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Abstract Control of silk structural and morphological

features is reported for fibroin protein films via all aqueous

processing, with and without polyethylene oxide (PEO). Silk

films with thicknesses from 500 nm to 50 lm were gener-

ated with controllable surface morphologies by employing

soft-lithography surface patterning or by adjusting PEO

concentrations. FTIR analysis indicated that water-anneal-

ing, used to cure or set the films, resulted in increased

b-sheet and a-helix content within the films. Steam sterili-

zation provided an additional control point by increasing

b-sheet content, while reducing random coil and turn

structures, yet retaining film transparency and material

integrity. Increased PEO concentration used during pro-

cessing resulted in decreased sizes of surface globule

structures, while simultaneously increasing uniformity of

these features. The above results indicate that both surface

and bulk morphologies and structures can be controlled by

adjusting PEO concentration. The combined tool set for

controlling silk film geometry and structure provides a

foundation for further study of novel silk film biomaterial

systems. These silk film biomaterials have potential appli-

cability for a variety of optical and regenerative medicine

applications due to their optical clarity, impressive mechani-

cal properties, slow degradability, and biocompatibility.

Introduction

Silk proteins have proven to be remarkable biomaterials

due to the combination of robust mechanical properties,

biological compatibility, versatility in processing into

many material formats, degradability by proteases [1, 2].

Silk fibroin has been studied for applications in the fields of

tissue engineering and drug delivery [2–9] and provides a

biocompatible matrix for in vivo applications [10–12].

Further, silk protein material degradation rates can be

controlled based on processing conditions, which impact

crystallinity [13–15]. Moreover, multiple material formats

are available with silks, including films, fibers, sponges,

and hydrogels, to provide versatility in uses [6, 13, 16–20].

Silk structures can be produced with defined material

properties through control of b-sheet crystalline structure

[16, 19, 21–25]. Silk films are a relatively simple format to

generate and study via solution casting methods [16–18,

26], offering controllable material properties [18, 22, 23,

25, 27]. Thus, this material format provides a template

upon which to elucidate the impact of processing variables

on material features.

In the present study, silk films were surface patterned

using an adapted soft-lithography casting technique [28,

29]. Surface patterning is a useful method for forming

nano- and microscaled structures on silk film surfaces.

These surfaces can be used to direct cellular responses,

such as alignment, or to control the deposition of extra-

cellular matrix [30–34]. Currently, these techniques have

been applied for various biomaterials, such as hyaluronic

acid (HA), collagen, and polytlactic acid (PLA) [31, 35,

36]. However, silk offers a combination of features that

cannot be matched by these other biodegradable polymers.

These features include enhanced surface patterning reso-

lution with the additional benefit of highly controlled

material properties, transparency, and robust mechanical

features [2, 29]. In addition, silk processing can be con-

ducted in an all-aqueous approach under ambient

temperature conditions.
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Previously, silk films from hundreds of microns

to \500 nm were formed [7, 17, 18], and a broader range

of such features were explored in the present study. These

types of films would offer potential utility for a variety of

biological applications, such as in the design of lamellar

tissue structures, biosensor platforms, or drug delivery

systems [9, 29, 36]. Silk films can also be processed to

produce water-insoluble films that can be surface patterned

with high resolution (\20 nm) and incorporated with bio-

active moieties for enhanced functionalization [18, 29]. In

addition, fibroin film structure is impacted by the presence

of polyethylene oxide (PEO) during processing, due to

phase separation [17]. The resulting bulk and surface fea-

tures may be useful as bioactive interfaces to stimulate

desired cellular responses [32, 33, 37–41]. Furthermore,

PEO is leached from the silk film matrix to generate

defined porous structures [17, 24]. These porous structures

may be utilized to enhance nutrient diffusion, provide fil-

tration, or improve cellular communication through the silk

film matrix.

The goal of the present study was to expand the

understanding and control of silk film morphological and

structural features, mainly focusing on pore structure and

surface patterns. The aim was to provide a route to the

generation of a wider range of silk film material features to

enhance options for these films in cell and tissue studies, as

well as in other broader material science applications, such

as for sensors and membrane separation tools. Toward this

goal, a systematic study was performed in which the use of

PEO to control morphology was studied. Control of pore

structure and of bulk and surface features of these films

was gained through this phase separation approach,

resulting in new options for the generation of silk-based

biomaterials with predictable structure and morphology.

Materials and methods

Preparation of silk solution

As previously reported [18], Bombyx mori silk cocoons

were cut into four and boiled for 40 min in 0.02 M Na2CO3

(Sigma–Aldrich) to extract the glue-like sericin proteins

from the structural fibroin proteins. The fibroin extract was

then rinsed three times in dH2O for 20 min per wash. The

rinsed fibroin extract was dissolved in 9.3 M LiBr solution

at room temperature, and then left to sit covered in a 60 �C

oven for 4 h. The solution was dialyzed against dH2O

(MWCO 3,500, Pierce, Inc.) for 48 h. The silk solution was

then centrifuged twice at 13,000g for 20 min each. The final

concentration of aqueous silk solution was 8 wt./vol.%

which was determined by weighing the remaining solid

after drying 1 mL of aqueous solution over night at 60 �C.

Preparation of PDMS substrates

PDMS substrates with a range of 0.5 to 1.0 mm thicknesses

were prepared by casting 3.5 mL of a 9:1 mixture of PDMS

potting solution to catalyst blend on a 5 9 5 cm square

polystyrene surface. PDMS grooved substrates were pro-

duced by casting 3.5 mL of the same 9:1 blend onto a

5 9 5 cm optical grating, with 600, 1,200, 2,400, and

3,600 lines/mm groove spacings. Cast PDMS negatives

were inspected using a Zeiss LEO 982 scanning electron

microscope (SEM) operating at an accelerating voltage of

5 kV. The cast PDMS solution was then allowed to degas

for 2-h under vacuum, and then cured in an oven at 60 �C

overnight. The following day the cured PDMS was

removed from the substrates and cut into round geometries

with 14 mm diameters. These PDMS substrates were

placed cast side up, and prepared for silk casting by rinsing

with 70% ethanol with three subsequent dH2O washes to

remove any particulates. The same PDMS surfaces were

used for multiple castings, and preliminarily cleaned with

9.3 M LiBr solution before each silk film casting to remove

any silk residue.

Preparation of surface patterned silk films

Silk films of 50 lm thicknesses were cast upon flat and the

various surface patterned PDMS surfaces using 100 lL of

8 wt./vol.% silk fibroin solution. The cast silk solution was

covered with a venting lid and allowed to dry overnight.

Once dried, the films were water-annealed by placing the

samples within a water filled desiccator and with a 25 in. Hg

vacuum for 6 h. This water-annealing technique produces a

water-insoluble and transparent film post-processing [18,

26]. Each silk film sample was then removed from the

PDMS substrate. Atomic force microscopy (AFM) was used

to determine groove depth and surface roughness of the

patterned silk films. Images of the film samples were

acquired with a Digital Instrument Dimension 3100 (Veeco

Instruments, Inc., Woodbury, NY) in tapping mode. Images

were taken in air, flattened, and plane fitted as required.

Preparation of silk films with variable thickness

Silk films with variable thicknesses were prepared by

casting 100 lL of different silk solution concentrations

upon flat and patterned 14 mm diameter PDMS substrates.

Cast percent weight aqueous silk solutions were: 8.0, 5.0,

2.50, 2.0, 1.75, 1.5, 1.25, 1.0, 0.75, 0.5, and 0.25 wt./vol.%.

For each concentration, 12 film samples were produced on

flat PDMS surfaces. Cast silk solutions were covered with a

venting lid and allowed to dry. Once dried, the cast films

were water-annealed and the post-water-annealed films

were placed in 100% methanol (MeOH) for 30 s to allow
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for successful film removal from the respective PDMS

substrates. The films were removed and then placed in a

water bath for 5 min to rinse away remaining MeOH, and

then set aside to dry.

Silk film thickness measurement and analysis

The film samples were flash frozen in liquid nitrogen, and

then cracked down the center using a razor blade. The films

were then mounted for SEM analysis with their cross-

sectional surface facing up. The samples were sputter

coated with a 40 nm coating of gold using a Polaron SC502

Sputter Coater (Fisons, VG Microtech, East Sussex, Eng-

land). The cross-sectional area of the various film

thicknesses were then imaged using SEM. Three images

from each silk film sample were taken for a total of 36

cross-sectional images per silk concentration group. Film

thickness was measured using ImageJ analysis software

[42]. Film sample measurements were combined for each

silk concentration. A random sample set of 30 measure-

ments was selected and statistical analysis was performed

for each sample set using Microsoft Excel. For each con-

centration group, a sample mean and standard deviation

was calculated, graphed, and a best-ft curve was applied.

One-way ANOVA was performed across separate film silk

concentration groups. For post hoc analysis, Student t-tests

were performed to determine statistical significance

between groups (p \ 0.05).

Preparation of steam sterilized silk films

Silk films, 30 lm thick, were cast on round PDMS surfaces

using 100 lL of 8% silk solution. The cast silk solutions

were covered with a venting lid, and allowed to dry

overnight. Once dried, the films were split into four groups

of three, and each group was processed under different

conditions. The first group was not processed and used as

an untreated control. Two groups were water-annealed for

6 h, in which one of the two groups was steam sterilized

(T = 121 �C, P = 15 psi, t = 25 min). Water-annealing

was performed by placing the silk film samples within a

water-filled desiccator and pulling a 25 in. Hg vacuum for

5 h. The final group was steam sterilized using the same

conditions as above after drying. Following sterilization,

each silk film sample was removed from the respective

PDMS substrate and dried. The final four processing con-

ditions analyzed were: untreated, water-annealed, steam

sterilization, and water-annealed with steam sterilization.

FTIR analysis of silk fibroin secondary structure

Silk film secondary structural analysis was measured using

an FTIR spectrometer. Spectral scans were obtained using

dried samples from each processing condition. For each

sample, a measurement of 66 scans was collected at a

resolution of 4 cm-1, which was acquired over a wave-

number range of 400–4,000 cm-1. Spectral manipulations

were performed with OPUS (Version 5.5 software, Bruker

Optics, Inc.). Quantification of silk secondary structure was

based on analyzing the amide I region (1,600–1,700 cm-1)

[43]. Background absorption due to water was subtracted

from the sample spectra to obtain a flat recording in the

range of 1,750–2,000 cm-1 [44]. The amide I region

(1,600–1,710 cm-1) was selected from the entire spectrum,

and a linear baseline was applied to the spectrum.

Deconvolution was carried out using 12 fixed fitting

peak values as cited previously [22, 25]. To confirm that

each fitting peak position represented a real spectral signal

signature from the silk film sample, second derivative

analysis was performed on spectra from each processing

condition. Second derivative analysis was carried out using

a third degree polynomial function with a 9-point Savitski-

Golay smoothing function [44, 45]. During the deconvo-

lution process, the peak positions were held constant for

each sample to enable future comparisons between pro-

cessing groups for protein secondary structure content. A

Levenberg–Maquardt function available in the program

was used for initial curve fitting. The curve fit was then

refined using a local least squares fit, and the peak positions

were reset to their initial positions if needed. The Leven-

berg–Maquardt function was used again for a final fit

refinement. Throughout the process, the deconvoluted peak

shapes were assumed to be Lorentzian [19]. The average

percent composition of fibroin secondary structure for the

series of samples [21, 22], specifically the amount of

b-sheet structure, was assessed by integrating the area of

each deconvoluted curve and then normalizing to the total

area of the amide I region of the fitted spectra.

Statistical analysis of FTIR data

Deconvoluted FTIR data were analyzed to determine

average secondary protein secondary structure content

from each set of samples (n = 3) for the various processing

conditions. The means and standard deviations were cal-

culated for each sample set. ANOVA and Student t-tests

were performed to determine statistical differences

between the sample set means for various comparison tests.

Porous silk film preparation and surface feature analysis

Various PEO (Mv = 900,000) concentrations (0, 0.05,

0.10, 0.15, 0.20, and 0.25 wt./vol.%) were mixed with 1%

silk solution. Six film samples of each mixed solution were

then cast using the above film preparation method on both

flat and surface patterned substrates. An additional three
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silk films with no PEO were cast for surface feature

characterization purposes. After water-annealing, the films

were then placed into a water bath for PEO leaching over a

24 h time period at ambient temperature conditions. The

films were placed in a MeOH bath, and then in a water bath

for 5 min for rinsing. Silk films were removed from the

water bath and placed onto glass cover slips with the

desired viewing surface of the film facing up. Three film

samples per viewing surface were prepared. The films were

then dried on cover slips, which allowed for attachment of

the silk films to the glass surface. The silk films were

sputter coated with gold and imaged using SEM at a 5 kV

acceleration voltage.

Statistical analysis of silk film pore size distribution

SEM images were analyzed using ImageJ software [46],

and statistical analysis was performed using Microsoft

Excel to identify surface features and individual feature

sizes for each PEO concentration and casting surface. For

total surface area calculations, one image from each silk

film PEO concentration and casting side (n = 3) was

analyzed using the manual trace tool in ImageJ. Total

surface area was calculated by summing all feature size

surface areas within a 50 9 50 lm image area. For feature

size calculations, three silk film samples were analyzed for

each PEO concentration and casting surface (PDMS and air

interfaces). A total of 50 surface features were counted

from one representative image for each sample using the

manual trace tool in ImageJ, and 25 values were randomly

selected using Excel. Sample means and standard devia-

tions were calculated. The collected feature sizes were then

log-normalized to produce a normal distribution of data.

Data analysis was performed by one-way ANOVA and

Student t-tests for post hoc comparisons. Statistical sig-

nificance was considered for p \ 0.05.

Cross-sectional analysis of silk film bulk thickness

Silk films with varying PEO concentrations (0, 0.05, 0.16,

0.31, 0.58, and 0.61) were prepared as previously described

on both flat and patterned PDMS surfaces. For each con-

centration, 2 and 20 lm thick films were cast for imaging.

Three silk film samples were prepared for each PEO con-

centration and thickness determined as above—films were

frozen and cracked in liquid nitrogen, mounted for cross-

sectional and surface viewing, and sputter coated with

30 nm of gold for SEM imaging. The cross-sectional

thicknesses from four of the silk film groups (0.16, 0.31,

0.58, and 0.61% PEO) (n = 3) were evaluated for feature

size surface area using the ImageJ manual trace tool

(n = 20). Sample means and standard deviations were

calculated. The collected feature sizes were then

log-normalized. Data analysis was performed by one-way

ANOVA and Student t-tests for post hoc comparisons.

Statistical significance was considered for p \ 0.05.

Results and discussion

Film fabrication, surface patterning, and controlled film

thickness

Silk films offer robust mechanical properties and all-aque-

ous materials processing [18]. In addition, the ability to

interface silk with biological systems may allow for their

use in a number of biomedical and environmental applica-

tions. Therefore, a solution casting method was employed

for surface patterning that generated transparent silk optical

devices through a soft-lithographic technique (Fig. 1a) [28].

These films were produced by casting the aqueous silk

solution on patterned hydrophobic PDMS substrates. Neg-

ative molding casts of diffractive grating surfaces were

produced using a PDMS soft-lithography process. These

surfaces possessed 600, 1,200, 2,400, and 3,600 lines/mm

aligned grooved features. Optical mirror surfaces served as

substrates in the process to generate flat surfaces. Silk

solutions were cast on the various PDMS surfaces to pro-

duce silk films with both flat and patterned surfaces (Fig. 1b

and c). AFM was used to characterize each surface (Fig. 1d

and e), and root-mean-square (RMS) values were calculated

to determine surface roughness. Decreased surface feature

size resulted in a decrease in surface roughness, with RMS

values below 1 nm for films cast on flat PDMS molds

prepared from the mirror surfaces.

The low surface roughness for the silk film surfaces

indicated the ability of the fibroin protein to form high

resolution patterned features. Silk fibroin is a structural

protein employed by arthropods for external structures such

as webs and cocoons [47]. The structure of this protein has

been optimized for tight packing into beta sheet crystals to

maximize stability in the environmental as well as

mechanical functions in prey capture or housing [7, 48].

Therefore, the silk protein readily adopts to a geometrical

shape even at the nanoscale, as demonstrated on the flat

silk film surface, due to chain packing and stabilization

during self-assembly (Fig. 1d). Localized RMS values

indicate surface patterning resolution within the single

nanometer range.

Similar surface patterning results were reported using

1-butyl-3-methylimidazolium chloride (BMIC) ionic liquid

solution [34]. However, the present methodology is an all-

aqueous process and does not require methanol for film

formation and stabilization. These features are advanta-

geous for the inclusion of labile molecules, such as

proteins, organisms, and DNA, among others.
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Water-annealing processing may be also be advantageous

for biomedical applications, where residuals from an ionic

liquid solution may be problematic for biological systems

[49]. In addition, the present method for film formation is

accomplished through solvent evaporation, and is highly

controllable for control of film dimensions, morphology,

and structure. The crystalline content of the films can be

controlled using multiple post-casting processes, [17, 18,

24], a feature that is difficult to achieve when methanol is

used to induce beta sheet formation in the films [16].

Silk fibroin film thickness was controlled by varying silk

solution concentration while using a constant PDMS cast-

ing surface area and solution volume. Films as thin as

500 nm and as thick as 40 lm were produced using various

silk solution concentrations. Silk films were water-

annealed to induce the formation of the b-sheet crystalline

structure [18, 24, 25]. Water insoluble transparent silk films

are generated by this process that possess increased

mechanical strength [18, 26].

This casting method provided repeatable silk film cross-

sectional thicknesses based on SEM analysis, and the

measured silk film mean thickness (SD, n = 30) increased

with increasing silk solution concentration (Fig. 2). A lin-

ear curve was fit (R2 = 0.99) to the silk film mean

thicknesses. The results indicate that silk solution con-

centration is the primary contributing factor for thick film

formation using the above casting technique.

Drying effects play a significant role in silk fibroin thin

film formation by inducing b-sheet formation [7]. These

previous results indicated that silk fibroin secondary

structure may play a role in thin film thickness formation.

Such drying effects may impact the non-linear thin film

portion of the fitted curve above (Fig. 2). Such non-linear

effects may be attributed to the fact that increased b-sheet

formation generates a more tightly packed structure

between fibroin molecules [50]. This increased packing

may decrease film thickness formation. Further studies

must be carried to assess this relationship between silk

fibroin secondary structure and thin film thickness.

1.  Cast silk solution on patterned
PDMS surface.

2.  Evaporate solvent.

4.  Mechanically release silk film 
from PDMS surface.

3.  Water-anneal to induce 
β-sheet formation.

(a) (b) (c)

(d) (e)

Fig. 1 (a) Schematic of silk

film soft-lithography casting

methodology in which silk

solution is cast on patterned

PDMS substrates, the silk is

then dried and processed to

induce b-sheet formation, and

then the silk film is

mechanically removed from the

PDMS substrate retaining a

negative image of the casting

surface. Images of silk films

with (b) flat and (c) diffraction

patterned surface, with

respective AFM images of

topography shown below (d, e).

Both surface and cross-sectional

topographic views are shown

with respective RMS values

shown as insets

R2 = 0.9944
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Fig. 2 Cast silk film thickness as a function of fibroin solution

concentration with linear curve fit. Casting volume and casting

surface area were held constant at 100 lL and 14 mm diameter,

respectively. * Indicates statistical significance between adjacent

sample group means (p \ 0.05; error bars = 95% confidence

intervals)
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FTIR characterization of silk film fibroin protein

secondary structure

Spectral deconvolution was used to quantify protein sec-

ondary structure content for each processing condition.

Second derivative analysis of the amide I region of the

FTIR spectrum for untreated and water-annealed condi-

tions was performed using OPUS software (v.5.5, Bruker,

Inc.) to locate spectral signatures. Spectral signatures for

each processing condition were denoted by the lowest

curve peaks corresponding with second derivative analysis

(Fig. 3a and b) [25]. A total of 12 peaks for unprocessed

silk films were detected (Fig. 3a). The presence of the 12

peaks corresponded with previous results from the litera-

ture, indicating the location of the resonance frequencies

for various fibroin secondary structures within the amide I

region [22]. The water-annealed films exhibited a total of

13 peaks with an uncharacteristic peak at 1,654 cm-1

(Fig. 3b). Second-derivative analysis has not been previ-

ously reported for water-annealed silk films; therefore this

peak may be characteristic of this processing method which

falls on the cusp of random coil and a-helical regions for

the silk fibroin [22, 25]. The corresponding silk fibroin

protein secondary structures for the FTIR spectra are

shown in Table 1. The secondary protein structures

consisted of side chains (1,605–1,615 cm-1), b-sheets

(1,619–1,628 and 1,697–1,703 cm-1), random coil

(1,638–1,655 cm-1), a-helix (1,656–1,662 cm-1), and

turns (1,663–1,696 cm-1) [22, 25].

Deconvolution was performed using a 12-peak fitting

process, in which initial fixed peak locations were assigned

to the central region for each of the 12 secondary protein

structure regions as indicated in Table 1 [25]. Side chains

were located at 1,611 cm-1, b-sheets were located at 4

16001610162016301640165016601670168016901700

RMS = 0.0168

16001610162016301640165016601670168016901700

RMS = 0.0266

(c) (d)

Wavenumber (cm-1) Wavenumber (cm-1)

16001610162016301640165016601670168016901700

Wavenumber (cm-1)

(b)

1611

1638

1629

1650

1660

1668

1674

1681
1690

1694

1619
1625

1654

16001610162016301640165016601670168016901700

Wavenumber (cm-1)

(a)

1611

1638

1630

1650

16601670

1674

1682

1690

1697
1618

1626

scβ α rcturn β scβ α rcturn β

awan

Fig. 3 Second derivative analysis of FTIR spectra for (a) untreated

and (b) water-annealed silk films. Protein secondary structure regions

are shown at the top of each spectrum in which side chains locations

are between 1,605 and 1,615 cm-1; b-sheet locations are between

1,616 and 1,637 and 1,697 and 1,703 cm-1; random coil locations are

between 1,638 and 1,655 cm-1; a-helix locations are between 1,656

and 1,662 cm-1; and turn structure locations are between 1,663 and

1,695 cm-1. Deconvoluted FTIR curves for (a) untreated and (b)

water-annealed silk films. The blue curve represents the original FTIR

spectrum, the pink curve represents the spectral fit, and 12 decon-

voluted curves are shown below. The RMS value for each curve fit is

shown as an inset

6972 J Mater Sci (2008) 43:6967–6985

123



positions (1,619, 1,624, 1,630, and 1,698 cm-1), random

coils were located at 1,640 cm-1, a-helix was located at

1,650 and 1,659 cm-1, and turns were located at four

positions (1,666, 1,674, 1,680, and 1,691 cm-1). A

Levenberg–Maquardt function was used for curve fitting

(Fig. 3c and d) [19, 25]. RMS values for the fitted curves

were 0.0168–0.0266 for untreated and water-annealed

films, respectively. The reported RMS error was compa-

rable to other curve fitting methods described in the

literature [19, 22, 25, 43–45, 51]. Throughout the process,

the deconvoluted peak shapes were assumed to be a

Lorentzian distribution as this gave the best fit, and has

been used in previous studies for silk fibroin [19, 22, 25,

43, 44, 51]. Following deconvolution, the respective areas

underneath each component curve were integrated and then

divided by the total area under the amide I region fitted

spectrum to give a normalized percent content value of silk

fibroin secondary structure [19, 22, 25, 43, 44, 51].

Average values of fibroin secondary structure content

are given with their standard deviations (SD) in Table 2.

Curve-fitting procedures may add a level of error to overall

signal detection. Prior to deconvolution, second derivative

analysis indicated the existence of the 12 peaks for each

processing condition. This is an indicator that actual pro-

tein secondary structure spectral signatures were measured

for each processing condition. Results from this method

appeared to give accurate estimates of overall secondary

structure content as indicated by the relatively small sam-

ple SDs. This indicates minimal observed spectrum-to-

spectrum variation between component bands for similar

samples sets (n = 3). Additionally the relatively low RMS

values provide evidence that an acceptable fit was achieved

for the deconvoluted spectra. It should be noted that water-

annealing exhibited a 13th peak, which may be a source for

experimental error during the deconvolution process.

However, water-annealing exhibited the lowest RMS value

amongst groups, which may indicate the associated extra

peak error may be negligible.

The percent content of silk secondary structures was

quantified and then statistically analyzed to draw compar-

isons between different processing conditions (untreated

and water-annealed) for both flat and 1.67 lm and 833 nm

grooved surfaces (0, 600, and 1,200 lines/mm, respec-

tively) (Table 2). b-sheet content increased, with statistical

significance, after water-annealing for all surfaces

(Fig. 4a). This change also corresponded with statistically

significant decrease in turn structure for all samples sur-

faces. Additionally, a-helical content was found to

statistically increase between processing conditions for 0

and 1,200 lines/mm samples. Random coil content did not

statistically change between processing conditions for all

silk film surfaces. These results indicate that water-

annealing methods increase both b-sheet and a-helical

content, which is compensated for by a decrease in turn

structure content. In addition, random coil structures

appear to be minimally affected by the water-annealing

process. Random coil content is substantially decreased

using other silk film processing methods such as MeOH

treatment [16].

Significant differences were also found between silk

film surfaces with similar processed samples (n = 3)

(Fig. 4a). For water-annealed conditions, a decrease in

b-sheet content was observed for 1,200 lines/mm film

surfaces when compared to 600 lines/mm surfaces. These

results correspond with a significant increase in random

coil content for 1,200 lines/mm film surfaces when com-

pared to the 600 lines/mm pattern for water-annealing

conditions. No change in a-helical or turn structure content

Table 1 Vibrational band assignments for the amide I region of silk

fibroin [22, 25]

Wavenumber range (cm-1) Secondary structure assignment

1,605–1,615 (Tyr) side chains/aggregated strands

1,616–1,621 Aggregate b-strand/sheet (weak)a

1,622–1,627 b-Sheets (strong)a

1,628–1,637 b-Sheets (strong)b

1,638–1,646 Random coils/extended chains

1,647–1,655 Random coils

1,656–1,662 a-Helix

1,663–1,670 Turns

1,671–1,685 Turns

1,686–1,695 Turns

1,697–1,703 b-Sheets (weak)a

a Intermolecular b-sheets; b Intramolecular b-sheets

Table 2 Silk secondary content for various untreated and water-annealed film surfaces

Silk secondary structure Non-treated (% content ± SD; n = 3) Water-annealed (% content ± SD; n = 3)

Flat 600 lines/mm 1,200 lines/mm Flat 600 lines/mm 1,200 lines/mm

b-Sheet 11.94 ± 0.27 11.73 ± 0.78 10.20 ± 1.47 19.47 ± 3.65 21.06 ± 0.93 14.74 ± 1.12

Random coil 50.99 ± 1.01 48.67 ± 0.49 51.02 ± 0.94 51.17 ± 3.09 47.64 ± 0.44 53.54 ± 1.91

a-Helix 12.39 ± 0.91 14.64 ± 1.81 12.93 ± 0.71 16.28 ± 1.02 15.86 ± 1.71 16.54 ± 0.91

Turns 24.68 ± 0.46 24.96 ± 2.55 25.86 ± 1.68 13.03 ± 0.53 15.34 ± 1.00 15.18 ± 0.20
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was found for water-annealing conditions between 1,200

and 600 lines/mm surfaces. However, a significant decrease

in turn content was found for the flat silk film surfaces

when compared to patterned silk surfaces. When compar-

ing untreated samples, there was a significant decrease in

random coil content when compared to both flat and the

1,200 lines/mm pattern. No other significant changes in

secondary structure were detected for the untreated sam-

ples. These results demonstrate that the 1,200 lines/mm

surface pattern impacts b-sheet formation to some degree

and stabilizes the random coil structures during the water-

annealing process.

To further explore these phenomenon, water-annealed

silk films with 417 and 278 nm groove patterned surfaces

(2,400 and 3,600 lines/mm) were produced. FTIR spectra

were taken for each sample set (n = 3), and the fibroin

secondary structure components were analyzed using the

above spectral deconvolution method. This experiment was

undertaken to determine how the presence of surface fea-

tures affects b-sheet formation during the water-annealing

process. Statistical comparison between groups indicated

that the 600 lines/mm pattern had greater b-sheet content

when compared to 1,200, 2,400, and 3,600 lines/mm pat-

terns (Fig. 4b). No statistical differences were detected

Fig. 4 Silk fibroin secondary

structure content for various silk

film processing conditions. (a)

Secondary structure content for

untreated and water-annealed

silk films with flat and patterned

(600 and 1,200 lines/mm)

surfaces. Water-annealing

increased both b-sheet and a-

helix content, while

simultaneously decreasing turn

structure content. Statistical

significance indicated by * for

between groups of similar

processing, and ** for between

groups of different processing

(n = 3; p \ 0.05; error

bars = SD). (b) Secondary

structure content for water-

annealed films with varying

surfaces. Surface patterns

greater then 600 lines/mm

influenced b-sheet formation,

while stabilizing random coil

content. Statistical significance

indicated by * (n = 3;

p \ 0.05; error bars = SD)
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between the flat and patterned surfaces. A complimentary

effect was exhibited for random coil structure content, in

that random coil content decreased for the 600 lines/mm

surface pattern when compared to 1,200, 2,400, and 3,600

lines/mm surfaces. No statistical difference was exhibited

between flat and patterned surfaces. No statistical differ-

ences were found for a-helical content, but a significant

increase in content of turn structures was found for 600,

1,200, and 2,400 lines/mm patterned surfaces when com-

pared to flat surfaces.

The above results indicate that patterned surfaces do not

affect the formation of fibroin b-sheet secondary structure

pre-water-annealing, as shown from the deconvolution data

(Fig. 4a). However, the presence of the silk surface pattern

significantly affects b-sheet, random coil, and turn sec-

ondary structure formation within the silk film bulk

(Fig. 4a). Furthermore, the sizes of the patterned features

also exhibit a significant effect on secondary structure

formation post-water-annealing of the silk films (Fig. 4b).

Smaller and denser surface features (1,200, 2,400, and

3,600 lines/mm) decreased b-sheet formation while

simultaneously increasing random coil formation. The

presence of these smaller and denser surface features

inhibited the formation of b-sheets during water-annealing,

while stabilizing the presence of random coil structures.

However, such effects were not present for the 600 lines/

mm patterning, which shows similar secondary structure

content to flat film surfaces. The mechanism responsible

for these effects is currently unclear, although aspects of

surface interactions and/or templating may play a role. The

degree of secondary structure formation may be related to

an increase in surface energy exhibited by the 1,200, 2,400,

and 3,600 lines/mm patterns.

Water-annealing processing has been suggested to allow

relatively slow b-sheet crystal formation, as opposed to

other crystallizing methods such as MeOH treatment,

where rapid dehydration is promoted [18]. Therefore, sur-

face effects on secondary structure formation may become

more apparent with lower rate of secondary structure

transition, as exhibited by water-annealing. Another pos-

sible explanation may be due to silk fibroin high surface

patterning resolution, as demonstrated above. Thus, the silk

fibroin may interact with the 1,200, 2,400, and 3,600 lines/

mm PDMS surfaces in such a way that stabilizes the ran-

dom coil structure while depressing b-sheet formation

throughout the silk film bulk. Again, surface energies and

interactions may play a role here.

At this point it is not understood why the changes in

surface patterning affected protein secondary structure. The

prospect of controlling secondary structure formation

through surface-induced interactions may find functional

use when designing for specified degradation rates or for a

targeted biological surface interaction. However, the extent

to which this feature can be controlled is not clear. Further

experiments using time-resolved spectroscopy techniques

[52, 53] may help to elucidate the kinetics of structure

formation during the water-annealing process, which may

lead to more insight into such secondary structure forma-

tion mechanisms and the role of surface features on this

process.

Silk secondary structure of water-annealed and steam

sterilized films

Sterilization is an important aspect to medical device

design when generating materials for implantation. Steril-

ization methods must meet two criteria: (1) microbial

disinfection of the medical device material and (2)

uncompromised material integrity post-sterilization. Steam

sterilization is a common disinfecting method in both

research and industrial capacities due to ease of processing,

accessibility, and wide acceptance for clinical and research

needs. Steam sterilization would also be a useful method

for sterilizing silk films. The caveat to steam sterilization is

that it subjects a material to 121 �C, saturated humidity,

and 15 psi of pressure. Recent studies exploring tempera-

ture effects on silk films have shown that an increase in

b-sheet content corresponds with increased casting tem-

perature [22, 25]. Similar results have also been observed

for silk hydrogels in which an increased rate in b-sheet

formation has been observed at elevated gelation temper-

atures [19]. It has also been shown that humidity plays a

role in fibroin secondary structure, in which increased

humidity increases secondary structure formation [18, 27,

54]. It is also known that silk materials withstand tem-

peratures above 200 �C without significant change in

structure or modulus.

FTIR spectroscopy was used to determine changes in

silk fibroin protein secondary structure with respect to the

various post-cast processing methods, including water-

annealing, steam sterilization, water-annealing with steam

sterilization, and no post-cast processing. Spectral decon-

volution and statistical comparisons were drawn between

processing groups. Both water-annealing and steam steril-

ization had significant impact on secondary structure,

especially with regard to increased b-sheet content. The

amide I (1,600–1,700 cm-1) and amide II (1,500–

1,600 cm-1) regions for various processed samples are

shown in Fig. 5. Initial examination of the spectral curves

indicates an amide I peak shift after steam sterilization.

Dominant peaks were observed in the amide I region at

1,648 and 1,649 cm-1 for unprocessed and water-annealed

fibroin films, respectively (Fig. 5c and d). Samples steam

sterilized with and without prior water-annealing exhibited

amide I peaks located at 1,622 and 1,623 cm-1, respec-

tively (Fig. 5a and b). Similar shifts in the FTIR amide I
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spectrum have been previously demonstrated with metha-

nol and isothermal heat annealing treatments. Such shifts

indicate increased silk II b-sheet content with a simulta-

neous reduction of silk I structures that give rise to bands in

the range of 1,640–1,660 cm-1 region [16, 22, 25, 43, 44,

55].

A second peak shift in the amide II region of the FTIR

spectrum was also demonstrated after steam sterilization.

Dominant peaks located at 1,541 and 1,543 cm-1 with

unprocessed and water-annealed samples, respectively

(Fig. 5c and d). Steam sterilization samples with and

without water-annealing demonstrated an amide II peak

shift at 1,529 cm-1 (Fig. 5a and b). This peak shift corre-

sponds with increasing b-sheet and reduced silk I structure

[56]. The amide I and amide II peak shifts demonstrate that

steam sterilization increases silk fibroin b-sheet structure

content.

Spectral deconvolution was used to quantify protein

secondary structure for each processing condition. Second

derivative analysis indicated the existence of the 12 peaks

for each processing condition (Fig. 6a and b). Silk film

secondary structure content for each processing method

was determined by deconvoluting the amide I region

(Fig. 6c and d) [19, 25, 43, 45]. Average values of fibroin

secondary structure content are given with their standard

deviations (SD) in Table 3.

The water-annealed samples exhibited higher b-sheet

content when compared to untreated and steam sterilized

samples (Fig. 7). A corresponding statistical difference in

the decrease of random coil structures is also observed for

both steam sterilizing sample groups when compared to

untreated and water-annealed samples. The decrease in

random coil structure was greater for water-annealed

samples with steam sterilization when compared to steam

sterilized samples alone. However, this was not the case

between untreated and water-annealed samples in which a

statistical difference was not observed. A statistical dif-

ference was not observed for a-helical structure content

between steam sterilization processing groups, although

this structure content was significantly less in the steam

sterilized samples when compared to untreated and water-

annealed silk films. However, water-annealed samples

showed a significant increase in a-helix content when

compared to untreated samples. Additionally, turn structure

content was significantly reduced for all processed samples

when compared to untreated samples. No significant dif-

ference in turn structure content was detected between

steam sterilization groups.

The above results indicate that steam sterilization

induces a dramatic increase in total b-sheet content, which

appears similar to previously reported b-sheet content

values for methanol treatment [19, 25]. Amorphous silk I

structure content (i.e., random coil, a-helix, and turn

structures) for steam sterilized groups decreased in pro-

portion to increased b-sheet formation when compared to

untreated samples. However, water-annealing alone did not

show this same relationship when compared to untreated

samples. Random coil content did not decrease signifi-

cantly between water-annealed and untreated silk film

samples, while the a-helical content significantly increased

after water-annealing when compared to untreated samples.

Furthermore, a significant decrease in turn structure was

seen after water-annealing when compared to untreated

films. Therefore, it is likely that increased b-sheet and

a-helical structure content is compensated primarily by

decreased turn content after water-annealing. When com-

paring overall structure content between water-annealed

and untreated films the percent b-sheet and a-helix content

increase corresponds to the percent turn decrease (Fig. 7).

The above comparisons between different silk film

processing conditions provide insight into the mechanism

of b-sheet formation within the silk film matrix. Before

148015001520154015601580160016201640166016801700
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Fig. 5 Comparative FTIR

spectra of amide I (1,600–

1,700 cm-1) and amide II

(1,500–1,600 cm-1) regions for

silk fibroin films produced using

various processing conditions:

(a) water-annealing with steam

sterilization, (b) steam

sterilization, (c) water-

annealing, and (d) no

processing. The y-axis indicates

arbitrary intensity values. Shifts

in the amide I and amide II

regions after post-steam

sterilization result from

increased b-sheet content and

decreased amorphous silk

structures
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processing, the majority of the silk film matrix is composed

of amorphous silk I structures (88%). Upon water-anneal-

ing, there is an 11% decrease in turn structures, with a

corresponding 6% increase in b-sheet and 5% increase in

a-helical structures (Fig. 7). These results indicate that the

turn structure is the first silk I structure to become reduced

in route to silk II transformation [48].

These structural changes may be explained by the

increase of molecular movement of the silk fibroin chains

which is induced by the absorption of water molecules

during the water-annealing process. Silk fibroin has been

shown to possess a decreased glass transition temperature

(Tg) with increasing water absorption.[23, 27]. Dehydrated

silk fibroin possesses a Tg of 178 �C which decreases to

below 40 �C at 75% relative humidity [27]. This sub-

stantial depression in Tg has been attributed to water

molecules behaving as a plasticizer to allow greater inter-

molecular movement between fibroin protein chains [54].

The increased chain movement permits the formation of

more thermodynamically stable secondary structures (i.e.,

b-sheets and a-helices). The increase in a-helical structure

content after water-annealing indicates that this structure

may be an intermediate between silk I and silk II structure

formation. It has been shown that hydrophobic environ-

ments promote a-helix formation [57].

Subjecting the silk fibroin films to elevated temperature,

humidity, and pressure during steam sterilization promotes

b-sheet crystallization. The effect that steam sterilization

exhibits on the formation of the silk fibroin protein sec-

ondary structures has not been reported previously.

Furthermore, it has not been demonstrated how elevated

environmental pressure, as exhibited during steam
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Fig. 6 Second derivative analysis of FTIR spectra for (a) steam

sterilized and (b) water-annealing with steam sterilization silk films.

Protein secondary structure regions are shown at the top of each

spectrum in which side chains locations are between 1,605 and

1,615 cm-1; b-sheet locations are between 1,616 and 1,637 and 1,697

and 1,703 cm-1; random coil locations are between 1,638 and

1,655 cm-1; a-helix locations are between 1,656 and 1,662 cm-1;

and turn structure locations are between 1,663 and 1,695 cm-1.

Deconvoluted FTIR spectra for each silk film processing condition:

(a) steam sterilization and (b) water-annealing with steam steriliza-

tion. The y-axis indicates arbitrary intensity. RMS values for each

curve fit are shown as insets. Original spectrum is shown in black and

fitted curve is denoted in pink. Each of the 12 deconvoluted curve

components is shown underneath
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sterilization, will affect silk fibroin secondary structure. It

has been shown that applied hydrostatic pressure to syn-

thetic polymers increases the elastic modulus by increasing

crystalline structure content [58–60]. Similarly, the b-sheet

crystalline structure appears to be induced to a greater

extent under the pressurized processing of steam steriliza-

tion. After steam sterilization, b-sheet formation

substantially increases to above 50% total silk film content.

This is balanced by the simultaneous decrease in silk I

amorphous structures. The random coil secondary structure

exhibits the largest decrease in structure content with 20%

and 25% reduction for steam sterilized and water-annealed

with steam sterilization groups, respectively, when com-

pared to untreated samples.

There is an approximate 10% reduction in a-helical

content for both steam sterilized groups when compared to

untreated samples. In addition, turn structures exhibit an

approximate 13% decrease in structure content for steam

sterilized groups when compared to untreated samples. The

saturated vapor environment will contribute to decreasing

the Tg of silk fibroin, as shown previously in the litera-

ture.[27, 54] The decreased Tg combined with elevated

temperatures will contribute to increased fibroin chain

movement. In addition, the increased environmental pres-

sure within the sterilization chamber contributes to an

increased rate of fibroin polymer chain interactions. These

factors combined will likely increase the transition rate

from the silk I to the more energetically favorable silk II

Table 3 Individual and total average values for silk fibroin film secondary structure content (n = 3)

Silk secondary

structure

Wavenumber

(cm-1)

% Protein secondary structure content (SD, n = 3)

None Total Water-

annealed

Total Steam

sterilized

Total Combined Total

Side chains 1,611 0.00 0 0.01 ± .01 0 1.40 ± 0.11 1.40 ± 0.1 0.48 ± 0.06 0.48 ± 0.06

b-Sheets 1,619 0.9 ± 0.4 12.0 ± 1.0 2.6 ± 1.1 17.6 ± 2.9 20.6 ± 1.0 54.7 ± 1.2 13.4 ± 2.0 58.3 ± 1.1

1,624 1.5 ± 0.1 3.3 ± 0.3 10.2 ± 1.1 21.1 ± 1.3

1,630 9.4 ± 1.2 11.5 ± 2.5 22.4 ± 0.2 23.1 ± 0.9

1,698 0.2 ± 0.1 0.2 ± 0.4 1.5 ± 0.2 0.8 ± 0.2

Random coil 1,640 24.3 ± 0.4 50.8 ± 1.7 16.6 ± 0.9 50.0 ± 3.6 16.9 ± 1.4 29.7 ± 1.2 6.1 ± 1.8 23.4 ± 0.8

1,650 26.6 ± 1.7 33.5 ± 3.5 12.7 ± 1.0 17.4 ± 2.5

a-Helix 1,659 17.2 ± 2.6 17.2 ± 2.6 23.4 ± 2.4 23.4 ± 2.4 7.3 ± 0.9 7.3 ± 0.9 10.0 ± 2.2 10.0 ± 2.2

Turns 1,666 7.8 ± 1.1 20.0 ± 2.5 2.1 ± 0.5 9.0 ± 1.6 2.4 ± 0.3 6.9 ± 1.0 0.9 ± 0.3 7.8 ± 1.1

1,674 4.9 ± 1.6 4.2 ± 0.2 2.5 ± 0.6 5.2 ± 1.4

1,680 4.9 ± 0.4 1.7 ± 1.2 0.8 ± 0.2 0.2 ± 0.1

1,691 2.5 ± 0.2 1.0 ± 0.4 1.3 ± 0.5 1.6 ± 0.1
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state, thereby promoting more b-sheet formation. This is

demonstrated by the large increase in b-sheet content for

both steam sterilization groups (Fig. 7). The reduction of

a-helical structure content for both steam sterilization

groups is an expected outcome due to the fact that this

structure is less energetically favorable then the b-sheet

structure. Although a-helical structures increased during

water-annealing with the increasing hydrophobic environ-

ment, the additional energy input from both the elevated

temperature and atmospheric pressure would make the b-

sheet conformation more favorable. These results infer

further that the a-helical structure may act as a b-sheet

intermediate within the silk film bulk.

When the various structure signals were separated and

statistically compared, differences between means were

seen to exist between the different chemical signal reso-

nances for the different protein secondary structures of

different processing conditions. For unprocessed and

water-annealed fibroin film samples, the only statistical

increase in b-sheet content was seen at 1,624 cm-1, which

is a strong spectral signature for intermolecular b-sheet

formation (Fig. 8a) [22, 25]. These results suggest that

water-annealing promotes intermolecular b-sheet forma-

tion. In addition, random coil signatures statistically

decreased at 1,640 cm-1 but statistically increased at

1,650 cm-1. The increase in random coil content at

1,650 cm-1 may be more representative of increased

a-helical content due to the close signal spectral signatures

of these two structures, which are commonly combined as

silk I in other studies [7, 16, 19, 56]. The various turn

structure resonances were also significantly affected by

water-annealing. Decreased turn content was seen at 1,666,

1,680, and 1,691 cm-1 for water-annealed samples when

compared to unprocessed samples (Fig. 8e). Thus, turn

structure seems to be uniformly decreased upon water-

annealing.

For steam sterilized samples, b-sheet spectral signatures

varied between steam sterilization groups (Fig. 8b). These
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Fig. 8 Comparative silk fibroin protein secondary structure spectral

frequencies for different processing methods. Respective comparisons
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sample groups (* indicates p \ 0.05, n = 3, and error bars = SD)
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results indicate that the aggregate b-strand signal

(1,619 cm-1) significantly decreased for water-annealed

films with steam sterilization when compared to steam

sterilized films alone. Additionally, the spectral signature

for intermolecular b-sheet associations (1,624 cm-1) sta-

tistically increased for water-annealed films with steam

sterilization when compared to steam sterilized films.

These results indicate that increased intermolecular b-sheet

association occurs for water-annealing with steam sterili-

zation treatment when compared to steam sterilization

treatment alone. This effect appears to be derived from the

water-annealing treatment. This is indicated by the similar

results found when comparing water-annealed to unpro-

cessed films.

The spectral signatures for the random coil structures for

both steam sterilized samples draw similarities from their

non-sterilized counterparts (Fig. 8d). Water-annealing with

steam sterilization shows a significant decrease in the

1,640 cm-1 band and a significant increase in the

1,650 cm-1 band when compared to steam sterilized

samples. As in the untreated and water-annealed samples

the increase at 1,650 cm-1 may be due to increased

a-helical content. Changes are also apparent for b-turn

secondary structures in that significant decreases are seen

at both the 1,666 and 1,680 cm-1 bands. Such decreases

were also found when comparing untreated to water-

annealed samples. In addition, there was a significant

increase observed at the 1,674 cm-1 band. This band has

historically been contributed to either turn or b-sheet

spectral signatures depending on the cited study [21, 22,

25, 51]. However, in this study, the 1,674 cm-1 band sig-

nature showed a statistical increase with both water-

annealing and steam sterilization treatment, which may

indicate that this band is an indicator for b-sheet signal. A

schematic summarizing the proposed silk fibroin protein

secondary structure changes during the different processing

modalities are presented in Fig. 9.

Control of silk film surface feature size/density by PEO

addition

The addition of PEO to silk solutions induces a phase

separation [17, 24]. In the present study, PEO and silk

solutions were cast on PDMS surfaces, were allowed to

dry, were water-annealed, and then were left to sit within a

water bath for 24 h in ambient conditions. SEM imaging

revealed changes in surface topography depending on PEO

concentration (Fig. 10). Surface features were formed after

PEO leaching in a water bath for 24 h [17]. Following this

incubation period, void structures were formed within the
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- Intermolecular interactions

• Decrease:
- Random coil 

Fig. 9 Schematic diagram illustrating the silk protein secondary

structural changes exhibited during water-annealing and steam

sterilization processing. Arrow indicates changed structure post-

processing. A comparison is shown between steam sterilization with

and without prior water-annealing (gray arrow). Denoted increases

and decreases refer to water-annealed with steam sterilized processing

as compared to steam sterilization processing alone
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silk film biopolymer matrix. This morphological feature

was due to the PEO phase being highly water soluble when

compared to the insoluble water-annealed silk fibroin

matrix [18]. Additionally, silk films cast with surface pat-

terned features maintained their grooved structures on all

film surfaces, although the surface pattern was increasingly

disrupted with increasing PEO concentration (Fig. 10a–f).

At 0.05 wt./vol.% PEO, porous void features were present

on the film surface (Fig. 10b). All other PEO concentra-

tions formed globule-like surface features that

corresponded with previously demonstrated silk fibroin

assemblies (Fig. 10c–f) [17, 24]. Control films containing

no PEO exhibited an absence of defined surface feature

formation (Fig. 10a).

Upon closer investigation of the 0.05% PEO pore

forming concentration, it was apparent that pore formation

exhibited a different morphology than the fibroin aggre-

gates. The porous features were void structures within the

film matrix (Fig. 10b). These porous features were likely

formed from PEO aggregates that solubilized during the

incubation in the water bath. It has been previously shown

that PEO will form globules in solution in the presence of

other macromolecules [61, 62], such as silk fibroin which is

approximately 390 kDa [2]. SEM imaging of the 0.05%

PEO silk film surfaces revealed pore sizes between 0.3 and

58.0 lm2 (Table 4).

PEO concentrations above 0.05% did not demonstrate

these porous void features on the silk film surfaces, and

were replaced by various sized silk fibroin globules ranging

from 0.60 to 458 lm2 (Fig. 10c–f; Table 4). The lack of

porous features indicates that with increased PEO con-

centration a continuous phase separation occurred

throughout the solution as opposed to globular aggregates.

PEO concentration also influenced the overall percent silk

film surface area occupied by feature formation (Fig. 11a).

Below 0.20% PEO concentration surface features were not

present over the entire film surface. Lack of uniform dis-

persion was indicated by the presence of continuous fibroin

phases (or large globules) interspaced by regions consisting

of smaller fibroin globules (Fig. 11c and d). The continu-

ous fibroin surface area decreased in size with increasing

PEO concentration, with a corresponding increase in small

fibroin globule surface area (Fig. 11a). At concentrations of

0.20% PEO and above, the entire surface of the silk film

was composed of uniformly sized fibroin globules.

Increasing PEO concentration beyond 0.20% further

reduced the relative surface area of the fibroin globules.

These data indicate that the PEO molecules were not

capable of uniform dispersion throughout the aqueous

phase below a 0.20% concentration during film casting.

Silk film casting interfaces (PDMS and air) resulted in

similar feature formation (Fig. 11). ANOVA was per-

formed followed by post hoc Student t-tests between

different interface group means, and between the means of

different group sample sets of similar interfaces. Signifi-

cant differences in total percent area coverage by surface

features were observed between the 0.05% PEO feature

formation for different casting interfaces and between all

different concentration sample sets (Fig. 11a). Uniform

dispersion of PEO within 1% silk fibroin solution was

found to occur between 0.15% and 0.20% concentrations

for both casting interfaces. This was indicated by complete

surface coverage with uniformly sized fibroin globules

being reached at 0.20% PEO concentration. Significant

differences existed between surface feature size means

between the two casting interfaces for all PEO

Fig. 10 Surfaces of cast silk/

PEO films for various PEO

concentrations (as indicated by

inset) post-24 h water bath

incubation. PDMS and air

casting surfaces are indicated by

inset. (a) No features were

formed for the 0% PEO

concentration, (b) porous void

features were formed for the

0.05% PEO concentration,

while (c–f) globule features

were formed for 0.10% and

above PEO concentrations
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concentrations (Fig. 11a). These results indicate that con-

trol over surface feature size may also be regulated through

interfacial interactions.

Statistically significant differences were also found

between the means for all PDMS interface PEO

concentrations, indicating that PEO concentration may be

selected to produce desired feature sizes (Fig. 11b). For air

interface interactions, statistical differences between mean

surface areas were found to exist between all PEO con-

centrations except when comparing 0.10% to both 0.05 and

0.15% PEO concentration feature sizes (Fig. 11b). These

results suggest that a potential minimum to fibroin globule

feature size formation may exist for dilute PEO concen-

trations. It is still unclear whether such a minimum exists

for pore formation. The above results demonstrate how silk

film surface feature morphology, size, and distribution may

be controlled by varying PEO concentration within 1% silk

solutions. The various feature sizes and accompanying

statistical data are summarized in Table 4.

Control of cross-sectional silk film globule size by PEO

addition

Silk film samples of approximately 20 lm thickness and

varying PEO concentrations were flash frozen in liquid

nitrogen and cracked in half using a razor edge. These

samples were then imaged under SEM to inspect cross-

sectional fibroin globule size. It was found that these

globules existed throughout the silk film’s cross section

(Fig. 12b and c). Control films that did not contain PEO

exhibited no globule formation within their cross-sectional

area (data not shown). It was observed that with increasing

PEO concentration cross-sectional globule size decreased.

Statistical analysis was performed across groups using

ANOVA and post hoc Student t-tests to compare globule

surface area. Statistical difference between mean globule

surface areas existed between 0.16% and 0.31%, and

between 0.58% and 0.61% PEO concentrations (Fig. 12a).

Doubling PEO concentration from 0.16% to 0.32% pro-

duced a threefold decrease in mean globule surface area

from 6 to 2 lm2. However, a subsequent doubling in

concentration from 0.31% to 0.61% exhibited only a two-

fold decrease in mean globule surface area from 2 to

Table 4 Silk/PEO film surface feature size statistics for both casting interfaces

PEO (%) Interface Mean (lm2) Standard deviation (±lm2) 95.0% C.I. (±lm2) Median (lm2) Range (lm2)

0.05 PDMS 8.63 13.05 3.00 2.70 57.70

0.05 Air 17.93 18.00 4.14 10.70 78.10

0.10 PDMS 7.85 4.45 1.02 6.80 25.90

0.10 Air 11.39 7.87 1.81 9.70 41.60

0.15 PDMS 27.96 28.20 6.49 22.70 175.20

0.15 Air 10.69 10.24 2.36 7.60 56.10

0.20 PDMS 186.42 105.18 24.20 160.80 419.80

0.20 Air 125.11 65.83 15.15 106.10 281.00

0.25 PDMS 86.48 62.17 14.30 66.40 241.40

0.25 Air 44.94 32.26 7.42 35.40 171.00
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Fig. 11 (a) Total surface area of silk/PEO film occupied by surface

features for various PEO concentrations. Total film surface area

occupied by features increased with increasing PEO concentration.

* Indicates statistical difference between different casting interfaces

(n = 3; p \ 0.05); � and � indicate statistical differences between

sample sets of similar casting interfaces (p \ 0.05). (b) Surface

feature area size is modulated by PEO concentration. * Indicates

statistically significant difference between means of casting interface

groups; #, �, and � indicate statistically significant differences

between means of PEO concentrations within similar casting interface

groups (n = 75; p \ 0.05; error bars = SD)
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1 lm2. These results indicate that increasing PEO con-

centration has less impact on decreasing fibroin globule

size within the cross-sectional area. However, the standard

deviation between the sample sets decreased with

increasing PEO concentration. This is best exhibited by a

fourfold increase in standard deviation for 0.16% PEO

concentration when compared to 0.31% PEO concentra-

tion, and a near 10-fold increase for 0.16% PEO when

compared to 0.61% (Fig. 12a). These results indicate that

increasing PEO concentration produced increased unifor-

mity of silk fibroin globules within the silk film cross

section. These results agree with silk film surface feature

observations, in which large disparities existed between

fibroin globule sizes for 0.15% PEO, while more uniform

globule sizes formed with increased PEO concentrations.

Conclusions

Films are a relatively simple 2D structural form generated

from silk fibroin solution. However, their structural prop-

erties may be fine-tuned to provide predictive biomaterial

characteristics [16, 18]. The results from this study dem-

onstrate that control over silk film surface features,

thickness, and bulk structure pores can be controlled by

predictive inputs such as silk or PEO concentration. The

straightforward production techniques for producing these

films allows for consistent processing between batches

[17]. Silk film thicknesses were found to be consistent over

a 500 nm to 50 lm range. Silk film surface feature mor-

phology, size, and distribution can be controlled using soft

lithography surface patterning or by adjusting dilute PEO

concentrations [17]. Regarding PEO additions, surface

morphologies may be altered between pore or globule

formation depending on the PEO concentration within 1%

silk fibroin solution. As a result, both porous and globular

surfaces may be produced using the same basic processing

technique.

Silk film biomaterials have potential applicability for a

variety of optical and regenerative medicine applications.

Transparent and water insoluble silk films can be produced

using water-annealing methods [18]. FTIR analysis of silk

fibroin secondary structure content after water-annealing

indicates that b-sheet secondary structure content increases

with proportional decreases in silk I turn structures. The

data indicate that water-annealing provides increased

b-sheet content within the bulk film structure. In addition,

an increase in a-helix structure content was discovered

after water-annealing. This effect may be attributed to the

increased hydrophobicity of the surrounding environment

with increasing b-sheet composition [57]. These results

support previous reports that indicated water-annealing

promotes b-sheet formation [18, 29]. Water-annealing

processing demonstrates how b-sheet content can be

modified pending processing condition. Steam sterilization

after water-annealing provided an additive effect for

inducing b-sheet formation, with corresponding decreases

in a-helix content.

The availability of tailored surface features allows for

increased design options when using these silk film bioma-

terials. The added benefit of control of feature size allows for

defined production of surfaces that may provide bioactive

stimulus to biological systems, as has been reported for other

systems. Also, differences exhibited between PDMS and air

interfaces allows for the modification of the interface envi-

ronment to control feature formation. Cross-sectional

variability between fibroin globule sizes is largely dictated

by PEO concentration. Increasing PEO concentration

decreases mean globule surface area while simultaneously

increasing globule surface area uniformity. In addition, the

effect on decreasing globule size is lessened with increasing

PEO concentration. The above results indicate that both

surface and bulk feature morphologies may be controlled by

adjusting PEO concentration.

The range of available silk film thicknesses allows these

biomaterials to be tailored for a selected biological system
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from the cellular to organ level. Surface features may be

modified to provide bioactive surface signaling to seeded

cells to elicit biological outcomes such as cell proliferation,

attachment, and motility [32, 38, 40, 41, 63, 64]. Porous

silk films could potentially be used in co-cultures studies to

separate cell types, but allow for intercellular signaling

factors to penetrate between layers and elicit desired cell

responses. In addition, potential applications for drug

delivery could be explored, along with studies to charac-

terize how biodegradation rates and byproducts are altered

with the changes in morphological and structural features

reported here.

The range of control over silk film properties teamed

with scalable processing techniques offers an expanded set

of options for biomaterial design and application. Future

studies are needed to define diffusion characteristics and

biological responses to the range of surface feature for-

mations. In addition, further studies into the elicited

biological response from these silk films will provide more

insight into the full utility of these biomaterials. The

combined tool set for controlling silk film geometry and

bulk structure will provide a foundation for further devel-

opment of novel silk film biomaterial devices.
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