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Abstract

A silk fibroin gel system (e-gel), formed with weak electric fields has potential utility in medical
materials and devices. The mechanism of silk e-gel formation was studied to gain additional
insight into the process and control of the material properties. Silk fibroin nanoparticles with sizes
of several ten nanometers, composed of metastable conformations, were involved in e-gel
formation. Under electric fields, the nanoparticles rapidly assembled into larger nano- or
microspheres with size ranges from tens nanometers to several microns. Repulsive forces from the
negative surface charge of the acidic groups on the protein were screened by the local decrease in
solution pH in the vicinity of the positive electrode. By controlling the formation and content of
silk fibroin nanoparticles e-gel could be formed even from low concentration silk fibroin solutions
(1%). When e-gel was reversed to the solution state, the aggregated nano- and microspheres
dispersed into solution, a significant observation related to future applications for this process,
such as for drug delivery.
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1. Introduction

Silk fibroin from the cocoons of the silkworm Bombyx mori has recently been explored as a
versatile protein biomaterial for the formation of films, fibers, microspheres and porous
scaffolds for a number of applications bridging the biomedical and physical sciences [1-7].
For example, silk fibroin has been processed in aqueous solution to fabricate porous 3D
tissue scaffolds [8], as well as biophotonic thin films [9]. The same solution can also be
blended with other polymers and bioactive dopants and freeze-dried into microspheres [10].
The biocompatibility and biodegradability of the silk fibroin protein allow silk-based
biomaterials to be used in vivo [11]. Furthermore, the functionality of silk fibroin can be
increased by chemical modifications to acid or tyrosine side chains [12].
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Silk hydrogels have been studied for biotechnological applications. The hydrogelation of
silk fibroin is triggered in aqueous solution with conditions such as low pH, high
temperature or high ionic strength [13], or alternatively in physiologically relevant solution
conditions via ultra sonication or with vortexing as energy inputs [14, 15]. In these silk
hydrogel systems, the formation of hydrated networks was due to an increase of non-
covalent, but essentially irreversible, intra- and intermolecular B-sheet crosslinks. Recently,
we reported an electrically mediated hydogel (e-gel) from silk fibroin [16, 17]. The e-gel
system, mainly composed of random structure rather than B-sheet, involved a temperature
reversible, dynamic self-assembly of the silk protein. The interesting control of gel
formation, the reversibility and the adhesion features of the silk e-gel suggest applications in
medical, environmental, and device fields [16, 17]. However, the mechanisms involved in
the e-gel systems remain to be fully defined. Such insight would further the control of the e-
gel process as well as utility towards specific applications. Currently, the understanding of e-
gel mechanisms is based on structural and mechanical results [17]. The increase in proton
concentration in the vicinity of the positive electrode due to the applied electric field was a
predominant factor in electrogelation. The local decrease in solution pH leads to screening
of the acidic surface charged groups enabling intermolecular self-assembly events.
However, the present mechanism is not complete and additional insight is needed in order to
be able to better control electrogelation.

The goal of the present study was to provide additional insight into the mechanisms of the e-
gel process. Toward this goal, changes in morphology and secondary structures before and
after the gel formation were assessed to clarify pivotal factors that control electrogelation.
Second, by adjusting these pivotal factors, e-gel formation was controlled to confirm this
new mechanistic insight. Finally, the nanostructures associated with reversed silk e-gel
solutions were investigated to gain additional insight into the overall process.

2. Experimental

2.1 Preparation of aqueous silk fibroin solutions

Silk fibroin aqueous solutions were prepared as previously described [18]. Briefly, B. mori
cocoons were boiled for 20 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 9.3 M LiBr at 60°C. The solution was dialyzed
against deionized water using Slide-a-Lyzer dialysis cassettes (Pierce, molecular weight cut-
off 3,500) for 72 h to remove the salt. The solution was optically clear after dialysis and was
centrifuged to remove small amounts of aggregates that formed during the process. The final
concentration of aqueous silk fibroin solution was ~8 wt%, determined by weighing the
remaining solid after drying. The fresh silk fibroin solution was stored at 4°C at least 2
weeks for aging. Only the aged silk fibroin solution formed e-gel under the electric field.

2.2 Electrogelation of silk fibroin solutions

Using our previously described process, electrodes were immersed in an aqueous solution of
silk fibroin and 25 Vpc was applied over a 3 minute period to a pair of conductive
electrodes [16]. Within seconds of the application of the voltage, a visible gel formed at the
positive electrode.

2.3 Silk fibroin solution treatments

To assess mechanisms of electrogelation, the nanostructure of silk fibroin in aqueous
solution was controlled in different ways. First, the fresh silk fibroin solution (~8 wt%) was
incubated for 24 hr at 60°C to assemble into nanoparticles that remained stable in aqueous
solution, and then diluted from 8 wt% to 4 wt%, 2 wt% and 1 wt%, respectively. Second, the
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fresh silk solution was slowly concentrated at 60°C by controlling drying. After 72 hr, the
concentration of the silk fibroin increased to about 30 wt%. This concentrated silk fibroin
solution was then diluted to 8 wt%, 4 wt%, 2 wt% and 1 wt%, respectively. In contrast to the
silk fibroin solution incubated at 60°C, the concentrated silk fibroin solution mainly
consisted of nanofilaments. Subsequently, the electrodes were immersed in the above treated
solutions and 25 Vpc was applied over a 3 minute period to induce the gelation process.

2.4 Reversion from e-gel to solution

The e-gel was first extracted several times with distilled water to remove any free (ungelled)
silk fibroin. The extracted e-gel was placed in cellulose dialysis tubes (MWCO 3,500) and
then placed in an aged silk fibroin solution (8 wt%). The electrical process was reversed, as
shown previously [16, 17], by immersing the negative electrode in the e-gel inside the
cellulose tube with the positive electrode in the aged silk fibroin solution outside the tube,
respectively, and treating the system fro 3 minutes at 25 V. The morphology of the silk
fibroin in the reversed solution inside the cellulose tube was investigated by SEM and
particle size analysis.

2.5 Fourier Transform Infrared Spectroscopy (FTIR)

The structural changes in the silk solution and gel states were analyzed using a JASCO FTIR
6200 spectrometer (JASCO, Tokyo, Japan) equipped with a MIRacle™ attenuated total
reflection (ATR) Ge crystal cell in reflection mode. For FTIR experiments, all samples were
flash frozen and dried in liquid nitrogen to preserve the original structure as accurately as
possible. Control experiments conducted on hydrated samples, produced data similar to that
collected from freeze-dried samples. Background measurements were taken with an empty
cell for freeze-dried samples or from deionized water in the case of hydrated samples and
the data were subtracted from the sample readings. For each measurement, 32 scans were
coded with a resolution of 4 cm™1, with the wavenumber ranging from 400-4000 cm™1.
Fourier self-deconvolution (FSD) of the infrared spectra covering the amide | region (1595-
1705 cm™1) was performed by Opus 5.0 software to identify silk secondary structures.
Deconvolution was performed using Lorentzian line shape with a half-bandwidth of 25 cm™1
and a noise reduction factor of 0.3. FSD spectra were curve-fitted to measure the relative
areas of the amide | region components [19].

2.6 Differential Scanning Calorimetry (DSC)

The lyophilized samples were encapsulated in aluminum pans and heated in a TA
Instruments Q100 DSC (TA Instruments, New Castle, DE) with a dry nitrogen gas flow of
50 ml/min. The instrument was calibrated for empty cell baseline and with respect to an
indium standard for heat flow and temperature. The samples were heated at 2°C/min from
-30°C to 350°C with a modulation period of 60 s and temperature amplitudes of 0.318°C.

2.7 Scanning Electron Microscopy (SEM)

The e-gel samples were extracted several times with distilled water to remove any adhered
silk solution. Then the lyophilized samples were platinum-coated and examined
morphologically by Scanning Electron Microscopy (SEM, Supra 55 VP, Zeiss, Oberkochen,
Germany).

2.8 Atomic force microscopy (AFM)

The morphology of silk fibroin in solution and in the e-gel were observed by AFM (Veeco,
Nanoscope I1) in air. A 225 um long silicon cantilever with a spring constant of 3 N/m was
used in tapping mode. In order to remove the effect of silk solution, the e-gel was extracted
several times with distilled water before characterization.
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2.9. Measurement of particle sizes

The changes in silk morphology in the reversed solution were analyzed by Particle size
analyzer (Malvern, Mastersizer 2000, Worcestershire, United Kingdom) in a solution at
25°C. According to the analyzer procedure, the silk fibroin solution was diluted to 2.5x1073
% (w/v) and measured without filtering.

3. Results and discussion

3.1 Structural changes in the electrogelation process

In our previous studies e-gel was difficult to form if the silk solution was freshly prepared or
when the silk fibroin concentrations were relatively low, for example below 7 wt%.
Structural changes after the storage and subsequent electrogelation of silk solutions were
therefore evaluated by FTIR and DSC (Figs. 1A and 1B). The FTIR spectral region between
1600 and 1700 cm™1 is commonly assigned to the absorption of the peptide backbone in
secondary structures of silk fibroin. FTIR data collected from lyophilized samples of freshly
prepared silk fibroin solution (8 wt%), aged (stored 2 weeks at 4°C) silk fibroin solution and
e-gel indicated that the amide | peak shifted slightly from 1640 to 1650 cm~ due to storage
and then to 1660 cm™1 after e-gel formation, with no peak or shoulder between 1610 and
1630 cm™1 that could be attributed to specific B-sheet absorption. Deconvolution of these
spectra demonstrated a statistically significant increase in turns, a decrease in random coil
content, and no change in beta sheet content when comparing the fresh silk fibroin solution
(8 wt%) to the aged solution (Table 1). The e-gel formation resulted in a further decrease in
random coil content and a significant increase of a-helix. These results suggested
intermediate conformations rather than p-sheet formation in silk e-gel. Importantly, these
results indicated that the transformation from random coil to intermediate structures might
be critical for the electrogelation.

In the heating process with DSC, the fresh silk solution did not show any crystallization
peaks, indicating that the amorphous structures of silk in the fresh solution did not rearrange
to form crystal structures. The other samples, including aged silk fibroin solution and the e-
gel, showed a nonisothermal crystallization peak between 200 and 215°C, indicating that the
structure was mainly amorphous. The amorphous silk transformed to f-sheets above the
glass-transition temperature, T,. Interestingly, the crystallization peak appeared at 213°C
after storage for 2 weeks and, then further decreased to 206°C after e-gel formation,
suggesting that intermediate, metastable conformations formed in the storage process, which
further changed after electrogelation. The results also suggested the importance of the
formation of intermediate structures for electrogelation, in good agreement with the FTIR
data.

3.2 Nanostructural changes in the electrogelation process

The morphological features of the e-gel were assessed by SEM and AFM (Fig 2a,b). The
microscopy images collected from e-gel samples were lyophilized at —80°C and exhibited
spherical, micelle, micrometer-scale structures, with the size range from several tens of
nanometers to several microns. Interestingly, the larger microspheres with diameter of
microns were assembled from the small microspheres with diameters of several hundred or
several tens of nanometers. In addition, these small microspheres were composed of smaller
particles with diameters of about ten nanometers (Fig 2c,d). The results suggested that e-gel
was assembled from nanoparticles with sizes of about ten nanometers under electric fields.
The hierarchical structure of silk fibroin microspheres was compatible with the aggregate
structures of silk fibroin in many other studies. In our previous study, a model of silk
formation in insects emphasized the formation and then aggregation of micelles with sizes of
100-200 nm diameter [20, 21]. The micelles formed in silk/PEO have similar sizes with the
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microspheres formed under electric fields. Recently, new silk aggregation mechanisms
indicate that the aggregates (dmax=260 nm) were composed of silk fibroin with sizes of 16
nm diameter [22]. More recently, silk fibroin micelles with silk I structure were assembled
by slow drying to mimic the natural silk processing. The micelles assembled by slow drying
were composed of nanofilaments that consisted of nanoparticles with size of 10-80 nm
diameter [23, 24]. Based on these studies, silk fibroin nanoparticles with sizes of several ten
nanometers appear to be a basic assembly component.

The nanostructure of silk fibroin in fresh and aged solutions was investigated. Interestingly,
silk fibroin in the fresh solution mainly maintained random coil structure without specific
nanostructures, and then assembled to nanoparticles after the storage for 2 weeks at 4°C
(Fig. 3). Based on the conformation and nanostructure results, these nanoparticles with sizes
of tens of nanometers composed of intermediate turns, were an important precondition for
the e-gel formation process under electric fields.

In neutral aqueous solution, the overall negative surface charge due to the acidic charged
groups prevent intermolecular self-assembly. In the electric field, the proton concentration
increases in the vicinity of the positive electrode, resulting in the local decrease in solution
pH and the screening of the acidic surface charged groups, allowing silk fibroin to assemble
[17]. When silk fibroin maintained a random coil structure, extensive time and energy were
required to rearrange the hydrophobic and hydrophilic domains in the silk fibroin chains, so
intermolecular self-assembly for gelation, did not occur during the relatively short time in
electric fields. Once the hydrophobic and hydrophilic domains of the protein chains had
rearranged and assembled into nanoparticles, the negative charge was possibly a
predominant factor to prevent intermolecular self-assembly. Therefore, the nanoparticles
aggregated quickly to form e-gel under the applied electric fields because of screening of the
charged groups (Fig 4). At the same time, the hydrophobic and hydrophilic domains further
assembled to form more regular and compact structures (Fig. 1), resulting in nanoparticles
reducing in size from tens of nanometers to about ten nanometers (Fig 2).

3.3 validation of electrogelation mechanism

In order to confirm these observations, silk solutions with different nanostructures were
prepared. Silk fibroin was mainly composed of random coil structures in fresh solution (Fig
5a), and then assembled into nanoparticles after aging for 8 hr at 60°C (Fig 5b). The fresh
silk solution was also concentrated slowly at 60°C for 3 days to generate concentrated
solution (30 wt%). In the concentrated solution, silk fibroin further assembled from
nanoparticles to nanofilaments (Fig 5¢). The different solutions were diluted to 8 wt%, 4 wt
%, 2 wt% and 1 wt%, respectively, and treated under same electric field as used above.
When silk fibroin was mainly composed of nanoparticles after aging at 60°C, electrogelation
occurred even at low concentrations (4 wt%, 2 wt% and 1 wt%). Electrogelation was
quicker and easier if the formation of nanoparticles preceded the process. After
nanoparticles further assembled into nanofilaments, electrogelation did not occur even at
high silk fibroin concentration (8 wt%) (Fig 6 and Table 2). These results confirmed that
nanoparticles were a critical precondition for e-gel formation. By controlling the formation
of nanoparticles in silk fibroin solution, it was possible to control electrogelation.

3.4 Reversibility of silk fibroin electrogelation

In our previous studies, the e-gel system was a reversible material system [16]. The
reversibility was controlled by the reversal of the electric field or with a slight increase in
temperature. In present study, the e-gel was placed in a cellulose tube to keep from blending
with silk fibroin solution in reversing process. As shown in Fig. 7, the nano- or microspheres
were retained in the reversed solution. The nano- or microspheres only dispersed into the
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solution rather than separated into smaller particles. Under the electric field, the
nanoparticles aggregated into compact nano- or microspheres (Fig 2) that were stable
through a reversal of the electrical process. FTIR and DSC results confirmed the formation
of more compact and stable structures. The micromorphology of the e-gel (Fig 2) also
showed that there was little connection among the nano- or microspheres. Once the
electrodes were reversed, the negative charge reappeared among the nano- or microspheres,
dispersing them into solution. The processing conditions had a significant influence on the
stability of the e-gel. Following the increase of electrogelation time and silk fibroin
concentrations, the e-gel achieved higher stability and was more difficult to return to the
solution state, since stronger interactions formed between among the nano- and
microspheres.

4. Conclusions

Studies aimed at the mechanism of silk electrogelation were conducted. The self-assembly
of silk fibroin from random coil to metastable nanoparticles, with sizes of tens of
nanometers was found as a critical step for the formation of e-gel. In electric fields, the
nanoparticles aggregated to form nano- or microspheres with size ranges from tens of
nanometers to several microns on the positive electrodes because of screening of the
negative surface charge that could otherwise prevent intermolecular self-assembly of silk
fibroin in neutral solution. The nano- or microspheres were still stable upon reversing the
process, implying a novel way to prepare silk release systems in the future.
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Figure 1.

A) FTIR data collected from lyophilized samples. (a) Fresh silk fibroin solution (8 wt%); (b)
aged fibroin solution (8 wt%), (a) stored at 4°C for 2 weeks; (c) e-gel derived from (b). B)
DSC scans collected from lyophilized samples prepared the same way as in (A).
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Figure 2.

Morphology of e-gel derived from 8wt% silk fibroin solution with 25 V¢ using mechanical
pencil-lead electrodes: (a) SEM; (b) AFM,; (c) inside structure of large microspheres in the
e-gel; (d) magnified images of microspheres in the e-gel. The e-gel samples were extracted
several times with distilled water to remove the adhered silk solution.
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Figure 3.

SEM data from lyophilized samples: (a) fresh silk solution (8 wt%) and (b) aged silk fibroin
solution (8 wt%), (a) stored at 4°C for 2 weeks. Nanoparticles tens of nanometers assembled
in the aged silk solution.
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Figure 4.

Electrogelation mechanisms. Silk fibroin firstly assembled to nanoparticles with size of
several ten nanometers and then further aggregated into microspheres with size up to
micron. In reversing process, the microspheres dispersed into solution rather than separated
into nanoparticles.
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Figureb5.
AFM images of silk fibroin after different treatments: (a) fresh silk fibroin solution; (b)

sample (a) incubated at 60°C for 8 hr; (c) sample (a) slowly concentrated at 60°C for 3 days.
In order to avoid masking the original morphology by multilayers of silk fibroin, all samples
were diluted to below 0.1 wt% before investigation.

Acta Biomater. Author manuscript; available in PMC 2012 August 09.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Luetal.

Page 13

Nanostructure
L)
C-SF IM Solution
o ® :
T-SF | ‘5. i?l:i>
olut, g._
ion ! v i
o“’z, :
A-SF |e :? =
Solution | E-gel
F-SF NS\) Solution
e —— T I T I T ] T ' T ' . g I ] T I T
0 1 2 3 4 5 6 7 8 10

Concentration (wt%)

Figure®6.

E-gel formation diagram from silk fibroin solutions with different nanostructures. F-SF,
fresh silk fibroin solution; A-SF, sample F-SF stored at 4°C for 2 weeks; T-SF, sample F-SF
incubated 8 hr at 60°C; C-SF, sample F-SF slowly concentrated for 72 hr at 60°C.

Electrogelation conditions: 25 Vp¢, 3 min.
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Figure7.
A) SEM image of reversed silk fibroin solution. The sample was flash frozen and dried in
liquid nitrogen. B) Size distribution of silk fibroin microspheres in the reversed solution
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The relative ratio of secondary structures in silk fibroin solutions and e-gel. F-SF, fresh silk fibroin solution;

A-SF, F-SF stored 2 weeks at 4°C; E-gel, gel derived from A-SF. n=3, averagezstandard deviation.

Assignment F-SF(%) A-SF (%) E-gd (%)
Random coil (1635-1645 cm™) 26.1¥26  18.9+21 15717
Silk 11, B-sheet (1610-1635 cm™) 14.7+1.9 14.6x1.0 13.4+1.8
Silk I, type 1l B-turn (1647-1654 cm™t)  13.0+1.3 12.8+1.3 10.8+3.9
a-helix (1658-1664 cm™) 11.0+15 12.5+¢1.1 16.2+2.0
Turns and bends (1666-1695 cm™) 331421 38.9+08  41.8+47
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