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Abstract

The goal of this study was to determine the impact of silk biomaterial structure (e.g., solution, 

hydrogel, film) on proteolytic susceptibility. In vitro enzymatic degradation of silk fibroin 

hydrogels and films was studied using a variety of proteases, including proteinase K, protease 

XIV, α-chymotrypsin, collagenase, matrix metalloproteinase-1 (MMP-1) and MMP-2. Hydrogels 

were used to assess bulk degradation while films were used to assess surface degradation. Weight 

loss, secondary structure determined by Fourier Transform Infrared (FT-IR) spectroscopy and 

degradation products analyzed via sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) were used to evaluate degradation through five days. Silk films were significantly 

degraded by proteinase K, while silk hydrogels were degraded more extensively by protease XIV 

and proteinase K. Collagenase preferentially degraded the β-sheet content in hydrogels while 

protease XIV and α-chymotrypsin degraded the amorphous structures. MMP-1 and MMP-2 

degraded silk fibroin in solution resulting in a decrease in peptide fragment sizes over time. The 

link between primary sequence mapping with protease susceptibility provides insight into the role 

of secondary structure in impacting proteolytic access by comparing solution vs. solid state 

proteolytic susceptibility.
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1. Introduction

Silk secreted from Bombyx mori silkworms has emerged as a useful protein polymer due to 

its biodegradability and utility in biomaterials for regenerative medicine and drug delivery 

[1–4]. B. mori silk is comprised of a number of proteins: fibroin (heavy chain, light chain 

and P25), the key structural components, and sericin, the glue-like outer layer that coats 

fibroin during fiber spinning and formation of cocoons [5]. The fibroin heavy chain can be 

© 2014 Elsevier Ltd. All rights reserved.
*Author to whom correspondence should be addressed; david.kaplan@tufts.edu Tel.: +1-617-627-3251; Fax: +1-617-627-3231. 

Conflicts of Interest
The authors declare no conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Acta Biomater. Author manuscript; available in PMC 2016 January 01.

Published in final edited form as:
Acta Biomater. 2015 January 1; 11: 212–221. doi:10.1016/j.actbio.2014.09.013.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



divided into four different regions based on amino acid chemistry and sequence: the N-

terminus, C-terminus, 11 spacer regions, and 12 large repeat bulk domains. The N-terminus, 

C-terminus and 11 spacer regions are hydrophilic and form the non-repetitive, amorphous 

regions of the assembled proteins. The 12 large bulk domains are hydrophobic and 

predominantly consist of the repeating hexapeptides GAGAGS and GAGAGY [6], which 

form the dominating crystalline β-sheet regions responsible for the strength and stability of 

silk biomaterials [7].

Silk fibroin can be formed into a variety of different biomaterials, such as hydrogels, 

sponges or films [8]. Hydrogels are water insoluble networks of polymer chains, and can be 

comprised of a number of synthetic (e.g. polyethylene glycol or polyvinyl alcohol) or 

naturally derived (e.g. collagen or hyaluronic acid) polymers [9]. To fully utilize a hydrogel 

in a biomedical context, an understanding of the degradation process is essential to 

determine the utility of the material for specific medical needs. For example, natural 

polymers, such as collagen and hyaluronic acid, have been used as filler materials for soft 

tissue augmentation. These materials work well as short term cosmetic fillers, but exhibit 

low volume persistence due to the presence of endogenous enzymes in the body [10]. An 

understanding of the enzyme kinetics associated with these materials is important in order to 

design crosslinking agents that inhibit their degradation and prolong their volume retention 

in the body [11,12].

Although silk fibers are defined by the US Pharmacopeia (USP) as non-degradable materials 

because they retain tensile integrity (>50%) after 60 days in vivo [13], recent studies have 

demonstrated biodegradation of silk fibroin when prepared without waxes and coatings, and 

with tunability of β-sheet (crystalline) content via augmentation of processing conditions 

[8,14–19]. Several silk fibroin degradation studies investigating porous sheets, yarns, 

powders and films have demonstrated a role for proteases (including protease XIV, α-

chymotrypsin and collagenase) in the degradation process [20,21]. In addition, we have 

recently reported studies of silk fibroin degradation [16,22] which provide the foundation for 

the additional study of the process with other proteases, including matrix metalloproteinases. 

The results of these studies on fibers and films suggest that silk degrades via surface erosion, 

with little bulk degradation observed.

Matrix metalloproteinases (MMPs) are a family of naturally occurring enzymes that degrade 

extracellular matrix (ECM) proteins [23]. In their natural environment, they contribute to a 

range of physiological mechanisms useful in cell and blood vessel growth, cell death, 

reproduction and embryonic development, as well as tissue remodeling and wound healing 

[24]. MMPs are classified into different classes (i.e. collagenases, gelatinases, stromelysins) 

based on their in vitro substrate specificity [23]. Within each class, MMPs recognize specific 

peptide sequences common to that substrate. Some of these known recognition sequences 

are found within the amino acid profile of the silk fibroin heavy chain. Therefore, we would 

predict that MMPs would degrade silk fibroin materials. Understanding how MMPs interact 

with silk fibroin hydrogels and films will provide insight into silk biomaterials related to 

degradation in vitro and in vivo [25]. In the current work, the degradation of silk fibroin 

using both proteases and MMPs was studied, with a focus on how material format impacts 

access to proteolysis. The proteolytic degradation of silk fibroin materials was characterized 
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using two types of enzymes: serine proteases (proteinase K, protease XIV, α-chymotrypsin 

and collagenase) and MMP’s (MMP-1, interstitial collagenase, and MMP-2, gelatinase A). 

Additionally, we sought to assess bulk degradation of silk through the use of hydrogels, due 

to the open porous structure which promotes transport and access of the enzymes throughout 

the material, in comparison to films where such access is limited. It was hypothesized that 

hydrogels would provide a useful biomaterial format to define the differences in surface 

versus bulk enzymatic degradation processes, while films would emphasize differences in 

silk proteolytic susceptibility with respect to surface erosion. Together, the findings provide 

a foundation towards predictive outcomes when these biomaterials are used in vivo.

2. Experimental Section

2.1 Silk Fibroin Solution

Silk fibroin solution was prepared as we have previously described [26]. Briefly, 30 grams 

of cocoons from B. mori silkworms were cut into fragments and boiled for 20 minutes in an 

aqueous solution of 0.04M Na2CO3 to remove the sericin coating from the fibroin fibers. 

Cocoons were then washed in deionized water to further remove sericin and Na2CO3. 

Remaining silk fibroin was left to dry overnight in a flow-hood. Next, the extracted silk 

fibroin was dissolved in a 9.3 M LiBr solution for 4 hours in a 60°C oven in order to 

breakdown and solubilize the protein in water, yielding a 20% (w/v) solution. This solution 

was dialyzed in 3,500 Da cut-off dialysis tubing for three days to remove LiBr. The final 

concentration of the silk fibroin solution generated was diluted to approximately 3% (w/v) 

and contained silk fibroin heavy chain, light chain and P25 proteins. The silk solution was 

not tested for active endogenous proteases or protease inhibitors remaining from the native 

silk cocoon. However, if present they would be in all the materials and accounted for in the 

control samples.

2.2 Preparation of Silk Hydrogels

Silk fibroin solution was sonicated with a Branson 450 Sonifier (Branson Ultrasonics, 

Danbury, CT, USA), consisting of the Model 450 power supply, converter, externally 

threaded disruptor horn, and 1/8″ (3.175 mm) diameter-tapered microtip, at 20% of the 

maximum amplitude for 5 seconds. Sonication physically induces β-sheet crosslinks via 

alteration in hydrophobic hydration of the protein chains and accelerated sol-gel transitions, 

as we have previously reported [15]. After sonication, 75 μL aliquots of solution were cast 

onto 4 mm diameter PDMS discs and allowed to sit on the bench-top overnight.

2.3 Preparation of Silk Films

A 75 μL aliquot of silk fibroin solution was cast onto a 4 mm diameter PDMS disc and 

allowed to sit at room temperature overnight. These films were water annealed by placing 

them inside a vacuum chamber containing a small water reservoir and pulling an 80 kPa 

vacuum for 1 hour. We have previously shown that water annealing increases the β-sheet 

content of the silk films and therefore makes them water insoluble [27]. Films were removed 

from the vacuum chamber and allowed to air dry for 12 hours on the bench-top.
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2.4 Preparation of Enzymes

Proteinase K from Engyodontium album (specific activity: ≥30 units/mg protein), protease 

XIV from Streptomyces griseus (specific activity: ≥3.5 units/mg protein), α-chymotrypsin 

from bovine pancreas (specific activity: ≥40 units/mg protein) and collagenase from 

Clostridium histolyticum (specific activity: >125 collagen digestion units/mg solid) were all 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Solutions of proteinase K, protease 

XIV, α-chymotrypsin and collagenase were freshly prepared by dissolving the enzyme 

powder in deionized water. An Amplite™ Universal Fluorimetric Protease Activity Assay 

kit (AAT Bioquest®, Inc., Sunnyvale, CA) was used to normalize digestion rate. From the 

derived data, enzyme concentration was determined based on equal enzymatic activity (160 

RFU/min), proteinase K: 1.8 units/mL; protease XIV: 0.1 units/mL; α-chymotrypsin: 12 

units/mL; collagenase: 75 units/mL.

MMP-1 (interstitial collagenase, E. coli expressed, ≥700 units/μg protein) and MMP-2 

(gelatinase A, yeast expressed, ≥25 units/μg protein) were purchased from Enzo Life 

Sciences (Farmingdale, NY). MMP-1 and MMP-2 were reconstituted in assay buffer (50 

mM HEPES, 10 mM CaCl2, 0.05% Brij-35, pH 7.5) and preliminary studies determined that 

concentrations of 8,750 units MMP-1/mL and 313 units MMP-2/mL were necessary to 

detect degradation of silk materials.

2.5 Degradation of Silk Materials by Serine Proteases and MMP’s

Silk fibroin hydrogels and films were removed from the PDMS discs and incubated in 

deionized water for 24 hours to leach out soluble peptides. Materials were then immersed in 

40 μL of enzyme solution (or deionized water for control) and incubated at 37°C. Enzyme 

solution was removed and replaced with fresh enzyme once every 24 hours for up to 5 days. 

After removal, enzyme solution was heated to 100°C for 15 minutes to denature the 

enzymes per manufacturer’s instructions and stored at −80°C until analysis. At each time 

point, one set of silk materials was removed from incubation and washed with deionized 

water for 48 hours, with water changes every 12 hours, to remove adsorbed protein. 

Materials were then dried in an airflow hood for 3 days and stored dry at room temperature 

until analysis.

Silk films were also treated with EDTA inhibited MMP for 48 hours. For inhibition of 

MMP, EDTA at 10 mM was added to a 40 μL solution of MMP in assay buffer and 

incubated at 37°C for one hour. Films were placed in solutions of inhibited MMP enzyme 

and incubated at 37°C for 48 hours with refreshment at 24 hours. Films and supernatant 

were removed at the end of the study and analyzed for degradation.

To ascertain the effects of MMP degradation on aqueous silk fibroin proteins, a silk fibroin 

solution was diluted to 3% (w/v) and split into 50 μL aliquots. 350 units of MMP-1 or 12.5 

units of MMP-2 were added to its appropriate treatment group and allowed to react for 6, 24 

and 72 hours at 37°C. Enzyme was refreshed only once at 36 hours for appropriate groups. 

After treatment, samples were incubated at 100°C for 15 minutes to denature the enzymes 

and then stored at −80°C until analysis.
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2.6 Analytical Techniques

After treatment of silk fibroin materials with enzyme, films, hydrogels and their 

supernatants were collected and analyzed for degradation. Weight loss was used for 

detecting degradation products and determining degradation rate. Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was used to separate the degradation 

products and estimate molar mass of the degradation products. Secondary structure of the 

degraded silk materials was studied via Fourier Transform Infrared (FT-IR) spectroscopy. 

Light microscopy and scanning electron microscopy (SEM) were used to observe physical 

changes in film topography. Based on initial studies, measurements were taken at time 

points 1, 3 and 5 days for FT-IR as they were sufficient to determine trends in the data. Time 

points were measured daily for weight loss and SDS-PAGE because the additional data was 

needed to determine when the degradation of materials by different enzymes became 

significantly different.

2.6.1 Weight Loss—After drying, samples were weighted and percent weight loss was 

calculated by comparing each group to the control. Treatment of silk films with MMP’s 

resulted in aggregates forming on the surface of the films. To analyze these aggregates and 

to study the underlying topography of the films, a probe sonicator (Branson Ultrasonics, 

Danbury, CT, USA) was used to physically desorb the aggregates from the surface of the 

films after 48 and 120 hours. Treated films were placed in Eppendorf tubes containing 500 

μL of deionized water, and sonication was performed at 20% of the max amplitude for 10 

seconds. Films were then removed, and the supernatant containing deionized water and 

aggregate proteins was lyophilized, centrifuged at 4000 g for 5 minutes, and reconstituted in 

100 μL deionized water before being analyzed.

2.6.2 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)—A bicinchoninic acid (BCA) protein assay kit (Thermo Scientific, Rockford, IL, 

USA) was used per manufacturer’s protocol to approximate equal protein loading between 

samples within a particular group. Samples were reduced with NuPAGE® lithium dodecyl 

sulfate (LDS) 4X sample buffer and NuPAGE ® Sample Reducing Agent (Invitrogen, 

Carlsbad, CA) at 80°C for 15 minutes, then loaded onto NuPAGE® 4–12% Bis-Tris gels in 

1X MES running buffer (Invitrogen, Carlsbad, CA). SeeBlue® Pre-stained standards 

(Invitrogen, Carlsbad, CA) were run as the molecular weight markers from 3 to 188 kDa. An 

Invitrogen SilverXpress Silver Staining Kit (Invitrogen, Carlsbad, CA) was used to stain 

gels, and images were captured with a digital camera. Peptide molecular weight distribution 

was quantified using densitometric analysis along the length of the gel (ImageJ, NIH, 

Bethesda, MD).

2.6.3 Fourier Transform Infrared Spectroscopy (FT-IR)—Materials were 

extensively dried for 3 days in an air-flow hood to minimize the contribution of a water peak 

during FT-IR analysis [28,29]. For analysis of liberated surface aggregates, particles were 

resuspended in deuterium oxide and allowed to equilibrate for 24 hours before analysis [29]. 

Silk materials were analyzed via a JASCO FT-IR 6200 spectrometer (JASCO, Tokyo, 

Japan) combined with a MIRacle ™ attenuated total reflection (ATR) germanium crystal. 

Background measurements were recorded before sample reading and subtracted from the 
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sample spectrum. For each measurement, spectral scans were run from 1550 to 1750 cm−1 at 

a resolution of 2 cm−1 for 32 scans per sample. Five samples were measured for each group, 

and each film or hydrogel was measured only once because samples were not recoverable 

after a single measurement.

Secondary structure was evaluated as in Hu et al. [30] Briefly, Fourier self-deconvolution 

(FSD) of the FT-IR spectra covering the amide I region (1590 –1710 cm−1) was performed 

using Opus 5.0 software. Spectra were deconvoluted using a Lorentzian line shape, a half-

bandwidth between 25 and 26 cm−1, a noise reduction factor of 0.3, and apodization with a 

Blackman-Harris function. A baseline correction for the deconvoluted amide I region was 

subtracted before curve fitting. For curve fitting, Gaussian line shape profiles were input at 

positions (in cm−1) that correlated to the second derivative of the original spectra, and the 

input for peak width was kept constant at the software’s default value of 6 cm−1 for all 

peaks. Eleven fitted bands were chosen to define the secondary structure of the amide I. 

Assignments for each band were based off those made in Hu et al. (SUPPLEMENTAL 

FIGURE S1). Relative areas of the single bands were used to determine the fraction of the 

structural element. We assumed that the extinction coefficient was the same for each 

secondary structural component [30], and that any changes in the amide I absorptivity due to 

hydration of water (either within the materials or from the atmosphere) affected all 

secondary structure elements equally [31]. Reproducibility of the measurements was 

compared to that discussed in Hu et al. [30]

2.7 Statistics

Data are expressed as mean ± standard deviation with N = 5. One-way analysis of variance 

(ANOVA) and Tukey post-hoc analysis were used to determine statistical significance. 

Significance was accepted at the p < 0.05 level, and indicated in figures as * = p < 0.05, ┼ 

= p < 0.01, ╪ = p < 0.001.

3. Results

3.1. Quantitative Analysis

For silk fibroin films, proteinase K exhibited the most extensive degradation after 120 hours 

(FIGURE 1A, SUPPLEMENTAL TABLE S1). Silk fibroin hydrogels were degraded most 

by both protease XIV and proteinase K, but mass loss by protease XIV was significantly 

greater than proteinase K up to 72 hours (FIGURE 1B). From 72 to 120 hours, there was no 

significant difference between silk film mass losses due to protease XIV, α-chymotrypsin 

and collagenase, however, mass loss by protease XIV was significantly less than α-

chymotrypsin and collagenase before 48 hours.

3.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)

Background controls for each group were enzyme solutions without silk materials incubated 

at 37°C for 24 hours, and controls for silk materials were incubated in deionized water 

(FIGURE 2A). The supernatant of silk films contained soluble protein fragments with a 

molecular weight of approximately 14 kDa on day 1. These fragments were detectable up to 

day 3, after which there were no detectable fragments. No light chain or P25 (both ~25 kDa) 
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bands were detected at any time point. Silk hydrogels also showed a strong band at 14 kDa 

on day 1, along with a smear of proteins ranging from 20 to 38 kDa. The intensity of the 

smear and 14 kDa band diminished over 3 days and were no longer detectable at days 4 and 

5.

Degradation products from proteinase K treated films appeared with defined bands between 

3–14 kDa on day 1, with a distinct band at 14 kDa. From days 2–5, these defined bands 

gradually become a smear of proteins between 3–14 kDa, and the band at 14 kDa was no 

longer detectable after day 3. Hydrogels treated with proteinase K showed a smear between 

3–28 kDa which increased in intensity after each day of incubation (FIGURE 2B). 

Supernatant from silk films incubated with protease XIV did not contain detectable silk 

bands at day 1 and 2. A strong band at 45 kDa and several bands between 55–66 kDa were 

detectable between days 3–5. Supernatant from hydrogels had bands between 3–14 kDa that 

steadily grew in intensity from days 1 to 4. On day 5, the smear of peptides extended from 

3–31 kDa. (FIGURE 2C).

For α-chymotrypsin, supernatant from silk films had no detectable bands at any time point 

(FIGURE 2D), while those degraded with collagenase had bands between 62–98 kDa 

present on day 1, a 49 kDa band present through day 2, and a band at 98 kDa, a smear of 

peptides between 38 and 62 kDa, and lower molecular weight bands at 10 kDa on days 3–5 

(FIGURE 2E). Hydrogels degraded by α-chymotrypsin showed peptide bands from 36–70 

kDa forming between days 2–4, which turned into a smear of peptides on day 5. Hydrogels 

degraded by collagenase show high molecular weight bands between 49 to 98 kDa, as well 

as a smear of mid and low molecular weight peptides ranging from 3 to 38 kDa appearing 

after day 2.

Silk films treated with MMP-1 and MMP-2 exhibited the formation of surface aggregates. 

The occurrence of these aggregates increased as a function of time (SUPPLEMENTAL 

FIGURE S2). To analyze the underlying topography and degradation, a probe sonicator was 

used to remove particles after days 2 and 5. Supernatant from untreated films after 

sonication had 14–28 kDa silk peptides which were similar in the EDTA-inhibited MMP 

groups. Post-sonication supernatant from 48 hours, MMP-1 exposed silk films had 

additional peptides between 28–38 kDa and 42–62 kDa. After sonication, the supernatant 

from MMP-2 treated films exhibited lower intensity peptide bands between 17–28 kDa 

compared to control and EDTA-inhibited MMP-2 lanes. The supernatant also exhibited 

lower molecular weight bands at ~6 kDa, which were not seen in other groups. Active 

MMP-2 is known to undergo enzyme autocatalysis [32,33] as was seen with bands at 28, 38 

and 49 kDa, whereas EDTA inhibited MMP-2 did not show these bands.

Silk hydrogels treated with MMP-1 showed a band at 17 kDa, a smear from 20–36 kDa and 

a smear of peptides below 17 kDa on day 1. The intensities of all these peptides diminished 

each subsequent day. (FIGURE 3A). MMP-2 treated hydrogels also showed a band at 17 

kDa on day 1 which persisted until day 5, as well as distinct bands between 4–14 kDa 

(FIGURE 3B).
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To determine if the aqueous soluble silk was susceptible to MMP cleavage, solutions were 

exposed to MMP1 and MMP2 separately (FIGURE 4). This experiment was not performed 

with serine proteases as this had been published previously [20–22]. In the non-degraded 

control sample, a smear of high molecular weight proteins between 100–200 kDa was seen. 

Densitometric analysis (SUPPLEMENTAL FIGURE S3) showed that the peak molecular 

weight of non-degraded aqueous silk was approximately 200 kDa. After degradation with 

MMP-1 and MMP-2, there was a decrease in smear intensity and peak molecular weight 

shifted to between 98–188 kDa. Peak molecular weight did not substantially change from 6 

hours to 3 days of incubation in MMP, but a decline in the high molecular weight peptides 

(188+ kDa) was observed over time.

3.3. Secondary Structure

Silk protein secondary structure was assessed by FT-IR (FIGURE 5, SUPPLEMENTAL 

TABLE S2 and FIGURE S4). For each of the four structures, statistical significance was 

analyzed by comparing the 72 and 120 hour time points to the 24 hour time point within 

each enzyme group. Only trends that are statistically significant are discussed. Control films 

incubated in water had a significant increase in α-helix content over time, but no change in 

other structures. Control hydrogels showed an increase in β-sheet structure at 120 hours. 

Proteinase K degradation of films reduced β-sheet content over time, while α-helix and 

random coil content increased after 120 hours. Hydrogels showed an initial increase in both 

α-helix content and turn structures after 72 hours, but α-helix decreased while turns remain 

unchanged after 120 hours. Random coil decreased across all time points and the β-sheet 

content slightly increased at 120 hours.

Incubating silk films with protease XIV resulted in decreased turn content and increased β-

sheet content over time, while α-helix structure increased after 72 hours. In hydrogels, both 

turns and β-sheet structures increased by 72 hours, and random coil decreased at 72 hours 

before showing a small increase at 120 hours. The α-helix content initially increased at 72 

hours, but decreased after 120 hours.

Films treated with α-chymotrypsin showed an increase in β-sheet content only after 120 

hours, an increase in random structure after 72 hours, and a large decrease in α-helix 

structure over time. Hydrogels showed a similar increase in β-sheet content after 120 hours 

and decreased α-helix content over time. Furthermore, the hydrogels had decreased random 

structure after 120 hours and increased turn structure over time. Collagenase degradation of 

films produced a decrease in random structure and an increase in β-sheet content after 120 

hours. Hydrogels had a decrease in β-sheet and α-helix structure over time, and an increase 

in random coil structure after 120 hours. Finally, MMP-1 treatment of films resulted in 

decreased random content after 72 hours. Hydrogels showed a decrease in β-sheet structure 

after 72 hours. MMP-2 degradation produced a decrease in α-helix content after 120 hours 

in silk films, while hydrogels had decreased α-helix content after 120 hours.

4. Discussion

Cleavage sites within the silk fibroin heavy chain, light chain and P25 were predicted for 

each enzyme studied TABLE 1. The serine proteases (proteinase K, protease XIV, α-
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chymotrypsin) cleave amide bonds adjacent to aliphatic, aromatic or hydrophobic residues, 

while collagenase and the MMP’s cleave specific amino acid sequences found in collagen 

(MMP-1: Gly-Ile, Gly-Leu; MMP-2: Gly-Ile, Gly-Leu, Gly-Val, Gly-Phe, Gly-Asn, Gly-

Ser). From the cocoon, the light chain and P25 glycoprotein combined account for 

approximately 5% of the amino acids present in silk fibroin [34]. Therefore, our discussion 

on degradation is focused on the heavy chain, the major constituent in silk fibroin. The 

recognition sites were used to calculate enzymatic cleavage sites within silk fibroin heavy 

chain without consideration for hindered accessibility due to secondary structure. The ability 

to correlate sequence chemistry of the silk fibroin heavy chain protein to degradation 

profiles found experimentally may help predict degradation kinetics and outcomes when silk 

is used for various biomaterials studies.

For the control samples, some soluble peptides leached out and were detected in the 

supernatant by SDS-PAGE. For films, light chain and P25 proteins were not detected. The 

contribution from these proteins in the supernatant was likely too small to detect. 

Furthermore, the film density may have impeded leaching of light chain and P25 peptides 

from the material. In hydrogels, peptides were present at 25 kDa where the loose crosslink 

network allowed more soluble fragments to leach out. Again, no distinct bands were seen 

likely due to the low concentration of light chain and P25 peptides.

We predicted high mass loss by proteinase K because it hydrolyzes peptide bonds adjacent 

to aliphatic or aromatic amino acid residues, which account for ~39% of the silk fibroin 

heavy chain peptide bonds. Mass loss by proteinase K on both material formats were 

comparable, with approximately 10% weight loss after 48 hours. In comparison, protease 

XIV showed little degradation of films within the first 48 hours, while for hydrogels, 

approximately 30% of the material mass was lost in the first two days. Arai et al. made a 

comparison between protease degradation of silk films and fibers, and attributed faster 

degradation of films to better accessibility of the cleavage sites [20]. The present data agreed 

and the faster degradation of hydrogels by protease XIV was likely due to increased 

accessibility to recognition sites. We predict that proteinase K has a lower binding affinity or 

catalytic efficiency compared to protease XIV, accounting for slower degradation at early 

time points.

In terms of peptide fragment size, we expected to detect mostly small protein fragments for 

both films and hydrogels after proteinase K degradation. It was suggested that soluble 

protein fragments will continue to be enzymatically cleaved in solution [20], which is what 

was found based on the data. In films, the 14 kDa bands that appeared in days 1 and 2 

vanished as they are most likely degraded into smaller peptides. Hydrogels also showed a 

continual increase in the amount of small molecular weight peptides.

It was unexpected that there would be a significant difference in mass loss between protease 

XIV and α-chymotrypsin given that they have a similar number of cleavage sites within the 

silk fibroin heavy chain sequence. One explanation is that protease XIV has an affinity 

towards β-sheet structures, while α-chymotrypsin preferentially digests the less crystalline 

regions and does not degrade β-sheets [21,22]. Unlike the loose network of hydrogels, the 

dense packing of fibroin chains within films may limit the ability of protease XIV to cleave 
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the crystalline regions, while swelling of the amorphous regions in both material formats 

allowed α-chymotrypsin and collagenase access to their cleavage sites.

In films, the hydrophobic domains may be the only regions accessible to protease XIV. The 

present results have peptides with molecular weights of approximately 40 kDa releasing 

after day 3 correlating with an increase in mass loss at day 3, suggesting that protease XIV 

degrades surface residues allowing access to cleave off larger peptides. Alternatively, 

protease XIV degradation of hydrogels looked similar to proteinase K, with low molecular 

weight peptides steadily released over time. The loose network of hydrogels combined with 

the low specificity of protease XIV allowed for cleavage of peptides into small soluble 

fragments which were released into solution, accounting for the consistent mass loss over 

time. A-chymotrypsin, on the other hand, released larger soluble peptide fragments, which 

may be attributed to the higher specificity for non-crystalline regions in silk heavy chain. 

Silk peptides released from films degraded by α-chymotrypsin may have been smaller than 

2.5 kDa or overlapped with the enzyme’s bands.

It was also unexpected that α-chymotrypsin and collagenase would show similar trends in 

degradation. Collagenase hydrolyzes the X-Gly bond in the sequence of X-Gly-Pro [20]. 

Even though glycine accounts for roughly 46% of the amino acid composition of fibroin 

heavy chain [35], the combination of X-Gly-Pro occurs only 12 times and exclusively within 

the amorphous regions. Peptides up to 98 kDa were found from both films and hydrogels 

after 24 hours of degradation, which agrees with prior studies [20,21], suggesting that 

collagenase degradation of the amorphous region produces higher molecular weight peptides 

when compared to protease XIV or α-chymotrypsin. Despite the scarcity of cleavage sites, 

Li et al. showed that collagenase degraded porous silk sheets more than α-chymotrypsin 

[21]. Based on the mass loss trends through 120 hours, longer enzymatic digestion time may 

have led to more collagenase-induced degradation of hydrogels and a significant difference 

compared to α-chymotrypsin. The greater incidence of high molecular weight bands in 

hydrogels compared to films is likely due to the accessibility within the hydrogel network.

Figures 4 and S3 illustrate that soluble silk fibroin degraded in the presence of MMP. Since 

the “Silk” lane represented the molecular weights of fibroin peptides present after incubation 

for 3 days without MMP, we assumed any change in molecular weight of the silk compared 

to the control was due to MMP degradation. The largest shift in peak molecular weight 

occurred within 6 hours for MMP-1 and MMP-2. There also appeared to be continuous 

degradation of high molecular weight proteins through the first day. MMP-1 and MMP-2 

have a finite number of specific recognition sites in the silk heavy chain, which may explain 

why there is less change in molecular weight distribution between later time points.

Surface aggregates were observed on the films incubated with MMP-1 and MMP-2. These 

aggregates, which could not be desorbed by washing with water, made it difficult to observe 

surface topography and measure mass loss. Therefore, a probe sonicator was used to remove 

aggregates. After sonication, SEM revealed signs of erosion on the surface of MMP-1 

treated films that were not apparent on control films (FIGURE 6). Hydrogels, which could 

not be sonicated showed no significant difference in mass loss compared to controls. Given 

the predicted number of cleavage sites within the silk fibroin heavy chain, we expected to 
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see more degradation by MMP-2 than MMP-1, but again, degradation may have been 

limited by accessibility. The formation of surface aggregates on films could have blocked 

degradation at the surface. Frequent sonication was not feasible due to damaging the 

substrate.

To test whether these aggregates were adsorbed MMP enzyme or a byproduct of enzymatic 

degradation, we treated films with EDTA inhibited MMP enzyme. Films treated in inhibited 

MMP showed fewer surface aggregates (SUPPLEMENTAL FIGURE S5). After sonication, 

several peptide smears were observed which were not present in either assay buffer only or 

inhibited MMP groups. In the presence of MMP-2, the peptides between 17–28 kDa may be 

degraded to lower molecular weight – explaining the presence of peptides around ~6 kDa. 

The peptides between 17–28 kDa were soluble, since they appear in the film control lane, 

making them more accessible to enzymatic cleavage. Therefore, if MMP-2 has recognition 

sites within these soluble peptides, they will be susceptible to degradation. When MMP-2 

was inhibited by EDTA, we again saw higher intensity peptide smears between 17–28 kDa 

and minimal peptides at ~6 kDa.

It is hypothesized that aggregates may have been silk-MMP complexes that formed on the 

surface as a result of degradation, but were not released into solution until sonication. These 

complexes may have stabilized MMP activity, which is why the hydrogels, which could not 

be sonicated, did not present any distinguishable bands for degraded peptides.

In terms of secondary structure, silk fibroin hydrogels are formed through physical 

crosslinking between protein chains forming into β-sheets, surrounded by the amorphous 

regions containing α-helices and random coil structures [15]. FT-IR results suggested that 

enzymes with low specificity (proteinase K and protease XIV) will primarily degrade the 

exposed amorphous regions (α-helix and random coil). These regions are more accessible in 

hydrogels compared to films, perhaps explaining why random coil content was reduced in 

hydrogels after degradation by these enzymes. Alternatively in films, amorphous regions are 

not readily accessible, therefore proteinase K degraded the β-sheet structures while protease 

XIV degraded turns. With more cleavage sites within the hydrophilic regions, proteinase K 

could degrade β-sheet structures, thus the large increase in mass loss.

Based on previous studies [21,22], we did not expect α-chymotrypsin to degrade β-sheet 

structure in either material format, which is reflected in the data. Instead, α-chymotrypsin 

degraded α-helix structures in both films and hydrogels, and degraded the random coil 

structures in hydrogels. These findings suggested that the specificity for non-crystalline 

regions made it difficult for α-chymotrypsin to access cleavage sites within the film bulk, 

whereas the open network of the hydrogels allowed for access and degradation of the 

cleavage sites.

Since collagenase cleavage sites are located strictly in the hydrophilic regions of the silk 

sequence, we expected a reduction in random coil, turn or α-helix structure with time, but 

instead saw degradation of the β-sheet structure. Cleavage at the hydrophilic regions by 

collagenase may lead to destabilization of the β-sheet, thus accounting for the decrease in β-

sheet and increase in random coil structures. This destabilization may also have led to easier 
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accessibility of more cleavage sites, thus allowing release of larger peptide fragments seen 

in the SDS-PAGE data.

Observable secondary structure changes by MMP degradation may have been obscured by 

the formation of aggregates on the film surface. Noting the difference in β-sheet content 

between control films (51.2%) and MMP-1 and MMP-2 treated films (40.2% and 42.5%, 

respectively), the ATR probe may have detected the adsorbed particles as well as the 

underlying film. To identify the composition of these aggregates, FT-IR analysis was 

performed on: (1) films pre and post-sonication, (2) desorbed aggregates in the supernatant 

post-sonication, and (3) MMP only (SUPPLEMENTAL FIGURE S6). The IR spectra did 

not sufficiently identify the composition of the aggregates, since MMPs have overlapping 

peaks within the amide I region (keeping in mind that deuteration of proteins causes a peak 

displacement of about 5–10 cm−1 within the amide I region [29]). This overlap may 

contribute to the secondary structures within the amide I for MMP treated films and 

hydrogels. Interestingly, we see strong peaks from 1150–1000 cm−1 for MMP-1 treated 

films pre-sonication that were diminished post-sonication. These peaks were not seen in the 

IR spectra of MMP-1 alone. These peaks most likely represent the adsorbed surface 

aggregates, but this was inconclusive. Cells secrete MMP-1 in both glycosylated and 

unglycosylated forms [36], and glycosylation of proteins has resulted in peaks between 

1150–1000 cm−1 [37,38]. The peaks we observed could be a glycosylated form of adsorbed 

MMP-1. Similar peaks were seen in the pre-sonicated MMP-2 treated films, but at lower 

intensity.

It is interesting to compare the present results to prior studies with other enzymatically 

degradable biomaterials. For example, collagen gels and sponges degraded more rapidly 

than dense films when incubated with bacterial collagenase [39,40]. In UV-treated collagen, 

porous materials were significantly more degraded than dense films, regardless of the 

treatment time [39]. Similarly, collagenase resistance due to acyl azide crosslinking was 

structure dependent, as gels and sponges had significantly lower resistance to degradation 

than films [40]. In these experiments, degradation resistance was attributed to the level of 

crosslinking, which was inherently greater in dense films than in porous materials. A study 

focusing on the relationship between crosslink density and degradation in collagen films 

revealed that crosslinked films remained completely intact during a 7-week in vivo study, 

while non-crosslinked films were completely degraded [41]. Previous work with silk films 

has also shown degradation rates dependent on the amount of crosslinking [27,42], 

suggesting that physical crosslink density may also be a major contributor in the degradation 

profiles of silk materials as it is with collagen.

4. Conclusions

The goal of this study was to determine whether silk fibroin hydrogels exhibited different 

degradation profiles than films having high crystalline structure when exposed to proteases, 

thus clarifying the role of primary sequence versus secondary structure of silk materials on 

accessibility for enzymatic digestion. The degradation properties of a biomaterial are 

important because they provide insight into possible biomaterial fates in vivo. There are 

applications for biomaterials where rapid or slow rates of remodeling are desirable during 
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tissue regeneration, thus insight into modes of action of different enzymes can be critical in 

predicting the degradation rate. The results of this study show that the ability of enzymes to 

break down a biomaterial are not apparent even if cleavage sites (based on primary sequence 

analysis) are present, as the structural state of the material (higher order structures vs. 

solution features) play a role. In the present study, silk fibroin heavy chain degradation was 

dependent upon material structure; for proteinase K, protease XIV and collagenase, 

degradation occurred more quickly in hydrogels than films. In hydrogels, proteinase K and 

protease XIV favored the degradation of non-β-sheet regions, but proteinase K degraded β-

sheet regions in films. Collagenase, however, favored the degradation of β-sheet regions in 

hydrogels but not in films. MMPs showed signs of degradation in aqueous silk solutions, 

and aggregate formation on the surface of films for both MMP enzymes suggested that silk 

materials were susceptible to degradation by matrix metalloproteinases. These results 

provide the basis for predicting how silk biomaterial secondary structure will impact 

degradation during in vivo applications.
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Figure 1. 
Weight loss from enzymatic degradation of silk fibroin materials. Films (Figure 1A) and 

hydrogels (Figure 1B) were prepared from a 3% (w/v) silk fibroin solution and immersed in 

proteinase K, protease XIV, α-chymotrypsin, collagenase, MMP-1, MMP-2, or deionized 

water (control). Remaining mass of degraded silk material was measured after each time 

point and compared against the control group. Values are the average± standard deviation of 

N=5.
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Figure 2. 
SDS-PAGE of degradation products released from silk fibroin materials. (A) deionized 

water only, (B) proteinase K, (C) protease XIV, (D) α-chymotrypsin, and (E) collagenase. 

Days are listed as 1–5; control lanes are enzyme solution incubated for 24 hours at 37°C 

without silk.
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Figure 3. 
SDS-PAGE of degradation products after MMP degradation. Silk fibroin materials were 

incubated in MMP-1 (A) and MMP-2 (B) for 48 hours in 37°C incubation. Left-most lanes 

represent enzyme only without any silk material. “Film” lanes display the supernatant of an 

untreated film after sonication (“Ctrl”), a film treated with active MMP, and a film treated 

with EDTA-inhibited MMP. Film samples were sonicated after 48 hours of incubation in 

MMP solution. Days are listed for hydrogels as 1–5.
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Figure 4. 
SDS-PAGE of aqueous silk fibroin after degradation by MMP-1 and MMP-2 for 3 days. 

Enzymes were refreshed only once at 36 hours, and all samples were incubated at 37°C. Silk 

lane is of aqueous silk fibroin in MMP buffer without enzyme. Control lanes are MMP 

enzyme incubated without silk.
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Figure 5. 
Quantification of secondary structure in films and hydrogels after analysis by FT-IR. (A) β-

sheet, (B) α-helix (C) random coil and (D) turns content after treatment with proteinase K, 

protease XIV, α-chymotrypsin, collagenase, MMP-1 and MMP-2 for 24, 72, and 120 hours. 

For controls, hydrogels and films were treated in de-ionized water only. Black bars represent 

secondary structure of materials before enzyme treatment. Number of samples per group = 

5. Statistical significance is shown in Table S2.
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Figure 6. 
SEM images of film topography. Control (buffer only) and MMP-1 treated films after 48 

hours of treatment. After sonication, control films (Figure A) show a mostly smooth 

topography with some marring due to contact with the sonicator probe. MMP-1 treated films 

(Figure B) show signs of crevices, pitting and degradation uniformly across the surface of 

the film. These topographical features could not be seen before sonication when aggregates 

were present and obscuring the surface details. Scale bar is 40 μm; inset is 10 μm.
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