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Abstract

The adhesion between flexible epidermal sensors and human skin is essential for maintaining
the stable functionality of the sensors. However, it is still challenging for epidermal electronic
devices to achieve durable adhesion to the surface of the skin, especially under sweaty or humid
conditions. Here, we report a silk fibroin - polyacrylamide (SF-PAAmM) double network (DN)
hydrogel adhesive with excellent biocompatibility, strong and durable adhesion on wet surfaces,
and tunable adhesive properties. The hydrophilic PAAmM network greatly improves the water
retention capability of the DN hydrogel and reduces the B-sheet crystalline content of the SF,
leading to excellent adhesive properties of the hydrogel across a wide range of humidity. The
SF-PAAmM DN hydrogel adhesive can be readily integrated with different epidermal sensor
arrays and performs very well in real-time on-body sweat sensing. The SF-PAAm DN
hydrogels have great potential for various epidermal healthcare sensors as well as medical

adhesives for other medical applications.
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INTRODUCTION

Personalized healthcare monitoring becomes increasingly important nowadays due to
the global aging population and more prevalent chronic diseases,' which poses a heavy burden
on our healthcare system. Epidermal wearable devices represent a portable, non-intrusive and
continuous method for providing reliable personalized health monitoring.*® To obtain accurate
human biophysical and biochemical information through the skin surface, the adhesion
between the skin surface and the devices is critical. However, it is still challenging for
epidermal electronic devices to achieve durable adhesion to the rough, soft, and textured
surface of the skin.”1° This challenge is further amplified in hot and humid environments and/or
during exercise, in which the sweat and movement of the human body may cause adhesive
failure (detachment) of many artificial pressure-sensitive’s adhesives.!*™® Developing
moisture-resistant pressure-sensitive adhesives is therefore critical for the flexible epidermal

electronic sensors for personalized healthcare.

It is critical to achieving a suitable range of adhesion between the adhesives (e.g.
medical tape and plastic bandages) and the surface of the skin. Weak adhesion can lead to the
failure of the adhesives while too strong adhesion can lead to uncomfortable feelings such as
sharp pain during the removal of the devices. To date, mussel-inspired and plant-inspired
hydrogel adhesives based on nucleobases, zwitterionic polymers, and other synthetic materials
have been developed.’*?° Ideal adhesives should provide performance including tough
hydrogel adhesion and non-destructive separation properties in multiple processes, or even on
a wet surface.?! However, there are currently few reports on functional hydrogel adhesives that

obtain strong adhesion on wet tissue surfaces.??

Biocompatibility is another important consideration for developing skin adhesives for
epidermal flexible electronics.?® Contact anaphylaxis is the most common symptoms caused
by current commercialized medical adhesives containing synthetic polymers.?* Silk fibroin (SF)
protein, with excellent biocompatibility and biodegradability, has been widely employed as
protein-based substrates, dielectrics of transistors, and water-soluble sacrificial layers.?>?°
Recently, calcium-modified SF was used as an adhesive for epidermal electronics.30-3
However, natural SF suffers from poor gel quality and efficiency.®> More importantly, the
structure of pristine SF hydrogels heavily depends on the water content of the hydrogel due to
its high crystalline p-sheet contents, which render unstable mechanical properties of the

hydrogel. Such drawbacks significantly limit the application of SF as an adhesive in various
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medical applications.®® The -CONH; group in Polyacrylamide (PAAm) has been reported that
it can be hydrolyzed into COO", which will extend the polymer chain and absorb large amount
of water.®* PAAm are bioinert, biocompatible, and hydrophilic, making them useful as a

complementary material to SF proteins.

Herein, we report a SF - polyacrylamide (SF-PAAmM) double network (DN) hydrogel
adhesives. The SF-PAAm hydrogel shows excellent adhesive properties, including strong and
tunable adhesion on skin surfaces, good performance in a wide range of humidity, and excellent
biocompatibility. The fabricated SF-PAAm double network hydrogel adhesives can be readily
integrated with different sensor arrays coupling with signal collection and transmission circuit
components, performed well in real-time on-body sweat sensing. This work provides a great
adhesive candidate for various epidemic sensor and device applications, as well for the people

with sensitive skins and athletes.

RESULTS AND DISCUSSION
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Figure 1. SF-PAAmM hydrogel adhesives. (a) Preparation of SF solution. (b) Pristine SF
hydrogel show poor adhesion on the skin surface under dry conditions, gaps exist at the
interface due to low conformability. (c) SF-PAAm DN hydrogel can effectively maintain high
water content and achieve strong and intimate adhesion on the skin surface. (d) Pictures of the
SF-PAAM hydrogel on human skin surface under compression, twisting, and peeling motion.

We developed an SF-PAAmM DN hydrogel with excellent water retention ability and
strong adhesion on the skin surface. Pristine SF hydrogels with high water content possess
good adhesive properties, but their inherent crystalline structure, poor water retention ability,

and innately non-adhesiveness after drying can easily cause detachment of the SF hydrogel,
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which greatly hamper their applications (Fig 1a, b). The introduced hydrophilic PAAmM network
greatly improves the water retention capability of the DN hydrogel and also reduces the B-sheet
crystalline content of the silk fibroin (Fig. 1c), leading to low modulus and high conformability,
and thus resulting in strong adhesion to the human skin. The SF-PAAmM DN hydrogel can
strongly adhere to the human skin surface and with stand various motion of the skin surface
including compression and twisting (Fig. 1d).
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Figure 2. Properties of the SF-PAAmM hydrogels. (a) Characteristic size scale and SEM images
of pristine PAAmM, SF and SF-PAAM hydrogels. (b) Stress-strain curves and (c) elastic moduli
of SF-PAAmM DN hydrogels with different SF/PAAmM ratios. (d) The stress-strain curve of three
continuous loading/unloading cycles of a SF-PAAmM (4-1) DN hydrogel. (e) The storage and
loss moduli of SF-PAAmM DN hydrogels with different SF/PAAm radios as a function of shear
strain.

Mechanical properties of the SF-PAAmM adhesive hydrogels.

The SF-PAAmM DN hydrogels possess excellent and tunable mechanical properties.
SEM images on the cross-sectional morphology of pristine PAAm, pristine SF and SF-PAAmM
DN hydrogels after freeze-drying demonstrates that pristine PAAm and SF hydrogels exhibit
porous and fibered structures, respectively. The characteristic size of the pristine PAAmM
network is on the order of ~ 30pum and the diameter of the SF fibre is on the order of ~ 100 nm.
The hybrid assembly of PAAm and SF results in an interpenetrating DN hydrogel with high
porosity (Fig. 2a). The maximum tensile strain of the SF-PAAm hydrogel before failure in a
tensile stress-strain test increases from 320% to 580% increase of the SF/PAAmM ratio from 2:1
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to 4:1 (Fig.2b). However, upon increasing the SF/PAAmM ratio increases to 5:1, the maximum
strain decreases to 350%. Both the fracture stress and elastic modulus of the SF-PAAmM
hydrogel decrease with the increase of the SF content due to the relatively poor mechanical
properties of the SF hydrogel network (Fig.2c). Continuous loading/unloading cycles tests of
the stress-strain show the developed hydrogel having an obvious hysteresis phenomenon that’s
the typical characteristic of the double network structure of hydrogel (Fig.2d). Residual strain
due to the viscoelasticity/viscoplasticity of the SF-PAAmM hydrogel is also observed during the
loading and unloading test with large stretch strain. The effect of the residual strain on the
adhesion properties can be ignored since only 30% strength is required in practical
applications.>>*" The viscoelasticity/viscoplasticity of the SF-PAAm hydrogel is likely owing
to the rupture and reforming of the hydrogen bonds in the crystalline domains of the silk fibroin.
However, the hydrogel can recover part of the residual strain with sufficient time due to
viscoelasticity (Fig. S1).

The dynamic mechanical properties of SF-PAAm DN hydrogel with different
SF/PAAm ratios were evaluated as a function of angular frequency by rheological experiments.
It is evident that for all compositions, their storage modulus G’ were largely higher loss
modulus G’’, which indicates in the whole frequency range of linear viscoelastic region, the
elastic behavior of these samples dominates over the viscous behavior for all the SF-PAAmM
hydrogels (Fig. S2). Both G’ and G’ decrease as the SF content increases in the SF-PAAM gel.
That is because the gel strength is mainly ascribed to strong chemical network formed by
PAAmM, while the SF only forms a relatively weak physical network. Similar trends were also
observed when measuring G’ and G”’ as a function of strain (Fig. 2e). However, the maximum

failure strain of the SF-PAAm gel increases as a function of the SF content.
Adhesive properties of the SF-PAAmM hydrogel

We systematically characterized the adhesive properties of the SF-PAAm hydrogel
adhesives. 180° peeling forces of the hydrogel adhesives on a natural rubber substrate with
different SF/PAAmM weight ratios from 2:1 to 5:1 was measured by a tensile tester with a peeling
speed of 5 mm/min and a relative humidity of 60% (Fig.3a, 3b). The adhesion of the DN
hydrogel decreases while the mechanical property of the hydrogel increases with increasing
the content of the covalently crosslinked PAAm. The adhesion is proportional to the content of
the SF. High content of SF leads to large number of hydrogen bonds and thus high adhesion

strength. Therefore, increasing the content of the PAAmM in the hydrogel, namely decreasing
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the content of SF will decrease the adhesion strength. To maintain a balance between the
mechanical and adhesive properties of the SF-PAAm hydrogel, we fixed the SF/PAAmM weight
ratio at 4:1 and denoted as SF-PAAmM hydrogel in the rest of the work.

SF is a classic biocompatible and eco-friendly material that has been widely explored
in various biomedical applications. However, the inherent high crystallinity and poor water
retention properties result in high modulus and low water content of pristine SF hydrogels,
which hamper their applications. Pristine SF hydrogel needs to be kept at high relatively high
humidities ( >60%) in order to show strong adhesion, and samples kept at low humidities
cannot adhere to a natural rubber surface. Contrarily, after 24 hours, the SF-PAAmM hydrogel
retains around 80% of the initial water content even at low (32%) humidity (Fig. S3),
demonstrating the good water retention ability of our SF-PAAm hydrogel. In comparison, the
SF-PAAmM hydrogel possesses high adhesive force on rubber surface (~40-80 N/m) after
storing 24 h at a wide range of relative humidity (32-98%) (Fig.3c). At 60% RH, the SF-PAAmM
hydrogel shows strong adhesion to different types of substrates, including PET, natural rubber,
glass, SiO2and gold (Fig.3d).
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Figure 2. Adhesion of the SF-PAAmM DN hydrogel. (a) Photograph of 180° peeling force
measurement by a tensile tester. (b) 180° peeling adhesion forces of the pristine SF hydrogel
and SF-PAAmM DN hydrogel adhesives under different relative humidities. 180° peeling
adhesion forces of the SF-PAAmM DN hydrogel adhesives of (c) different SF/PAAmM ratios and
(d) substrates with SF-PAAm (4-1). () A comparison of the 180° peeling forces of commercial
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medical tape, Silicone gel (Mepoform), and the SF-PAAmM DN hydrogel (4-1) on human skin
at a relative humidity of 60%. Three hydrogel samples were tested for all the peeling tests, and
average values were reported with standard deviation.

The highest adhesion force of 146.3 N/m was measured on glass substrate due to the
large amount of hydrogen bond formed by the SF protein and the glass surface, and the lowest
adhesion force (34.0 N/m) measured on PET substrate. Compared with the commercial silicone
gel (Mepoform) (~16.0 N/m) and medical tape (~18.0 N/m), the developed SF-PAAm hydrogel
shows an average peeling force of 52.0 N/m on human skin (60%RH), which fully meets
requirements of the majority of medical applications without causing injuries during peeling
(Fig. 3e). The hydrogel adhesives patch can be completely peeled off from the skin without
leaving any residue (Fig. S4). Such strong adhesive properties of the SF-PAAm hydrogel make

it a great candidate as the adhesive for various applications requiring skin adhesives.

To exam the biocompatibility of the SF-PAAmM hydrogel, we performed hematoxylin
and eosin (H&E) stainings on pure SF hydrogel and SF-PAAmM hydrogel. The prepared
hydrogel samples were subcutaneous implanted in rats for 2 weeks. After being treated two
weeks, pure SF hydrogel and SF-PAAm hydrogel groups showed similar degrees of
inflammatory infiltration and fibroblast migration and proliferation, with rarely granulocytes,
lymphocytes, and phagocytes infiltrated (Fig. S5), which indicates that the SF-PAAm hydrogel

has very good biocompatibility similar to pristine silk hydrogel.
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Figure 4. (a) ATR-FTIR spectra of the SF-PEGDA DN hydrogel with 4:1 SF/PEGDA weight
ratio and the corresponding spectral components obtained using singular value decomposition
(SVD) analysis. (b) The associated SVD amplitude components color-coded to the spectral one
in (a). (c) Representative snapshots of MD simulations on dry SF protein, SF protein in water
and SF -PAAm in water after equilibrium; The enlarged figure shows the hydrogen bonds
between the SF and PAAm. (d) Contents of different secondary structures of dry SF protein,
SF protein in water and SF -PAAmM in water given by the MD simulation. Green, blue, red, and
black represent the four types of secondary structures of random coil, isolated bridge, 3-sheet
and B-turn, respectively.

Conformational changes of SF protein

Attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy was
used to investigate the conformational changes of SF protein in the SF-PAAmM double network
hydrogel. Pure PAAm exhibits strong absorption centered at 1650 cm™ assigned to the carbonyl
stretch, which overlaps with the amide I region of SF (Fig. S6). For investigating the structural
variation of the SF protein in the double network hydrogel, PEGDA was used instead of PAAmM
to avoid signal contamination. Fig.4a illustrates the ATR-FTIR spectra of the SF-PEGDA DN
hydrogel with 4:1 SF/PEGDA weight ratio, showing the characteristic amide | and amide I
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band of SF in the range of 1600-1700 and 1400-1500 cm™, respectively.*® By increasing the
relative humidity from 32 to 98%, the absorption peaks at 1617 and 1690 cm™ disappear. The
humidity-dependent global structural changes are then characterized by singular value
decomposition (SVD). The obtained spectral component informs us the unfolding of -sheet
with increased humidity, with the intensity loss of the v, (1617 and 1490 cm™) and ,, (1690

and 1435 cm™) vibrations of B-sheet. The signal increase at 1475 and 1653 cm™ indicates the
induced formation of a-helical structure with rising humidity. The associated amplitude
components of both amide | and Il region in Fig.4b, reveal a sharp conformational transition
of SF in the humidity range from 32% to 74%, which is mainly due to the loss of B-sheet

structures.
Influence of PAAm on structural change of silk protein

We performed all-atom molecular dynamic (MD) simulations to further understand the
molecular interactions between PAAmM polymer and SF, which were critical to the water
retention and adhesive properties of the SF-PAAm hydrogel adhesives (Fig. 4c). The initial
structure of selected SF contains rich S-sheet and random coils structures. To confirm the
interaction mechanism between PAAmM polymer and silk, we carried out three MD models of
dry SF in vacuum, SF alone in water and SF-PAAm in water, respectively. The five PAAM
polymer chains were randomly distributed around silk protein, and the number of repeating
units of each PAAm polymer chain was 20. As shown in Fig. 4d, the f-sheet structure content
was 24.18 + 0.13% for a SF in vacuum. After the introduction of PAAm polymer, the average
[-sheet structure content of silk protein decreased to 15.63 + 0.10 %. The average content of
random coil structure did not change significantly for the three systems (Dry SF: 61.06 £ 0.21%;
SF-in-water: 62.22 + 0.06%; SF-PAAmM-in-Water: 63.73 = 0.10%). In a word, the presence of
water and PAAm polymer reduced the content of S-sheet structure, which is consistent with

the results of the IR spectroscopy study.

Moreover, the stability of the protein secondary structure also depends on the hydrogen
bonding interactions between the peptide chains in the silk protein. Therefore, to further
elucidate the influence of water and PAAm on intra-molecular and inter-molecular hydrogen
bonding status of silk, we showed the evolution of average number of hydrogen bonds
(N_Hbond) with simulation time (Fig. S7), and also calculated the average N_Hbond of
protein-water, intra-protein and protein-PAAM in a different system (Fig. S8). It can be found

from Fig. S7 that the N_Hbond of SF protein was 260.80 + 6.89 in the presence of water solvent,
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and the N_Hbond of SF protein was 269.20 + 8.42 in the presence of both water solvent and
PAAmM. Compared with dry SF protein (N_Hond): 342.00 £ 7.41), the loss rate of hydrogen
bonding is 23.74% (Silk-in-water) and 21.28% (Silk-PAAm-in-Water). Besides, as shown in
Fig. S8, the N_Hbond of silk and PAAM was 68.20 + 6.50, which indicated that there was
hydrogen bonding formed between PAAM and silk. Thus, both water solvents and PAAmM can
cause dissociation of the hydrogen bonds of silk protein.

Together, ATR-FRIR and MD simulation results reveal the critical role of the second
PAAmM network on the structure and functionality of the SF-PAAm DN hydrogel. The inherent
high crystallinity and poor water retention properties of pristine SF result in high modulus low
adhesion at a low humidity environment. Introducing a PAAm network can reduce the 3-sheet
crystalline content of the SF via disturbing the intra-molecular hydrogen bonding network of
the protein, and thus improve the water retention capability of the fibroin protein. This leads to
excellent adhesive properties of the SF-PAAmM DN hydrogel across a wide range of humidity

on different substrates, including human skin.
SF-PAAmM DN hydrogel adhesive for sweat sensing

Due to the good biocompatibility and strong on-skin adhesion, the SF-PAAm DN
hydrogel can serve as the adhesive for many applications that requires skin adhesives. To
demonstrate such capability, we used the SF-PAAm DN hydrogel as the adhesive layer for an
epidermal sweat sensor for on-body, real-time analysis on the concentrations of different ion
species, including Na*, K*, Ca?*, and pH of the sweat.

The integrated sweat sensor mainly includes four components from bottom to up,
hydrogel adhesives layer, electrode/insulating layer, sensor layer and microchannel layer.
Patterned microfluidic channels are designed for guiding the sweat passing through the
electrochemical sensors. The integrated sensor is connected to an external circuit board
working as a component for on-chip analysis of the sweat ion concentration, signal transduction,
processing, and transmission using a blue tooth component, as shown in Fig. 5a, b. The highly
integrated electrochemical sensor platform contains four functional sensors through decorating
various ionophore-doped solvent polymeric membranes, allowing simultaneous detection of

four health-related ions (Na*, K*, Ca?" and pH) in human sweat.
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Figure 5. The SF-PAAmM DN hydrogel adhesive is used as a sweat resistance adhesive for
epidermal sweat sensors. (a) Schematic illustration of the various parts of a sweat sensor and
corresponding photograph. The developed SF-PAAmM DN hydrogel adhesive was used as the
adhesive layer for the device. (b) Photograph of sweat sensor with the SF-PAAmM DN hydrogel
adhesives can adhere to the forearm of a person during excise for real-time, on-body sweat
analysis. (c) The real-time sweat analysis results of the device adhered onto a subject’s forearm
during excise.

The SF-PAAm adhesive shows strong and durable adhesion on sweaty skin surfaces.
During the running test, when the perspiration phenomenon was visually observed and the
microchannel was filled with sweat solution (<15min), the stable data output could be realized.
The on-body sweat analysis results of the device adhered onto a subject’s forearm were shown
in Fig. 5¢c. We measured the concentrations of Na*, K* and Ca?*ions, and the pH value of the
sweat in real-time, which are important for monitoring the hydration state of the body. As a
function of exercising time, Na* ion and pH value in the sweat gradually increased, while the
concentrations of K* and Ca?* slowly decreased during the exercise period. These monitored
biological indicators all changed within normal physiological ranges, and the trends measured
are consistent with the previous studies,**° indicating that the developed SF-polymer hydrogel
adhesives with high adhesion ability can be used for epidermal electronics applications with

outstanding performance.
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CONCLUSION

SF is a widely studied natural protein for various biomedical applications. However,
due to the high crystalline B-sheet contents of pristine SF, the structure of SF hydrogels heavily
depends on the water content of the hydrogel. The poor water retention ability of the SF
hydrogel leads to unstable mechanical properties of the hydrogel, and limits the application of
SF as adhesives in various applications. To overcome the inherent poor water retention ability
of SF, we developed a SF-PAAmM DN hydrogel strong water retention ability and tunable
adhesive and mechanical properties. ATR-IR and MD simulation results show that the
incorporation of the hydrophilic PAAm network can reduce the 3-sheet crystalline content of
the SF via disturbing the intra-molecular hydrogen bonding network of the protein, which
greatly improve the water retention capability of the fibroin protein, resulting in strong and
durable adhesion of the SF-PAAm hydrogel on various substrates across a wide range of
humidity. With excellent biocompatibility, tunable mechanical properties, and strong adhesion
on the human skin even under sweaty conditions, the SF-PAAmM DN hydrogel can be used as
medical adhesives for a variety of applications, including medical tapes and skin adhesives for

flexible epidermal skin sensors for personalized healthcare.

MATERIALS AND METHODS
Materials

Raw bombyx mori silk fiber was purchased from Huzhou Yongrui Textile Co. Ltd. (Zhejiang
Province, China). The monomer acrylamide (AAm), poly(ethylene glycol) diacrylateand
(PEGDA) and the redox initiator ammonium persulfate (APS) were purchased from Aladdin
company. Selectophore grade sodium ionophore X, valinomycin (potassium ionophore 1),
calcium ionophore Il (ETH 129), 3,4-ethoxylenedioxythiophene (EDOT), poly(sodium 4-
styrenesulfonate) (NaPSS), aniline, were purchased from Sigma-Aldrich. All other chemicals
(analytical reagent grade) were commercially available and used without further purification.
Ultrapure water (resistivity >18.0 MQ.cm) was supplied by a Thermal-fisher water purification

system and used for all experiments.
Characterization

'H NMR spectra were recorded on a JEOL JNM-ECA 600 NMR spectrometer using DMSO-

ds as the solvent and tetramethylsilane (TMS) as the internal standard. Attenuated Total
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Reflection Flourier Transformed Infrared Spectroscopy (ATR-FTIR) measurements were
performed using a Thermo-Nicolet 6700 FTIR spectrometer. Surface morphologies were
characterized using a field-emission scanning electron microscope (SEM) from Zeiss
corporation (Zeiss Merlin). The adhesion force and peeling forces tests were performed using
a mechanical tester (C42, MTS Systems Corporation). Electrochemical measurements, CV and
OCP measurements were carried out with a CHI760E workstation (CH Instruments Inc.).

Purification of SF

SF was purified as previously described.** First, to remove the sericin coating (degum), 10 g
silk fiber was boiled in 0.02 M Na>COs distilled water solution for 1 h, and rinsed thoroughly
with deionized water. Then, the degummed silk fiber was air-dried and dissolved in
ethanol/water mixture solution (v/v, 4:5) with 5.0 M CaCl, at 60 °C for 2 h. The obtained
solution was dialyzed against deionized water in a 3500 Da cutoff dialysis tube (VWR
Scientific) for 3 days in an ice bath. The solution was centrifuged at 10000 rpm for 5 min to
remove insoluble solids. SF was obtained by freeze-drying the supernatant and stored at 4°C

when not in use.
Synthesis of SF-polymer DN hydrogel

The SF-polymer DN hydrogels were synthesized with the aid of high gel quality of PAAm and
SF (Fig. S9). Firstly, 6.5 ml of a carefully degassed aqueous precursor solution (48.0 wt% SF,
12.0 wt% AM and 0.6 wt% APS) was mixed with 6 pL. TEMED. Subsequently, the hydrogel
precursor solution was poured into a reaction mold. Finally, the samples were put into an oven
at 70 °C for 4 h to obtain the hydrogel adhesives. The obtained hydrogel was repeatedly
immersed in high concentration of fresh SF aqueous solution for removing the residual
monomer. Different weight ratios of SF-polymer adhesives can be easily regulated and the
whole fabricate processes were similar to above mentioned. All hydrogels for mechanical
characterizations had 2~3 mm thick, 10 mm wide, and height of 20 mm. After 4 hours, the 4:1
SF-PAAmM hydrogel achieves an equilibrium swelling ratio of around 250% in DI water (Fig.
S10).

Simulation Method
Structural optimization and parameterization of PAAm polymers

The geometric structure of PAAmM polymer was constructed by GaussView 05 software.*? First,

Gaussian 16 program*® was employed to preliminarily optimize the PAAm polymer
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configuration and calculate the electrostatic potential by using the B3LYP/6-31G*(d) basis and
the Hartree-Fork algorithm.***> Secondly, to obtain the topology file of PAAm polymer, the
Antechamber program in the Amber-Tools software package was used to fit the constrained
electrostatic potential.**" The generalized Amber force field (GAFF) to generate Amber
structure and coordinate files. Finally, ACPYPE script in the Antechamber program was
performed to convert the structural and topology files into Gromacs input file format, to prepare
for the subsequent MD simulation.

Design and construction of PAAmM-Silk system model

The complete sequence of heavy chain of SF protein contains 5000+ residues,*® and its
structure is not available in Protein Data Bank. In this study, we adopt the sequence of
representative amorphous domain based on the SF sequence of the Linker 6 as published by
Zhou et al: (GAGAGAGAGAGTGSSGFGPYVANGGYSGYEYAWSSESD FGTGS). The
initial structure of silk consisted of 12 fully-extended chains aligned in an anti-parallel direction.
The silk structure was pre-equilibrated in explicit water solvent. The pre-equilibrated silk
protein contains rich f-sheet and random coils structures. To clarify the interaction mechanism
between PAAM polymer and silk, we designed and built three scenarios: silk only in vacuum,
silk alone in water solvent and PAAM-Silk in water solvent, respectively. In the PSV and PSW
models, five PAAM polymer chains are randomly placed around the silk, which is consistent
with PAAM-silk mass ratio adopted in experiments. In each simulation system, the initial
coordinates of silk are located at the exact center of the simulation box filled with water, and
the minimum cutoff distance of the solute from the simulation box is set to 1.2 nm. The
dimensions of the simulation box are 8.72x7.77x17.10 nm?®, 6.41x7.43x17.45 nm?,
17.96%17.96x17.96 nm?, 6.41x7.43x17.45 nm?, and the system contains 114494, 8258, 81707

atoms respectively. Each simulation system performs three repetitive calculations.
Molecular dynamics (MD) simulation method of PAAmM-Silk interaction

In this study, GROMACS 5.1.2 “° was used to perform molecular dynamics simulations on all
PAAM-Silk systems, and the AMBERO3 force field was used to parameterize silk.>® Using the
three-point solvent TIP3P water model,®! each system uses 36 counterions (Na*) to balance the
system charges. Using V-rescale temperature controller, and the system temperature is set to
310K.%2 The Berendsen pressure coupling method *2 is used to describe the pressure, and the
system pressure is set to 1 atm. The LINCS algorithm is used to limit the atomic bonds between
PAAm polymer and silk.>* The cutoff distance for non-bonding interactions is 1 nm. The
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electrostatic interaction is processed by the particle grid Ewald method, and the cutoff distance
is set to 1 nm.>® The constructed systems are all studied using periodic boundary conditions.
Before the dynamic simulation, the fastest descent algorithm is used to minimize the energy of
the system. Secondly, through the NVT ensemble and NPT ensemble, the whole system is a
pre-balanced simulation. After the temperature and pressure of the system are balanced, set the
time step of the finished product simulation to 0.002 ps and the simulation time to 200 ns.

Rheological experiment

Rheological characterization was performed on MARS60, HAAKE (Thermo-Scientific,
Germany) using 20 mm parallel plates. Linear response region tests were performed from strain
of 0.001 to 20 at 25°C and angular frequency of 10 rad/s. Small amplitude oscillatory shear
(SAOS) measurements at 25°C were performed at under constant stress (< 20Pa) within the

linear response region.
Adhesion force and peeling force test

The adhesive peeling forces tests were performed using a mechanical tester (C42, MTS
Systems Corporation). The samples were pre-placed into a humidity chamber overnight with
controlled humidity (98-32%) using saturated salt solution. The test environmental humidity
was ~60%, measured by a commercial humidity meter HI 9565 (HANNA Instruments). In the
180° peeling force measurement, the hydrogels adhered onto a rubber film, and were then kept
in a chamber with controlled ~60% humidity overnight. During the test, one the end of the
rubber film was fixed on one clamp, the one end of the hydrogel (its back side was fixed on a
flexible PET film) was clipped onto another clamp fixed on the load cell. The 180° peeling
forces between the samples and different substrates were measured at a speed of 5 mm/min.
The adhesion strength G is related to the peeling force F, peeling angle # and width of the
sample w, by G = F/w(1-cos 6). In this article, F/w values are compared between different

samples (same peeling angle 6= ).
Biocompatibility test in vivo

The biocompatibility property of the hydrogel was further confirmed in vivo in a rat model.
The SF-polymer DN hydrogels were implanted subcutaneously on the back of SD rat (Xuebang
Tech., Beijing, China). The pure SF hydrogels (produced by a methacrylation process using
glycidyl methacrylate) were treated as a positive control. In the days following the surgical

operation, the animal activity and appearance of the wound were examined each day. The
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surgical sites were harvested to examine infections and inflammatory reactions. All
experiments were approved by the Beijing Medi Siwei Biotechnology Co., Ltd. (SYXK-2020-
0050).

Device integration and electrochemical measurements

The integrated sweat sensor mainly includes four components from bottom to up, hydrogel
adhesives layer, electrode/insulating layer, sensor layer and microchannel layer. As for the
hydrogel adhesives layer, homogeneous hydrogel precursor first infiltrate into a single side thin
cellulose membrane (another side was covered with PE for bonding with device substrate).
After degassing and gelation in given mold, the generated hydrogel layer was peeled off and
punched five 4 mm diameter holes for interconnection of the microchannel part. The details of
the sensor fabrication and calibration can be found in the supporting information. To attach the
integrated sweat sensor to human skin, a medical-grade silicone gel (Mepiform) adhesive was
used. Bluetooth app was used to connect the sweat sensor to a smart phone, which can record
and display the test results in real-time. All experiments were approved by the Ethics
Committee of Nanyang Technological University (Institutional Review Board (IRB) Protocol:
IRB-2017-08-035).

Experimental repeats and statistical analyses

In order to assure the experimental repeats, Triplicates of specimens were measured in all
experiments, where the collected values were averaged. Meanwhile, standard deviation was

reported as the error bar on the plots.
ASSOCIATED CONTENT
Supporting Information

The supporting information includes: specific details on device integration and
electrochemical measurements; additional information on the rheological and adhesion
properties of SF/PAAm hydrogels and results on their biocompatibility; ATR-FTIR
spectra on the chemical conformation of the samples in D,O; MD simulation results

regarding the effect of PAAm on the secondary structures.
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