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Abstract

Silk electrogelation involves the transition of an aqueous silk fibroin solution to a gel state (E-gel)
in the presence of an electric current. The process is based on local pH changes as a result of water
electrolysis — generating H* and OH™ ions at the (+) and (=) electrodes, respectively. Silk fibroin
has a pl=4.2 and when local pH<pl, E-gel forms. An experimental system was constructed that
allowed the measurement of E-gel growth and pH distribution for an applied current. To explain
the observed rectangular pH profile of pHge~4 surrounded by pHsjik-solution~10,  finite-element
ion electrodiffusion model was developed. The model relies on electrodiffusion of the generated
H* and OH™ ions. Initially, inputs into the model were the measured E-gel and voltage curves. The
governing ion electrodiffusion equations were solved and the calculated pH matched the
experimental pH profile, indicating that ion electrodiffusion dictates local pH changes and E-gel
growth. Furthermore, the model predicted the constant currents (2mA and 3mA) necessary for two
hypothetical E-gel growth curves and these results were then validated experimentally. The model
thus shows how ion electrodiffusion governs the electrogelation process and also provides
predictable outcomes for fundamental and practical E-gel applications.

Introduction

The use of electric fields to induce the assembly of biopolymers has been utilized in the field
of biomaterials, where the goal has been to design and control material structure for various
biomedical applications!6. One of these applications has involved the formation of a
biocompatible medical adhesive based on a silk-protein hydrogels 2 7. In the presence of
low-voltage direct-current (DC), an aqueous reconstituted silk fibroin solution undergoes a
sol-gel transition 2 7. This process, termed electrogelation, produces a soft gel (E-gel) that
has excellent adhesive properties 2 7. Furthermore, the gelation Kinetics can be controlled by
changing the value of the applied DC current. Other factors influencing the electrogelation
process include pH and silk fibroin concentration, the effects of which have been evaluated
using rheological tools 7.

Silk fibroin, the main protein constituent of silkworm silk, is a high molecular weight block
copolymer comprised of a heavy (~370kDa) and light chain (~26kD) & and has a large
number of acidic domains leading to a relatively low pl value of 4.2 °. Therefore, when the
local pH decreases below the pl value the fibroin undergoes conformational changes that
lead to the formation of the meta-stable E-gel /. Besides electrogelation, reconstituted silk
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fibroin has been processed in different ways for numerous biomedical scenarios, such as 3-D
tissue/cell scaffolds, drug-eluting films, electrospun fibers, and others 10-16,

Silk hydrogels have also been formed by inducing gelation via a number of techniques that
involved energy input or loss of water around the protein chains, including: vortexing 7,
ultra-sonication 18, and the presence of high ionic strength and temperature 12. The use of
electrical currents produces a silk hydrogel with interesting viscoelastic and adhesive
properties /, including reversibility as the E-gel dissolves back into solution upon reversal of
the electrical polarity 2. These unique properties make the E-gel an interesting biomedical
and biotechnological material, further highlighting the need for a better understanding of
what factors control the electrogelation process.

In the present study we present a numerical finite-element model that examines how
electrodiffusion of H* and OH™ ions generated during electrogelation dictate the growth of
the E-gel. We first analyzed a set of experiments as inputs, and then used the model to
calculate a corresponding pH profile. This profile was then shown to agree with
experimentally measured pH values indicating that ion electrodiffusion, and the resulting
local pH, was central to the electrogelation process. The model was then employed to
examine two hypothetical E-gel growth curves and yielded a prediction of the constant
currents needed to achieve the prescribed E-gel growth. Subsequent experiments performed
with these predicted currents demonstrated good agreement between the model predictions
and actual E-gel growth curves. Therefore, the computational model developed here
provides insight into the underlying electrogelation mechanism and also has predictive
capabilities important for future E-gel needs.

Theory and Methods

Preparation of aqueous silk fibroin solution

Silk fibroin aqueous solutions were prepared as previously described 19. Briefly, Bombyx
mori cocoons were boiled for 30 min in an aqueous solution of 0.02 M sodium carbonate
and then rinsed thoroughly with deionized water. After overnight drying, the silk fibroin was
dissolved in an aqueous solution containing 9.3M LiBr at 60°C for 6 hours. The solution
was dialyzed against deionized water using Slide-a Lyzer dialysis cassettes (MWCO 3,500,
Pierce, Rockford, IL) for two days to remove the residual salt. The final concentration of the
silk fibroin was roughly 7 wt %.

Experimental setup

The experimental setup consisted of an acrylic reservoir that holds ~2.5 mL of silk solution
and two gold-coated acrylic plates (Fig. 1a). The bottom surface of the reservoir has laser-
etched gratings separated at a distance of 0.05 mm. The gratings served as a scale bar to
assess E-gel growth over time. The two plates were coated with a thin layer of gold, ~300
nm thick, in order to provide a conductive surface. The plates were placed into the etched
slots at the edge of the reservoir and electrically connected with alligator clips to the top
corner of the plates to a programmable DC power supply (2602A Dual-channel System
Source Meter Instrument, Keithley Instruments, Cleveland, OH) whose maximum voltage
output was 40V (Fig. 1a-c). Then, 2.5 mL of silk aqueous solution (pH~6.5) was used to fill
the reservoir. The plate surface in contact with the silk solution was 1.8 cm width x 1.25 cm
height = 2.25 cm?2. The closed electrical circuit therefore consisted of: power supply — (+)
plate — silk solution — (=) plate — power supply.

After setting the power supply to a prescribed constant value of current, the power was
turned on and the resulting voltage necessary to maintain the constant current was
documented. A camera was used to record the E-gel growth, due to the opacity of the gel

Soft Matter. Author manuscript; available in PMC 2013 July 14.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kojic et al.

Page 3

upon formation, both from below of the reservoir and from the edge-on view (Fig. 1b). The
E-gel was a relatively uniform, opaque front growing from the (+) towards the (=) electrode,
consistent with previous experiments 2.

To determine how the pH changed during electrogelation, a pH probe, a pH-sensitive dye,
and pH indicator paper strips were utilized. The pH probe (Orion 9810BN Micro pH
Electrode, Thermo Scientific, Asheville, NC) has a small 1.3 mm tip designed to measure a
wide range of pH (0-14) in gels as well as solutions. The probe was connected to a pH meter
(Orion 2-Star pH meter kit, Thermo Scientific, Asheville, NC) to read out the pH value.
Measurements were taken at several points in both the gel and the silk solution by direct
contact with the probe tip (Fig. 1c). In the E-gel and the silk solutions, the tip was
submerged ~5 mm below the surface to minimize potential surface effects. The probe
readings were confirmed by pH indicator paper strips and by using a pH-sensitive dye,
phenol red, which is a water soluble pH indicator that turns yellow for pH<6.8 and pink for
pH>8.2 (Fig. 1d). Commercially available phenol red powder (Sigma Aldrich, St. Louis,
MO) was dissolved in deionized water to a stock concentration of 300 mg/L and this stock
concentration was added, in a 1:20 volume ratio, to the silk solution yielding a final phenol
red concentration of 15 mg/L.

Rate of ion generation due to water electrolysis

During the electrogelation process the applied current causes electrolysis of the water, which
comprises 93 wt% of the silk solution. This can be seen by the appearance of bubbles on
both of the electrodes and the bubbles remain present throughout the process (Fig. 1b). The
governing electrochemical reactions at the (+) and (=) plates are:

(+): 2H,O —» O+ 4H*t+4e™ .
0 @ (aq) @

(-): 2H,O+2e~ — Hp+ 20H~
0 @ (aq) @

The bubbles at the (+) and (=) plates are oxygen and hydrogen gas, respectively.
Furthermore, H* ions are generated at the (+) and OH™ at the () plates. We can formulate
the rate of ion generation (as a surface flux) by employing the following relation:

rface ion fl 1 current(A)
=surjace ion Jiux=—=
as FA~ FaradayConsi(Cmol)SurfaceArea(cm?) @

For a given constant current, the ion influx is constant and equal in value for the H* ions at
the (+) and OH™ ions at the (=) plate.

Governing equations

The constant generation (i.e. influx) of ions at the electrodes induces a local increase in
concentration of H* at the (+) and OH™ at the (-) plate. The ions then start diffusing toward
the opposite electrode, down their concentration gradient. Additionally, the presence of an
electric field also moves the ions toward the oppositely charged plate. Therefore, in order to
describe the dynamic movement of ions in the reservoir both the diffusion and electric field
components must be taken into account.

The Nernst-Planck equation extends Fick’s law of diffusion for the case when the diffusing
particles (i.e. ions) are moved by the electric field with respect to the fluid 29. In our case we
have two types of diffusing ions and thus the governing equations are:
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ZH_p I TH E(Z=H
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ot OH - Hx2 RT O0x ®)

Here C is ion concentration, E is the time-dependent electric field (assumed to be constant
along thexdirection),xis the spatial coordinate, and t is time. The constants in the equations
are: diffusion coefficient D, ion valence z, Faraday constant F, gas constant R, and the
temperature T. To convert concentration into pH, the following relations were used:

H":pH= — log([Cy, ] (6)

OH :pH=14+log;([C;;_] (7)

Here the unit of concentration is mol/L.

Finite element model

In order to solve the above equations and examine local concentration changes occurring
during an actual electrogelation experiment, we developed a computational model based on
the finite-element method 21 22, First, the model geometry was taken to encompass the
space between the (+) and (-) plates. This space has a constant cross-section equal to the
plate surface area in contact with the silk solution (2.25 cm?2) and is 1 cm long (the
separation distance between the two plates). The space was discretized by dividinga 1 cm
line into 500 finite-elements (Fig. 2). We assumed, based on experimental evidence, that the
E-gel growth is essentially a 1-D process and therefore we neglected small variations in the
uniformity of the E-gel forming front.

After applying the standard Galerkin procedure 21 22 to Egs. 4,5 the corresponding balance
equations for a finite-element are:

MC+KC=Q+Q“™ ®)

where C is the nodal vector of concentrations, C aC / dt, and Q is the nodal flux vector. The
matrices M and K are given as

ON, ON

J
\%
Ox Ox d ©

MKJ:fNKNId‘/’ kasz
\%4 \%

corresponding to nodes K and J, where Nk and N;are the interpolation functions; and Q"
is the convective flux,

ON,
Ox

0= [ 5 Cdx (10)
L

where vfollows from Eqs. 4,5, v=zDFE/(RT). After assembling the balance equations (Eq.
8) for the entire finite-element model, the fluxes Q cancel for internal nodes and only the
fluxes at the two boundaries remain. The PAK software package 23 was modified in order to
solve the governing equations, along with the appropriate boundary conditions,
simultaneously for each ion.
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The boundary conditions for the model are: constant influx of H* ions at x=0 and OH™ ions
at x=L=1cm (based on Eq. 3) and a concentration of C=0 for both ions at the E-gel forming
front (Fig. 2). The latter boundary condition comes from experimental measurements which
showed a neutral pH immediately next to E-gel forming front, as well as a sharp pH gradient
at the edge of the E-gel (Fig. 1d). The neutral pH = 7 (corresponding to C=0.1 nmol/cm3) is
three orders-of-magnitude lower than the measured E-gel pH of 4 (Cy+=100 nmol/cm3) and
the silk solution pH of 10 (Con-=100 nmol/cm3), and thus for numerical purposes the
concentrations are assumed to be zero at the E-gel forming front.

Besides the ion diffusion coefficients, the other model inputs are: the applied current, the
voltage curve as a function of time, and the E-gel growth curve as a function of time (Fig.
3). The resulting ion concentration profiles were then calculated and converted to a pH
profile, using Egs. 6,7. This pH distribution can then be compared with experimental pH
values.

Another aspect of the model is that it can be used in cases where E-gel growth and voltage
curves are prescribed but the necessary current is unknown. In this scenario a range of
entrance concentration values for the H* ions can be specified and then successive iterations
are used to perform the calculations until the x=0 concentration is within the given range.
Initial experiments can be used to make estimates about the entrance concentration and the
model can then provide predictions for the constant current needed to achieve the desired
kinetics of E-gel growth.

The initial task was to determine the minimum constant current that would induce
electrogelation. This minimum current was 0.4 mA, and the corresponding voltage curve
was recorded from the Keithley power supply (Fig. 3a). The voltage increased over time,
consistent with gas bubble production at the electrodes (Egs. 1,2) 24. The growth of the E-
gel was also measured (Fig. 3b, error bars are standard deviations from 4 independent
experiments). The E-gel depth Lg is defined as the distance from the (+) plate (x=0) to the
E-gel forming front (Fig. 2).

The time-dependent voltage and E-gel growth curves of Fig. 3 were then used as input for
the finite-element model (Fig. 2). Other inputs into the model were:

1. lon diffusion coefficients (assumed to be as in water): Dy, = 9.31x107° cm?/s and
Don- = 5.24x107° cm?/s 25,

2. Standard values of constants: Faraday constant F=96485 C/mol, valence z=1,
R=8.314 m2kg/s2Kmol, T=298 K.

3. Electric field was calculated by dividing the voltage by the distance separating the
two plates (1 cm), giving the field in terms of V/cm.

4. The current was specified as 0.4 mA, and the corresponding ion influx was
calculated using Eg. 3 and employed in the model, along with the assumption of
zero-concentration at the E-gel forming front (Fig. 2).

With the above input, the concentration profile (Fig. 4a) at the end of the experiment (t=90
min) was calculated. For clarity, the concentration of OH™ was inverted and plotted as
“negative”, even though the actual calculated value of the OH™ ions was positive. The
dashed line in Fig. 4a indicates the “positive” and “negative” domains separating the H* and
OH~ concentrations, respectively. The units of concentration are nmol/cm3 and the x-axis is
the spatial coordinate, taken to be x=0 at the (+) plate and x=L=1 cm at the (-) plate (Fig. 2).
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From Fig. 4 it is apparent that the E-gel and silk solution zero-concentration boundary is at
x=0.6 cm, which is the final value of the E-gel growth curve from Fig. 3b.

The concentrations were then converted to pH using the relations from Egs. 6,7 (Fig. 4b).
The calculated numerical pH profile corresponds to the concentration profile of Fig. 4a. The
experimental pH profile was measured by pH probe (Fig. 1c) and is shown for comparison.
It should be noted that the pH probe electrically measures the pH and the presence of
moving charged ions could induce some error. Therefore, the pH paper and the pH sensitive
dye (Fig. 1d) were used for additional measurements, all of which confirmed the pH probe
values of pH~4 throughout the gel and pH~10 in the silk solution (Fig. 1d). These pH
measurements were also repeated in all other experiments, with the same profile and values
found; pH~4 in the gel and pH~10 in the silk solution.

To examine the effect of the strength of the applied current, an experiment was performed
with a current value of 0.8 mA. The resulting voltage and E-gel growth curves were
measured (Fig. 5a,b) and plotted together with the previous 0.4 mA case. Following the
same procedure as before, the voltage and growth curves, and the value of the current, were
input into the computational model. The calculated concentration and pH profiles for 0.8
mA are plotted alongside the 0.4 mA case (Fig. 5¢, d).

In order to probe the predictive capabilities of the model, two test cases were chosen: one
with an E-gel growth rate twice (labeled 2x Rate) that of the 0.8 mA case, and the other at
four times the growth rate (labeled 4x Rate). The hypothetical E-gel growth curves and the
measured 0.8 mA case are shown in Fig. 6a. Prior to proceeding to calculate the current
needed to produce the hypothetical growth curves, the corresponding voltage curves had to
be approximated. A simple assumption was made based on the results of the 0.4 mA and 0.8
mA experiments: the ratio between the voltage values of 0.4 and 0.8 mA was assumed to be
equal for the 2x and 4x cases. In other words, the relative voltage increase for doubling the
current from 0.4 to 0.8 mA would be assumed for doubling the E-gel growth rate (2x case).
Therefore, the initial (t=1 min) voltage ratio between the 0.8 and 0.4 mA (Fig. 5a) was
(Vo.smA_initial = 4-4V)/( Vo.4ma_initial = 3.4V) = 1.3. Applying this to the 2x case: Vox_initial /
(Vo.gma_initial = 4-4V) = 1.3 — Vo initial = 5.72V, and to the 4x case: Vi injtial = 1.3%
(V2x initial = 5.72V) = 7.44V. The voltage values at the end of the hypothetical 2x and 4x
cases were similarly obtained by assuming the same ratio holds for the voltage values of 0.8
and 0.4 mA at the corresponding time when the E-gel depth of 0.6 cm was reached for 0.8
mA. Thus, (Vo.gma t=30m = 11.4V)/( Vg.ama t=30m = 4.9V) = 2.33 and it follows for the 2x
case Voy t=15m = 2.33%(Vg gma t=30m = 11.4V) = 26.6V and the 4x case Vay t=7.5m = 2.33 x
(Vax t=15m = 26.6V) = 62V. In the 4x case, we assume that the final value will be Vay =7 5m
= 40V, since that is the maximum voltage that our power supply can output. The presumed
voltage curves for the 2x and 4x cases are shown in Fig. 6b along with the 0.8 mA case.
Another input parameter that had to be estimated was the concentration range at x=0. Based
on the 0.4 and 0.8 mA values, which were Cg 4ma(X=0) = 68 nmol/cm?3 and Cg gma(x=0) =
89 nmol/cm3 (Fig. 5¢), and assuming that the concentration should be less than 100 nmol/
cm?3 (pH=4), we presume a range of 95-100 nmol/cm3. This means that the x=0
concentration will be slightly higher than the 0.8 mA case, but does not fall below pH=4.

Along with the above input values (E-gel growth curve, voltage curve, x=0 concentration
range), we also need to specify an initial estimate of the current (lp) from which an iterative
process will start. After each iteration, a check is performed to determine whether the x=0
concentration falls within the prescribed x=0 range (95-100 nmol/cm3) and the next
iteration is performed with a current increased or decreased by a selected increment, in our
case: 0.1 mA. These adjustments of the current will continue until the x=0 concentration
falls within the given range, after which the program terminates. For the 2x case an initial
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current value of 1.4 mA was arbitrarily chosen, whereas for the 4x case an 13=2.8 mA was
selected.

Inputting all of the above, the model outputted values of 2 mA for the 2x case and 3 mA for
the 4x case. The solution was reached after 7 iterations for the 2x case, which started with an
initial current value of 1.4 mA, and after 3 iterations for the 4x case (1p=2.8 mA). The
corresponding concentration and pH profiles for the 2x and 4x cases are shown in Fig. 6¢,d
along with the 0.8 mA case. The concentration profiles for the 2x and 4x were essentially
identical (Fig. 6¢), and the same holds for the pH profiles (Fig. 6d).

To test the predictions of 2 mA for the 2x case and 3 mA for the 4x case, experiments were
subsequently performed by applying a constant current of 2 mA and 3 mA. For each of the
experiments the voltage and E-gel growth curves were measured (Fig. 7). The solid lines
indicate the recorded voltage for the 2 mA and 3 mA cases, whereas the dashed lines
represent the assumed voltage curves (labeled Numerical). The E-gel growth curves (Fig.
7b) were similarly displayed with the dashed lines indicating the presumed 2x (labeled 2 mA
Numerical) and 4x (labeled 3 mA Numerical) growth rate (Fig. 6a), whereas the solid lines
show the experimentally measured values for the 2 mA and 3 mA cases.

Discussion

In previous work we have employed finite-element transport models in various scenarios,
including water removal during spider silk fiber spinning 26, determination of solvent
diffusion coefficients in a concentrated polymer solution 27, diffusion of molecules through
nanochannels 28: 29 and cellular mechanotransduction 30-32, In each case, the coupling of
the computational models with experimental observations yielded a deeper understanding of
the underlying mechanisms. Along those lines, in the present work we developed a finite-
element electrodiffusion model in order to gain insight into what controls the electrogelation
process.

The formation of E-gel involves a decrease in local pH of the aqueous silk fibroin solution
(normally at pH~6.5 7) to below the silk fibroin isoelectric point of pH=4.2 9, allowing for
conformational changes and a sol-gel transition. During electrogelation, water electrolysis
generates H* ions at the (+) and OH™ ions at the (=) electrode (Egs. 1,2). These ions then
diffuse down their concentration gradient and are also moved toward the oppositely charged
electrode by the electric field. In such conditions, the redistribution of the ions results in pH
variations, whereby the (+) plate becomes acidic and the (-) plate basic (Fig. 1d). To
examine the importance of the ion, and thus pH, distribution in electrogelation, we
developed a numerical finite-element model (Fig. 2) that could calculate the pH profile for a
given experiment. The model relies on the following key experimental parameters: value of
the current being applied, voltage needed to maintain the current, and the E-gel growth
curve. Inputting these parameters, the model then solves the Nernst-Planck electrodiffusion
equations (Egs. 4,5) for the ion concentration distribution. The concentrations are converted
to pH using the appropriate relation (Egs. 6,7) and the numerically determined pH profile
can be compared to the experimentally measured results. The first analyzed experiment was
with the minimum constant current (0.4 mA) necessary to initiate E-gel formation. The
recorded voltage and E-gel growth curves (Fig. 3) were used as input into the model. The
calculated pH profile was in agreement with the measured pH distribution (Fig. 4b),
capturing the large step-like jump in pH from pH=4— 10 at the E-gel/silk solution boundary
(Fig. 1b,4b).

Reproducing the experimental pH profile with the model allowed us to conclude that
electrodiffusion of the generated H* and OH™ ions is central to the silk electrogelation
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process. The model helps to connect the experimental observations and explains the
measured pH values and profile. This mechanistic insight was then used to make testable
predictions about E-gel growth.

Two hypothetical E-gel growth curves (Fig. 6a) were chosen and the following question was
posed: what is the constant current that needs to be applied in order to achieve the desired E-
gel growth? Prior to answering this question, we had to make several assumptions about the
corresponding voltage curves and the range of expected H* concentrations at the (+) plate
(Fig. 2). By analyzing another experiment (0.8 mA, Fig. 5) and comparing it to the 0.4 mA
case, we could estimate the voltage curves (Fig. 6b) and the range of C+(x=0) values for
our two hypothetical cases. Based on these inputs, the model went through iterations
adjusting the initial, arbitrary value of the current after each iteration until the calculated
Ch+(x=0) was within the specified range. For the 2x Rate case, where the rate of the E-gel
growth is twice that of 0.8 mA, Fig. 6a, the model predicted that the 2 mA was needed,
whereas 3 mA was required for the 4x Rate case (Fig. 6). These numerical predictions were
then tested by performing experiments with 2 mA and 3 mA. The measured voltage curve
for the 2 mA case agreed with the assumed voltage used in the model (Fig. 7a). However,
for 3 mA there was an overestimate in the numerical case (Fig 7a), especially in the final
value (40V vs. 28V). A potential reason for this discrepancy could be that high currents,
such as large ion and bubble production rates, accentuate non-linear effects caused by
generated gas bubbles (see electrolysis reactions Egs. 1,2) 24. At present, the model does not
take into account the presence of bubbles and the potential mixing of fluid induced at high
currents.

In contrast, the assumed numerical E-gel growth was in good agreement with experimentally
measured growth curves (Fig. 7b) for both the 2 mA and 3 mA case, differing by <4% for 2
mA and <11% for 3 mA). Therefore, the model predictions for the current needed to achieve
a desired E-gel growth curve, were validated experimentally. This provides further evidence
that ion electrodiffusion governs silk electrogelation.

Conclusions

A finite-element model was developed that describes how ion electrodiffusion controls E-gel
growth. The calculated rectangular pH profile agrees with the experimentally measured
profile, indicating that ion electrodiffusion governs pH distribution and as such is central to
electrogelation. Furthermore, the model was utilized to predict the value of the current
needed for two hypothetical E-gel growth curves. These predictions were then confirmed
experimentally, suggesting that the model could be employed to calculate the amount of
current required for a desired E-gel growth profile under various conditions. This could be
important for practical applications where precise control of E-gel growth is required, such
as producing /n situ medical adhesive coatings, or generating thin reversible E-gel layers to
prevent biofouling of surfaces.

The model can be further expanded to incorporate dynamic flow conditions, such as those
found in microfluidic devices, where the silk solution flows across an electrically charged
surface. The ability to form E-gel in a microfluidic device, where the flow would induce
additional silk protein alignment, could be used to modify/enhance the E-gel’s mechanical
properties. Other flow scenarios would be encountered in various filtration and drug delivery
applications, where the E-gel first encapsulates and then, when needed, releases the desired
molecules or drugs. The ability to examine /n silico a wide range of flow conditions would
help optimize the E-gel formation and alignment process.
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Future work will focus on how the reversal of polarity causes the E-gel to dissolve back into
solution. Moreover, a molecular dynamics approach, similar to that used to examine how
silk monomers assemble into fiber structures33, could be employed to determine how the E-
gel forms on a molecular level. This approach, which explores the pH-induced
conformational changes of the silk protein, could then be coupled to our present finite-
element model. Such a multiscale model would provide insight into the fundamentals of the
silk electrogelation process and could potentially reveal the origins of E-gel’s exceptional
adhesion properties.
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FIGURE 1.

Experimental setup for the electrogelation process. (A) Two gold-coated acrylic plates
(connected to a power supply) serve as the (+) and (=) electrodes. The reservoir chamber is
used to store the silk solution between the two plates (separated at a distance of 1 cm). (B)
Side-view of electrogelation showing the E-gel (appearing as a white gel) growing from the
(+) towards the (=) plate. Black scale bar is 0.5 cm. (C) A pH probe used to measure pH is
placed into the E-gel. (D) pH-sensitive dye (phenol red) added to the silk solution turns
yellow in acidic (pH<6) and pink in basic environments (pH>8). The silk solution is 7 wt%
reconstituted silkworm silk protein and 93 wt% water. Black scale bar is 0.5 cm.
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Vo qou V= ion velocity due to Electric field
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E = Electric field [V/cm]
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F = Faraday constant

R = Gas constant

T = Temperature [K]

FIGURE 2.

Schematic of the finite-element electrodiffusion model with the governing equations and
boundary conditions for the H* and OH™ ions (constant influx g at the plates and C=0 at the
edge of the E-gel, i.e. at the E-gel forming front). The E-gel (yellow) grows from the (+)
towards the (-) plate. The x=0 coordinate is the surface of the (+) plate, x=Lg is the E-gel
depth, i.e. the distance from the (+) plate to the E-gel forming front, and x=L=1 cm is the
coordinate of the (=) plate. The ions have an additional “velocity” V due to the presence of
the electric field, which tends the move the H* ion towards the (=) and the OH™ ion towards
the (+) plate. The velocity is defined as V=zDFE/(RT). The space is discretized between x=0
and x=L into 500 finite-elements (not to scale in schematic). Green circles: finite-element
nodes, blue circle: H* ion, red circle: OH™ ion.
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FIGURE 3.

Experimentally measured time-dependent values for a constant current of 0.4 mA - the
minimum current needed to initiate E-gel formation. (4) Voltage necessary to maintain the
constant current of 0.4 mA using the setup of Fig. 1. (B) E-gel growth curve for 0.4 mA. E-
gel depth Lg is defined as the distance from the E-gel forming front to the (+) electrode (Fig.
2). Error bars are standard deviation from N=4 experiments.
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(A) Model results for the ion concentrations based on the experimentally measured voltage
and E-gel growth curves (Fig. 3). For clarity, concentrations of H* ions are displayed as
positive and OH™ concentrations are inverted and appear as negative. The dashed line
indicates the separation between the H* and OH™ domains. The boundary between the E-gel
and the silk solution is x=0.6 cm, the final value of the E-gel depth in Fig. 3b. (B) pH profile
calculated by converting ion concentration values of (A)into pH (Egs. 6,7). The numerical
pH results agree well with the experimentally measured pH distribution obtained using the
pH probe (Fig. 1c,d). The coordinate x=0 is the (+) plate and x=L=1 cm is the () plate (Fig.

2).
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(A) Experimental voltage curve for 0.8 mA (red curve) and the 0.4 mA voltage (blue curve).
(B) The measured E-gel growth for 0.8 mA (red curve) and the 0.4 mA case (blue curve).
(C) Calculated ion concentrations for the 0.8 mA (solid red line) and 0.4 mA (dashed blue
line) experiments. Values from (A)and (B) were used as inputs for the model. (D) Resulting
pH profiles (converted from the ion concentrations of (C)) for the 0.8 mA (solid red line)
and 0.4 mA (dashed blue line) experiments. The coordinate x=0 is the (+) plate and x=L=1
cm is the (=) plate (Fig. 2).
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FIGURE 6.

(A) Hypothetical E-gel growth curves (solid lines) and the measured 0.8 mA growth curve
(dashed line). The solid blue line represents a growth rate that is twice that of the 0.8 mA
case (labeled as 2x Rate), whereas the solid red line is 4-times the 0.8 mA growth rate
(labeled as 4x Rate). (B) Corresponding voltage curves (solid lines, see Results for more
details on how voltage was estimated) for the hypothetical E-gel growth curves (2x and 4x
Rate) and the observed 0.8 mA voltage (dashed line). (C) The model predicts that a current
of 2 mA is needed to achieve the E-gel growth curve of 2x Rate, and 3 mA is necessary for
the 4x Rate. The resulting concentration profiles for the 2 mA and 3 mA cases are
essentially the same (solid black line). The 0.8 mA concentration profile (dashed red line) is
plotted for comparison. The profiles correspond to different time points but the same E-gel
depth (x=0.6cm) (D) pH distributions, essentially identical for the 2 mA and 3 mA cases
(solid black line) and the 0.8 mA case (dashed red line).
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(A) Voltage curves: Dashed blue line (labeled 2 mA numerical) was the 2x Rate curve from
Fig. 6b used in the calculations that yielded 2 mA,; solid blue line (labeled 2 mA
Experimental) represents measured voltage curve for a 2 mA experiment; dashed red line

(labeled 3 mA numerical) was the 4x Rate curve from Fig. 6b used in the 3 mA calculations;

solid red line (labeled 2mA Experimental) indicates measured voltage values for the 3 mA
experiment. (B) E-gel growth curves: Dashed blue line (labeled 2 mA numerical) was the
hypothetical 2x Rate curve from Fig. 6a used in the calculations that yielded 2 mA, solid
blue line (labeled 2mA Experimental) is experimentally measured E-gel growth for 2 mA,;
dashed red line (labeled 3 mA numerical) was the hypothetical 4x Rate curve from Fig. 6a
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used to determine the value of 3 mA,; solid red line (labeled 3mA Experimental) indicates E-
gel growth for the 3 mA experiment.
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