeves!®
and drug delivery reservoirsl’! have been
recently proposed as surgically implant-
able devices. However, the majority of
polymers used in these devices (e.g., poly-
propylene, polyethylene, poly(vinyl chloride)
(PVC), polyurethane (PU), silicone rubbers,
and natural rubbers) have much higher
elastic moduli (e.g., Young's modulus
of 1 MPa to 1 GPa) than that of soft tis-
sues in human body (e.g., Young's mod-
ulus of 1 to 100 kPa).'%Y This stark
mismatch in mechanical properties, cou-
pled with the lack of biofunctionality,

gives rise to numerous issues and complications during their
clinical use such as tissue trauma, biofouling, thrombosis, and
foreign-body reaction.l'212-17 To address these shortcomings, it
is necessary to modify the device surfaces to better match the
properties of biological tissues.>1318]

The most common strategy for surface modification
involves grafting hydrophilic polymer chains (such as
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poly(N-vinylpyrolidone) or poly (ethylene oxide)/poly(ethylene
glycol)) to the polymeric surfaces.'”1921l The resulting surfaces
are hydrophilic and lubricious due to the water absorption of the
grafted polymers, and show improved antifouling properties
as compared to uncoated surfaces.'?!l These coatings, how-
ever, are only a few nanometers thick and do not decrease
the hardness of the underlying polymeric surface (Figure S1,
Supporting Information). Moreover, the grafted polymers are
prone to damage when subjected to abrasion, shearing or other
mechanical loading. More recently, omniphobic surface coat-
ings based on liquid-filled microstructures have been adopted
for various materials and devices to provide nonstick, slippery,
and antifouling properties.?224 While these liquid-infused
coatings exhibit better mechanical robustness than the grafted
polymers, they fail to provide tissue-matching properties such
as mechanical compliances or high water contents.??l
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Another common strategy involves coating hydrogel layers
on the surfaces of devices,#2-?"] owing to hydrogels’ favorable
similarities with biological tissues in mechanical and chem-
ical properties.'1328-301 Given its straightforward but effective
nature, interfacial bonding between the hydrogels and the
polymer substrates has been one of the most widely utilized
strategies to introduce soft hydrogel coatings on diverse
polymer devices.[?52631733] [n this approach, hydrogel coatings
are typically introduced to the polymer devices either in form
of solid preformed crosslinked networks?>?73233 or liquid
pregel solutions that are then cured on the surface.?®3! Recent
advances in robust interfacial bonding between tough hydro-
gels and diverse polymers have enabled hydrogel coatings with
improved mechanical robustness,?>2631 solving previously
existing issues of poor hydrogel-substrate adhesion and poor
mechanical properties of common hydrogels. However, there
are still unresolved challenges. Hydrogel coatings fabricated
by molding or dip-coating typically result in relatively thick
hydrogel layers (over 50 um), with shapes determined by the
shape of the mold or dip-coated surface used. These chal-
lenges greatly hinder the ability to conformally adapt to devices
with complex surface geometries and fine features (Figure S1,
Supporting Information).

Here, we report a simple yet effective strategy to interpen-
etrate crosslinked hydrophilic polymers (namely “hydrogel
skins”) into the surfaces of diverse polymers including
silicone rubbers, polyurethane, PVC, nitrile rubber, and
natural rubber with arbitrary shapes. Owing to the unique
combination of hydrophobic (i.e., water insoluble) initiators
absorbed to the polymer surfaces and hydrophilic (ie.,
water soluble) initiators dissolved in the hydrogel pregel
solution, the hydrogel skins can be formed in situ on the sur-
faces, conformally adapting to complex and fine geometries of
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the polymer substrates. The resultant hydrogel skins exhibit
micrometer-scale tunable thickness ranging from 5 to 25 pm
with tissue-like softness (Young's modulus = 30 kPa) and
mechanical robustness. The proposed method can impart
superior low-friction, antifouling, and ionically conductive sur-
faces to polymer devices without altering their original bulk
mechanical properties or geometries. We further demonstrate
applications of the hydrogel skins on various practical polymer
devices with complex geometries including medical tubing,
Foley catheters, cardiac pacemaker leads, and soft robots.

The essential idea and procedures for coating the hydrogels
skins are illustrated in Figure 1. Unlike the existing methods of
grafting polymer brushes or bonding separate hydrogel layers,
we introduce a thin and uniform hydrogel-polymer interpen-
etrated layer on the outermost surface of polymer substrates.
In order to achieve successful formation of the hydrogel skins,
we adopt an interfacial interpenetration strategy based on
a combination of surface-absorbed hydrophobic (i.e., water
insoluble) initiators for the polymer substrates and hydro-
philic (i.e., water soluble) initiators for the hydrogel pregel
solutions. We first introduce a surface-bound diffusion layer
of hydrophobic initiators on the pristine polymer substrates
by treating their surfaces with 10 wt% hydrophobic photo- or
thermoinitiators (e.g., benzophenone, 4-methyl benzophenone,
benzoyl peroxide, azobisisobutyronitrile) in organic solution
(e.g., ethanol, isopropanol, acetone) via swelling-driven sur-
face absorption.[?>3# Then, the treated polymer substrates are
fully immersed into a hydrogel pregel solution bath composed
of hydrophilic photo- or thermoinitiators (e.g., Irgacure-2959,
o-ketoglutaric acid, ammonium persulfate, potassium persul-
fate) and hydrogel monomers (e.g., acrylamide (AAm), acrylic
acid (AA), N,N-dimethylacrylamide (DMAA), N-vinylpyr-
rolidone (VP), and hydroxyethyl methacrylate (HEMA)) in

Uncrosslinked
cured hydrogel solution

Hydrogel skin
Washing yered :

5~25um

Hydrogel skin
on polymer surface

Polymer treatment
with hydrophobic initiator

Pre-gel solution
curing by UV or heat

Washing cured

Pristine polymer hydrogel solution

’N Polymer network

Figure 1. Schematic illustration of hydrogel skin preparation procedures. First, polymer substrates are treated with a hydrophobic initiator organic
solution. Then, the treated polymer substrates are immersed into a hydrogel monomer aqueous solution containing hydrophilic initiators. After curing
and washing the hydrogel monomer solution, uniform, and thin hydrogel skins are formed on the polymer surface by the surface-bound formation
of hydrogel-polymer interpenetrating networks.

/ Hydrogel monomer ‘,JL Hydrogel polymer . Hydrophobic initiator for polymer * Hydrophilic initiator for hydrogel
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aqueous solution. During the subsequent polymerization of
the hydrogel pregel solution by UV (for photoinitiators) or heat
(for thermosinitiators), the hydrophobic initiators (absorbed
on the polymer substrate) serve as grafting agents for the
hydrogel polymers to crosslink with the substrate polymer
chains as well as oxygen scavengers to alleviate the oxygen
inhibition effect.?>33¢] Meanwhile, the hydrophilic initiators
provide polymerization of hydrogel monomers into hydrogel
polymers within and above the surface-bound diffusion layer of
the polymer substrates. Notably, most polymer substrates are
hydrophobic and swell only in organic solvents (e.g., ethanol,
acetone) but not in water, allowing the surface-absorption
of hydrophobic initiators dissolved in organic solvents by
diffusion.l?>3* Furthermore, the insolubility of hydrophobic
initiators in water prevents the diffusion of surface-absorbed
hydrophobic initiators toward the aqueous hydrogel pregel
solution, effectively limiting the reactions (i.e., polymerization,
interpenetration, and grafting) within the surface-bound diffu-
sion layer. This unique combination of selective and bounded
diffusion of hydrophobic initiators enables the formation of
hydrogel skins via an interfacial interpenetration process.
Thereafter, the uncrosslinked hydrogel polymer solution is
removed by washing with water to obtain the polymer sub-
strates with hydrogel skins. We find that the unreacted hydrogel
monomers and ungrafted polymers are mostly removed within
the washing step (1 h with agitation). When the washed sample
is immersed in water for the next 5 days, only negligible mon-
omers or polymers leach out the hydrogel skin (Figure S2,
Supporting Information).

The unique surface-bound formation of these hydrogel
skins provides highly conformal hydrogel coatings on arbitrary-
shaped polymer substrates in a wide range of length scales
without compromising their original geometries (Figure 2). At
large scales, uniform hydrogel skins can be formed on the entire
surface of the complex octet-truss-shaped structure made from
a silicone rubber (Ecoflex 30, Smooth-On) (Figure 2a). At small
scales, uniform hydrogel coatings can be formed on polymer
devices like a poly(dimethylsiloxane) (PDMS; Sylgard 184, Dow
Corning) microfluidic chip (minimum feature size of 20 um)
without affecting the original fine features (Figure 2b). More-
over, the thickness of the hydrogel skins can be easily tuned,
ranging from thin coatings (=10 pm as shown in Figure 2c;
Figure S3b, Supporting Information) to thick coatings (=25 pm
as shown in Figure 2d; Figure S3c, Supporting Information) by
adjusting the monomer concentration and the polymerization
conditions (see the Experimental Section). The hydrogel skins
are also relatively smooth and uniform, although the thick
ones may exhibit roughness due to their swelling and the sub-
sequent appearance of surface instabilities.l’”38] The hydrogel
skins also exhibit long-term stability in aqueous environment
with negligible thickness changes during 7 days of soaking in
water (Figure S4, Supporting Information).

Since the proposed method does not rely on specific char-
acteristics of the polymer substrate, it can be applied on a
wide range of common polymers with various geometries and
applications (Table S1, Supporting Information). In this work,
we show that hydrogel skins can be introduced to silicone rub-
bers (e.g., PDMS and Ecoflex), PU, PVC, nitrile rubber, and
natural rubber (Figures S5 and S6, Supporting Information).
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Furthermore, hydrogel skins can be based on a broad range
of commonly used hydrogel monomers such as AA, AAm,
DMAA, VP, and HEMA (Figures S5 and S7, Supporting Infor-
mation). The reaction conditions for diverse combinations of
polymer substrates and hydrogels are summarized in Table S2
of the Supporting Information, and the confocal microscope
images of the hydrogel skins from several representative com-
binations are shown in Figures S6 and S7 of the Supporting
Information.

We conduct a set of experiments to quantify the mechanical
properties of the hydrogel skins (Figure 3). We first investi-
gate the mechanical properties of the hydrogel skins in order
to assess their ability to introduce soft tissue-like surfaces on
the polymer substrates. Surface elastic modulus measurements
by AFM nanoindentation of the pristine PDMS and the PDMS
with AAm-based hydrogel skin (25 um thick) show that the
presence of the hydrogel skins provide low Young’s modulus
(E = 27.4 £ 7.44 kPa), which is comparable to soft tissues in
human body (E = 1-100 kPa)!'®! and two orders of magni-
tudes lower than the pristine PDMS (E = 2.01 £ 0.128 MPa)
(Figure 3a,b). Considering that the hydrogel skin is present
only on the outermost 25 um of the polymer substrate, the
introduction of the hydrogel skin does not alter the bulk elastic
modulus of the substrate (PDMS, 1 mm thick) (Figure 3c).
Note that PDMS substrates are used for the measurements
instead of Ecoflex substrates due to Ecoflex’s Young’s moduli
(E = =30 kPa) comparable to that of the hydrogel skins.

Furthermore, the hydrogel skin can offer a highly lubricious
surface on the polymer substrate. We measure the friction coef-
ficients of pristine Ecoflex, Ecoflex with grafted PAAm brushes
(=100 nm thick),??! and Ecoflex with an AAm-based hydrogel
skins (25 pum thick) under varying pressures (3-160 kPa)
(Figure 3d). The presence of the hydrogel skin provides signifi-
cantly lower friction coefficients than both pristine and PAAm
brushes-grafted substrates under all tested pressures. Notably,
the hydrogel skin exhibits negligible increase in friction coeffi-
cient under increasing pressures while the PAAm brush grafted
and the pristine Ecoflex substrates show substantial increase in
their friction coefficients with the applied pressure (Figure 3d).

In order to investigate the mechanical robustness of the
hydrogel skins, we evaluate mechanical damage of the hydrogel
skins against short-term and long-term mechanical loadings.
We find that the hydrogel skins show no visible damages after
repeated scratching with a blunt steel needle, demonstrating
adequate scratch and puncture resistance (Figure S8 and
Video S1, Supporting Information). Moreover, high stretch-
ability of the hydrogel skins allows recovery from highly
deformed state without damage such as crack or delamina-
tion (Figure S9, Supporting Information). We also evaluate
long-term mechanical robustness by monitoring the change
in the coefficient of friction during prolonged shearing under
pressure against a steel plate (for 0-3600 s at 3 kPa pressure)
(Figure 3e). The hydrogel skin exhibits extraordinary robust-
ness against long-term wear, showing negligible increase in
friction coefficient over time and no visible damage even after
10 h of continuous shearing (Figure 3f; Figure S10, Supporting
Information). By contrast, the PAAm brush grafted and pristine
Ecoflex substrates suffer from the gradual elevation in friction
coefficient over time, largely due to wear-induced increase in
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Figure 2. Hydrogel skins on diverse arbitrary shaped polymers. a) Octet truss structures made of Ecoflex with and without hydrogel skins. Hydrogel
skins are colorized by green food dye. b) Confocal microscopy images of PDMS microfluidic chips with and without hydrogel skins. PDMS and hydrogel
skins are colorized by Nile red and fluorescein, respectively. c,d) Confocal microscope images of thin (c) and thick (d) hydrogel skins on the PDMS substrates
to illustrate the uniformity and tunable thickness of hydrogel skins. PDMS and hydrogel skins are colorized by Nile red and fluorescein, respectively.

surface roughness.* Interestingly, the friction coefficient dif-  the degradation of the grafted PAAm brushes by mechanical
ference between the PAAm brush-grafted and pristine Ecoflex ~ wear (Figure 3f). The superior mechanical robustness of the
substrates nearly disappears after 1200 s of shearing, indicating  hydrogel skins can be attributed to the unique hydrogel-polymer
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Figure 3. Mechanical properties of hydrogel skins. a,b) Nanoindentation curves for PDMS substrates without (a) and with (b) hydrogel skins. Values for
Young's modulus indicate the average and the standard deviation (n = 20 repeats). c) Nominal stress versus stretch curves for PDMS substrates with
and without hydrogel skins. d) Friction coefficients of pristine Ecoflex, Ecoflex grafted with PAAm brush, and Ecoflex with hydrogel skins under different
normal pressures (n =3 repeats). e) Friction coefficients of pristine Ecoflex, Ecoflex grafted with PAAm brush, and Ecoflex 30 with hydrogel skins at
3 kPa normal pressure after the extended periods of friction testing (n = 3 repeats). f) Confocal microscopy images of hydrogel skins before and after
10 h friction testing. Ecoflex and hydrogel skins are colorized by Nile red and fluorescein, respectively.

interpenetrating network structure. Unlike weak and brittle
grafted polymer brushes and conventional hydrogel coatings,
the interpenetration of the substrate and hydrogel chains yields
a significant increase in mechanical robustness, analogous to
double-network tough hydrogels.*1:42]

In addition to the mechanical softness and low-friction char-
acteristics, the hydrogel skins can provide superior antifouling
property to the polymer devices. To evaluate the antifouling
performance of the hydrogel skins, we quantitatively compare
the density of bacteria (Escherichia coli (E. coli)) adhered to the
thin and thick hydrogel skins (10 and 25 um based on AAm
and PDMS substrates, respectively) as well as the PAAm brush
grafted and the pristine PDMS substrates (Figure 4a). Both
thin and thick hydrogel skins exhibit much lower level of E. coli
adhesion (=80 and =5 counts per mm? for thin and thick skins,
respectively) than the pristine PDMS (<1300 counts per mm?)
and the PAAm brush grafted PDMS (=180 counts per mm?)
substrates (Figure 4b). The hydrogel skin's resistance to bacte-
rial adhesion may delay the subsequent formation of biofilms
and can be desirable for biomedical device coatings.?2-24

Owing to the hydrogel skins’ high water contents that can
dissolve ionic species, the hydrogel skins can endow ionic con-
ductivity to the polymer devices as well. The resultant ionically
conductive hydrogel skins (or ionic skins) can serve as a thin,
conformal, and transparent ionic conductor with high ionic con-
ductivity (1 S m™ with 3 m LiCl) and high stretchability (over six
times of the original length) for various electrically insulating
polymer devices with complex shapes. Notably, the ionic skins
exhibit the relation between electrical resistance and stretch
as R/Ry, = A2, where R, is the resistance before deformation

Adv. Mater. 2018, 1807101 1807101

and R is the resistance after stretch of A times from the orig-
inal length, similar to the ionically conductive bulk hydrogels
(Figure 4c).'*=# To demonstrate the ionic skins on polymer
devices with complex geometry, we introduce uniform DMAA-
based hydrogel skins with dissolved LiCl salt (3 M concentration)
on the outer surface of an Ecoflex tube with diameter of 3 cm.
The ionic skins provide ionic conductivity on the electrically
insulating Ecoflex tube which can light up an LED with an AC
power source connected to the ionic skins (Figure 4d). Note that
various types of salts can be used for the preparation of ionic
skins such as NaCl to replace LiCl for better biocompatibility.

The broad applicability of the proposed hydrogel skins to
a wide range of polymer devices enables us to explore var-
ious applications otherwise unachievable with conventional
hydrogel coatings (Table S1, Supporting Information). We first
demonstrate applications of the hydrogel skins on various com-
monly used biomedical devices such as cardiac pacemaker
leads, medical tubing, and Foley catheters (Figure 5). Unlike
other hydrogel coating approaches, the hydrogel skins are
formed on all submerged polymer surfaces regardless of size or
orientation, but not on nonpolymeric materials (i.e., metals or
ceramics) (Figure 1). For example, we show that thin and uni-
form AAm-based hydrogel skins (25 pm thick) can be success-
fully formed on the PU surface of long and highly flexible car-
diac pacemaker leads without affecting the metallic electrodes
at the end of the pacing leads (Figure 5a).

While tubes are one of the most frequently used geometries
in polymer devices in biomedical and clinical applications
(Table S1, Supporting Information), previous approaches have
failed to selectively coat inner and/or outer surfaces of tube
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Figure 4. Antifouling and ionically conductive properties of hydrogel skins. a) Fluorescence microscopy images of E. coli adhered to pristine PDMS,
PDMS grafted with PAAm brush, and PDMS with hydrogel skins after 24 h incubation. b) The number of adhered E. coli per unit area (mm?) for each
substrate (n = 3 repeats). c) Normalized electrical resistance versus stretch for Ecoflex sheet with ionic skins. Hydrogel skins are colorized by blue food
dye. d) The ionic skins on an Ecoflex tube connected with an AC power source can light up an LED.

devices. By contrast, the versatility of the proposed method
enables uniform hydrogel coating of both inner and outer
surfaces of polymer tubes or only one of them. For example,
DMAA-based hydrogel skins (25 um thickness) can be formed
on both inner and outer surfaces of a PVC tubing (Figure 5b)
and a silicon Foley catheter (Figure 5c) as well as on inner sur-
face alone for a PVC tubing (Figure S11, Supporting Informa-
tion). Notably, hydrogel skins can also be coated on the Foley
catheter balloon and remain on the device upon inflation of the
balloon, demonstrating the versatility of the proposed method
(Figure 5c). High scalability of the fabrication process further
allows the formation of hydrogel skins on long tube devices
such as 1.5 m long segment of PVC tubing in a single prepara-
tion (Figure S11, Supporting Information).

As another example, existing soft robots are typically made
of elastomers such as PDMS and Ecoflex in complex shapes
depending on their functions and applications.®! While hydrogel
coatings can be beneficial for several soft robotic applications
including medical soft robots (to decrease tissue trauma due to
material rigidity and high friction)® and pipe leak detection soft
drones (to decrease friction between robots and pipes),*’! it has
been challenging to introduce hydrogel coatings on soft robots
due to the complex geometries of soft robots. The advantages
of the proposed hydrogel skins can open new opportunities to
incorporate hydrogel coatings for these previously inaccessible
soft robotic applications. As an example, we introduce a uni-
form AAm-based hydrogel skin to a soft drone (Ecoflex as body
material) for leak detection in pipes (Figure 6a). We find that
hydrogel skins on the soft drones can provide highly lubricious
interfaces substantially reducing fluctuations in travel speed

Adv. Mater. 2018, 1807101 1807101

within the pipe smaller than the drones (51 mm diameter
drone in 49.25 mm diameter pipe) (Figure 6b; Video S2,
Supporting Information).

As one of the most promising routes to seamlessly integrate
hydrogels’ unique benefits into existing devices, hydrogel coat-
ings on polymer devices possess a great potential in a wide range
of applications. In this study, we develop a simple yet effective
method to introduce thin and uniform hydrogel skins readily
applicable for diverse combinations of polymers and hydro-
gels. We demonstrate the ability to form micrometer-scale thin
uniform hydrogel layer on highly complex geometries without
compromising fine features in the polymer substrate as small
as 20 um. Hydrogel skins boast tissue-like softness together
with superior mechanical robustness, low-friction, antifouling
performance, and ionic conductivity. We further show repre-
sentative applications of the hydrogel skins for various polymer
devices including cardiac pacemaker leads, medical tubing,
Foley catheters, and pipe leak detecting soft drones, all of which
are previously unachievable with conventional hydrogel coating
methods. With this unprecedented capability, this work has the
potential to open new avenues toward untapped opportunities
for integrative hydrogel technologies and their important appli-
cations, including biomedical and clinical devices, wearable
devices, and soft robotics.

Experimental Section

Materials: All chemicals were obtained from Sigma-Aldrich and used
as received, unless otherwise noted. Silicone substrates were prepared by

(6 of 9) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advmat.de

Part with hydrogel skin (i)

www.advancedsciencenews.com
Q Pristme cardiac

. pacing lead

Pacemaker
connectlon

10 mm @ 10mm

b

PVC tube with
hydrogel skin

Hydrogel skin on
outer surface

Hydrogel skin
on inner surface

Cross-section view

10 mm

Foley cathether
with hydrogel skin

/Prisﬁne PU

\ ElectrodesL. 5mm

(i)

\PU pacing lead
with hydrogel skin

f
PU with
/ hydrogel skin

Pacemaker
connections \/
(i) Electrodest\‘

Hydrogel skin on
outer surface

5mm

Hydrogel skin on

5mm inner surface

N Pristine Foley catheter

SN 4
.

e Opening
Balloon/ ‘
N\
10 mm

Balloon with
s hydrogel skin

10 mm  with hydrogel ski

Figure 5. Applications of hydrogel skins on medical devices. a) Polyurethane (PU) pacemaker leads with and without hydrogel skins on outer surface.
Hydrogel skins are colorized by blue food dye. b) PVC tubing with and without hydrogel skins on both inner and outer surfaces. Hydrogel skins are
colorized by green food dye. c) Silicone Foley catheters with and without hydrogel skins on both inner and outer surfaces. Hydrogel skins are intact
even after inflation of balloon. Hydrogel skins are colorized by green food dye.

casting commercially available silicone resins into acrylic molds. PDMS
substrates were casted by using Sylgard 184 (Dow Corning) mixture
(base resin and catalyst in 10:1 weight ratio). Ecoflex 30 substrates were
casted by using Ecoflex 30 (Smooth-On) mixture (Part A and Part B in
1:1 weight ratio). PU, PVC, nitrile rubber, and natural rubber substrates
were obtained from McMaster-Carr and cleaned with isopropanol and
deionized water before use. Octet truss structures were prepared by
casting Ecoflex 30 mixture into a 3D printed mold. Microfluidic chips
were prepared by casting Sylgard 184 mixture on a soft lithography mold

Adv. Mater. 2018, 1807101
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(designed by collaborators in the Kamm group, MIT MechE). Cardiac
pacemaker leads (PACEL Bipolar Pacing Catheter, St. Jude Medical) and
Foley catheter (Bardia Foley Catheter 20Fr, C. R. Bard) were obtained
from 4MD Medical Solutions. PVC tubes and balls (stainless steel, glass,
polypropylene, and neoprene rubber) were obtained from McMaster—
Carr and cleaned with isopropanol and deionized water before use.
Preparation of Hydrogel Skins on Diverse Polymers: The polymer
substrates were first cleaned with isopropanol and deionized water
followed by drying under nitrogen flow. To enhance wettability of

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Applications of hydrogel skins on soft robots. a) Pipe leak detection soft drones and their travel through PVC pipes with and without hydrogel
skins. Hydrogel skins are colorized by green food dye. b) The travel speed of the soft drones inside the PVC pipes with and without hydrogel skins. The
drone with hydrogel skins show much smoother travel than the pristine drone.

the polymer substrates, the substrates were treated by atmospheric
plasma by a plasma cleaner (PDC-001, Harrick Plasma) for 3 min.
The plasma treated polymer substrates were then immersed into a
hydrophobic initiator (benzophenone, 4-methylbenzophenone, benzoyl
peroxide, azobisisobutyronitrile) organic solution (ethanol, isopropanol,
acetone) for 3-5 min. After gently rinsing with isopropanol followed
by drying under nitrogen flow, the substrates were immersed into a
hydrogel monomer (acrylic acid, acrylamide, N,N-dimethylacrylamide,
N-vinylpyrrolidone, hydroxyethyl ~methacrylate) aqueous solution
containing hydrophilic initiator (Irgacure-2959, a-ketoglutaric acid,
ammonium persulfate, potassium persulfate). To form hydrogel skins,
the monomer solution bath was subjected to either UV irradiation
(CL-1000, UVP) for photoinitiators or 80 °C oven for 30-90 min. After
formation of hydrogel skins, unreacted regents were thoroughly rinsed
with a large amount of deionized water for 24 h. Typical protocols for
various combinations of polymers and hydrogels is summarized in
Table S2 of the Supporting Information.

Imaging of Hydrogel Skins: Due to optical transparency of
hydrogel skins, different dyes were utilized to facilitate imaging and
characterization of hydrogel skins. For macroscale photographs,
samples were immersed in 2% aqueous green or blue food
dye (McCormick) solution for 1 min to colorize hydrogel skins.
The colorized samples were lightly rinsed with flowing water to remove
excess dye solution from the surface before imaging by a digital camera
(D7000, Nikon). For confocal microscope images, a hydrophobic Nile
red dye (Aemission = 600 nm) was added to Sylgard 184 mixture prior to
casting PDMS substrate to allow visualization of the polymer substrate
while hydrogel skins were immersed in an aqueous fluorescein solution
(Aemission = 510 nm) to visualization of hydrogel skins. All confocal
microscope images were obtained by an upright confocal microscope
(SP8, Leica) using the z-stack acquisition program (slice thickness
~ 1 um). For cross-section imaging, samples were immersed in
2% aqueous blue food dye (McCormick) solution for 1 min to provide
better contract to hydrogel skins. The colorized samples were lightly
rinsed with flowing water to remove excess dye solution from the
surface before imaging by a compound microscope (Eclipse LV1I00ND,
Nikon). For high-resolution surface imaging, samples were sputtered
with gold and imaged by a scanning electron microscope (6010LA,
JEOL).

Leaching Tests: Hydrogel skins based on acrylic acid were formed on
PDMS substrates and cut into square samples (4 cm x 4 cm) before
leaching tests. Each square sample was placed in 100 mL deionized
water in separate containers. PDMS substrates without hydrogel skin
were also placed in deionized water as control. The amount of acrylic
acid monomer and polymer leached into the solution was monitored
based on absorbance at 285 nm (reference wavelength 350 nm) at
various time points by a UV-vis spectrophotometer (BioMate 3S,
Thermo Scientific).

Mechanical Characterizations: Young's moduli of samples were
obtained by fitting force versus indentation depth curve with a JKR
model.*8] Nanoindentation tests were performed by an atomic force
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microscope (MFP-3D, Asylum Research) with 50 nm indentation depth.
To avoid drying of hydrogel skins, nanoindentation tests were done
within water bath equipped in the atomic force microscope. Uniaxial
tensile tests were performed by a mechanical tester (Z2.5, Zwick/
Roell) at strain rate of 0.1 s™'. Scratching tests of hydrogel skins were
performed by using a blunt-tip 26-gauge stainless steel needle (Nordson
EFD) under the compound microscope.

Friction Coefficient Measurements: Friction coefficients of samples
were measured by a rotational rheometer (AR-G2, TA Instruments) in
normal force control mode with 20 mm steel parallel plate fixtures.
The friction coefficients were obtained by following the previously
reported protocol.?l Briefly, pristine Ecoflex 30, Ecoflex 30 grafted with
PAAm brush,[' and Ecoflex 30 with thick hydrogel skins (25 um based
on AAm) were prepared and cut into square samples (4 cm x 4 cm).
Then, each sample was loaded into the rheometer and a set of normal
pressures (3—160 kPa) was applied to the sample immersed in deionized
water bath at steady-state shear rate of 0.5 s7.

Antifouling Tests: An engineered E. coli strain that constitutively
expresses green fluorescent protein was prepared by following the
previously reported protocol,?2# and cultured in Luria-Bertani broth
(LB broth) overnight at 37 °C. 1 uL of bacteria culture diluted in 1 mL
of fresh LB broth was placed on samples (1 cm x 1 cm) and incubated
for 24 h at 37 °C. After the incubation, the samples were taken out
and rinsed with phosphate buffered saline to remove the free-floating
bacteria, and imaged with a fluorescence microscope (Eclipse LV1I00ND,
Nikon). The number of adhered E. coli on the samples per unit area
(mm?) was counted by Image).

Preparation and Characterizations of lonic Skins: To introduce ionic
conductivity to the hydrogel skins, Ecoflex 30 sheets or tubes were
introduced with hydrogel skins (25 um based on DMAA), and then
immersed in the 3 m LiCl solution for 1 h. To introduce a pristine Ecoflex
area between two ionic skins, a Kapton tape was applied on the Ecoflex
tube during the hydrogel skin formation. To light up an LED on the ionic
skins, each side of the ionic skins were connected to an AC power source
(5 V peak-to-peak voltage at 1 kHz sine input). The electrical properties
of the ionic skins were measured using the four-point method following
the previously reported protocols.[?*>%

Pipe Soft Drone Tests: Pipe leak detecting soft drones were prepared
by following the previously reported protocol*’l and introduced with
hydrogel skins (25 pm based on AAm). The soft drones travel tests
were performed by using a clear PVC pipe (49.25 mm diameter) with
20 kPa applied water pressure. The speed of drone travel inside the
pipe was obtained by analyzing the recorded footage of tests (Video S2,
Supporting Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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