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Controlled Radical Polymerization of Hydrophilic and Zwitterionic 
Brush-Like Polymers from Silk Fibroin Surfaces 
Danielle L. Heichela, Ngoc Chau Vya, Shawn P. Wardb, Douglas H. Adamsona,b, Kelly A. Burkea,c,d

Bombyx mori silk fibroin is a fibrous protein whose tunable properties and biocompatibility have resulted in its utility in a 
wide-variety of applications, including as drug delivery vehicles, wound dressings, and tissue engineering scaffolds. Control 
of protein and cell attachment is vital to the performance of biomaterials, but silk fibroin is mostly hydrophobic and interacts 
nonspecifically with cells and proteins. Silk functionalised with hydrophilic polymers reduces attachment, but the low 
number of reactive sites makes achieving a uniform conjugation a persistent challenge. This work presents a new approach 
to grow brush-like polymers from the surface of degradable silk films, where the films were enriched with hydroxyl groups, 
functionalised with an initiator, and finally reacted with acrylate monomers using atom transfer radical polymersation. Two 
different routes to hydroxyl enrichment were investigated, one involving reaction with ethylene oxide (EO) and the other 
using a two-step photo-catalysed oxidation reaction. Both routes increased surface hydrophilicity, and hydrophilic 
monomers containing either uncharged (poly(ethylene glycol), PEG) pendant groups or zwitterionic pendant groups were 
polymerised from the surfaces. The initial processing of the films to induce beta sheet structures was found to impact the 
success of the polymerizations. Compared to the EO modified or unmodified silk surfaces, the oxidation reaction resulted in 
more polymer conjugation and the surfaces appear more uniform. Mesenchymal stem cell and protein attachment were 
the lowest on polymers grown from oxidised surfaces. PEG-containing brush-like polymers displayed lower protein 
attachment than surfaces conjugated with PEG using a previously reported “grafting to” method, but polymers containing 
zwitterionic side chains displayed both the lowest contact angles and the lowest cell and protein attachment. This finding 
may arise from the interactions of the zwitterionic pendant groups through their permanent dipoles and is an important 
finding because PEG is susceptible to oxidative damage that can reduce efficacy over time. These modified silk materials 
with lower cell and protein attachments are envisioned to find utility when enhanced diffusion around surfaces is required, 
such as in drug delivery implants.

1. Introduction
Silk fibroin from Bombyx mori1 (B. mori) is a structural 

protein that has shown utility for a wide variety of biomaterial 
applications2–4, such as structural implants5–7, tissue scaffolds 
for in vitro and in vivo use8–13, and drug delivery coatings and 
vehicles14,15. One reason for silk’s versatility is that control of its 
molecular weight16–18and secondary structure19–21 (e.g., by 
exposure to pH changes22–24, sonication or vortexting25–27, or 
solvents28,29) enable tuning of the material’s mechanical 
properties and stability. Control of protein adsorption and cell 
attachment to silk is critical to its success in biomaterial 

applications, but B. mori silk fibroin is mostly hydrophobic30–32 
and lacking in specific binding sites for integrins, resulting in the 
nonspecific attachment of cells and proteins. Though B. mori 
silk materials are often modified to promote interactions with 
cells and proteins (e.g., by inclusion of natural matrix proteins 
or ligands for integrins), other applications benefit from 
reducing these interactions33,34 such as applications that require 
contact with flowing blood where clot formation and 
dislodgement are risks for patients. Implanted films and 
meshes, which can serve as drug delivery surfaces and barriers 
to support tissues, may also benefit from lower cell and protein 
attachment to prevent resistance to diffusion35,36 and to reduce 
the attachment of surgical adhesions37,38 that can cause pain, 
damage surrounding tissues, and increase the complexity of 
revision surgeries. While chemical modifications of silk have 
reduced biofouling34,39,40, the problem of cell and protein 
attachment to silk has yet to be solved. This contribution 
focuses on a new synthetic route to functionalise silk protein 
films with hydrophilic polymer chains (here referred to as 
“brush-like polymers”) of varying composition and determines 
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the impact of the brush-like polymers on cell and protein 
attachment to degradable films.

Following implantation, biomaterials are rapidly deposited 
with protein from blood and other fluids, and this protein 
attachment facilitates the attachment of cells to the surface. 
Increasing the hydrophilicity of a surface, such as by coupling of 
poly(ethylene glycol) (PEG), is therefore a well-established 
approach to reduce cell and/or protein attachment41–46. 
However, both bovine serum albumin (BSA) and human serum 
albumin (HSA) bind to PEG47 and the initial deposition of BSA or 
HSA can enable subsequent cellular attachment to PEGylated 
surfaces. In addition, PEG and PEG-like surfaces are susceptible 
to in vitro and in vivo oxidative damage48,49. Zwitterionic 
polymers (zwitterions contain anionic and cationic groups, but 
are overall neutral in charge50,51) have shown resistance to 
biofouling in membranes for water treatment52,53. We 
envisioned that a surface layer of brush-like polymers whose 
repeat units contain zwitterionic pendant groups (side chains) 
would provide an opportunity to obtain a high density of 
zwitterions that could interact via their permanent dipoles to 
lower protein and cell attachment to silk surfaces. 

Methods to functionalise silk fibroin surfaces with polymer 
chains can be classified as “grafting to”39,54–58 or “grafting 
from”34,40,59–68,34,40,59–68, where the former couples a polymer to 
the surface and the latter grows polymer from the surface69. 
“Grafting to” has been used to functionalise silk surfaces with 
poly(ethylene glycol) (PEG) using cyanuric chloride-
functionalised PEG39 (targets tyrosine residues) to reduce 
contact angle with water, with alkyne functionalised PEGs54 
(targets tyrosine, histidine, and lysine residues) to reduce 
attachment of human stem cells and platelets, and with 
heparin55 (targets radicals generated on plasma treated 
surfaces) to reduce blood coagulation and increase cell 
proliferation on scaffolds. “Grafting to” has also been used to 
functionalise silk solutions with poly(amino acids), for the 
formation of hydrogels56 and layer by layer assemblies57, and 
with glycopeptides58, for binding of lectins. A recurring 
challenge with these approaches is that the theoretical number 
of residues that can be modified is small, therefore there can be 
a low likelihood that a reactive end of a polymer meets and 
reacts with a site on the surface. We therefore decided to 
employ monomers, which have higher diffusion coefficients 
than polymers, to react with the silk surface and grow brush-
like polymers using the “grafting from” method.

Silk fibers and fabrics have been modified by “grafting from” 
using free radical polymerisation61,62,70, redox 
polymerisations63,64, and controlled radical 
polymerisations59,65–68 for textile applications that afford 
control over wettability67 or increase flame retardancy and 
antibacterial properties68. Silk biomaterial surfaces have been 
modified using “grafting from” and free radical polymerisation 
to grow acrylate polymers with 2-methacryloyloxyethyl 
phosphorylcholine side chains40,71, where the resulting surfaces 
reduced platelet attachment compared to control silk surfaces, 
and with ferulic acid side chains34, where the resulting surfaces 
increased the whole blood clotting time compared to untreated 
silk surfaces34. Plasma-modified silk surfaces have also been 

used to grow polymers of poly(2-hydroxymethacrylate) 
(PHEMA) and poly(acrylic acid) (PAA) by free radical 
polymerisation, where the PAA brushes were then 
subsequently modified with poly(ethylene glycol) (PEG, 750 Da) 
to alter surface hydrophilicity60.60. Though the PAA surface was 
more hydrophilic than PHEMA, HeLa cells were found to attach 
in larger amounts to PAA compared to PHEMA and unmodified 
silk, a finding that may be due to higher amounts of protein 
adsorbing to the PAA surface. Conjugating PEG to PAA reduced 
cell attachment to the level of the unmodified silk, but not 
below. The use of zwitterionic polymers to reduce membrane 
biofouling, as well as evidence that zwitterions can be used to 
reduce platelet adhesion72, prolong blood clotting73, and lower 
the attachment of proteins to hydrogels to reduce the foreign 
body response74, motivated this study to incorporate 
zwitterionic moieties on silk materials. While not incorporated 
into a polymer, a small molecule zwitterion (8-hydroxy-2-octyl 
phosphorylcholine) was shown to decrease in platelet 
adhesion75 to silk surfaces, further supporting this rationale.

This work establishes a new synthetic route to generate 
brush-like polymers on silk surfaces and to evaluate the ability 
of polymer surfaces of varying composition to reduce cell and 
protein attachment. Unmodified silk possesses low amounts of 
reactive amino acid side chains; therefore, the fibroin films 
were modified using ethylene oxide or a two-step photo-
catalysed oxidation method to overcome silk’s few reactive 
sites, two approaches that are expected to be translatable to 
other proteins. Brush-like polymers were then synthesized 
using surface-initiated atom transfer radical polymerisation 
(ATRP) with two different monomers, one containing a 
zwitterionic pendant group and the other containing a PEG 
pendant group. The zwitterionic monomer was selected 
because its permanent dipoles may promote interactions 
between neighboring chains, and because it is commercially 
available with a chemical composition that may be less 
susceptible to hydrolysis than zwitterionic polymers that 
employ phosphoester groups76. The PEG-containing monomer 
was selected as an established, uncharged hydrophilic molecule 
that reduces biofouling and facilitates comparison to the 
literature. Composition, secondary structure, and surface 
topography were characterised to elucidate the impact of brush 
chemistry on the film properties. This work is synthetically 
distinct from previous reports of silk films functionalised with 
polymer chains, which have focused on attaching preformed 
polymers to the protein (“grafting to”) or polymerising from 
(“grafting from”) the surface of unmodified or plasma treated 
silk materials that have a low number of reactive sites. The 
approach presented results in a greater amount of polymer 
conjugation, as well as the appearance of a more uniform 
surface conjugation, that translates into larger reductions of 
protein and cell attachment to the silk surfaces. Further, these 
experiments reveal the importance of protein secondary 
structure (altered via film processing) on the success of the 
polymerisation, which is expected to provide an additional way 
to tune the reactivity of silk materials in synthetic reactions. 
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2. Experimental
2.1.Materials

Bombyx mori silkworms were obtained from Tajima Shoji Co., 
Ltd. (Tokyo, Japan). Lithium bromide (LiBr, ≥99%), chloroform 
(anhydrous, ≥99%), α-Bromoisobutyryl bromide (BIBB, 98%), 
copper (I) bromide (CuBr, 99.999%), triethylamine (Et3N, ≥99%), 
2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium 
hydroxide (DMAPS, 95%), poly(ethylene glycol) methacrylate 
(PEGMA, Mn 360), 2,2′-Bipyridyl (bipy, ≥99%), sodium carbonate 
(Na2CO3, ≥99%), sodium bicarbonate (NaHCO3, BioReagent), 
ammonium persulfate (APS, ≥98%), sodium borate (BioXtra, 
≥99.5%) and protease from Streptomyces griseus (type XIV) 
were purchased from Sigma Aldrich (St. Louis, MO). Ethylene 
oxide (99.9%) was purchased from Praxair (Slaterville, RI). 
Methanol (ACS certified), Triton X-100 (electrophoresis grade), 
acetone (ACS certified), regenerated cellulose dialysis tubing 
(3500 MWCO), Dulbecco’s Modified Eagle Medium (DMEM), 
fetal bovine serum (FBS, qualified), antibiotic-antimycotic (Anti-
Anti), CBQCA Protein Quantitation Kit, and phosphate buffered 
saline (PBS), were obtained from Fisher Scientific (Waltham, 
MA). CellTiter 96® AQueous One Solution Cell Proliferation 
Assay (MTS) was purchased from Promega (Madison, 
Wisconsin). Human mesenchymal stem cells (hMSCs) were 
obtained from Lonza (Walkersville, MD). Methoxypoly(ethylene 
glycol) activated with cyanuric chloride (mPEG-CC) was 
purchased from Creative PEGWorks (Chapel Hill, NC). Ultrapure 
water (dH2O, 18 MOhm cm) was obtained from an in-house 
purification unit.

2.2 Experimental Methods.

2.2.1 Extraction of Silk Fibroin and Film Casting. 
Silk fibroin (SF) was extracted using a previously established 
protocol77. Briefly, 5 g of cut cocoons were boiled in 2 L of 0.02 
M Na2CO3 for 5 min. The fibers were rinsed with dH2O three 
times for 20 min and dried overnight. After drying, the fibers 
were dissolved in 9.3 M LiBr (5 mL LiBr per gram dry fiber) for 4 
h at 60 °C. The resulting solution was dialysed (3500 MWCO) 
against dH2O for 48 h, where the water was exchanged 6 times. 
The impurities of the purified solution were removed by 
centrifuging at 12700g for 20 min at 6 °C. The typical 
concentration of the solution obtained was 5 w/v%. For all of 
the following experiments, the solution was cast into films. The 
films were fabricated by adjusting the solution concentration to 
1 w/v% and applying 500 µL to a polystyrene well (Corning 
Costar, 1.9 cm2 area) and allowing to dry overnight, resulting in 
an “As Cast” SF film (denoted here as “SFAs Cast”).

2.2.2. Enrichment of Hydroxyl Groups on Silk Surfaces.
To increase the number of reactive groups for the 
polymerisation, the surface of the SF films was modified to 
increase hydroxyl content through two different routes, one 
involving ethylene oxide coupling and the other involving a 
surface oxidation reaction. A flow chart overview of the 
synthesis steps is shown in Scheme 1.

2.2.2.1 Ethylene Oxide Modification. 

“As Cast” SF films (SFAs Cast) were added to a vacuum reactor 
before applying an airtight seal. The reactor was degassed 
under vacuum and vacuum was held for 30 min until a pressure 

of 10-9 - 10-10 mbar was obtained. Ethylene oxide (3.2 mL, 64 
mmol), which was condensed and dried over calcium hydroxide, 
was added to the reactor. Then, the reactor was removed from 
the vacuum line and placed in a 60 °C oil bath, where it was 
allowed to react for 72 h. The SF films, referred to as “SFEO” were 
removed, rinsed with acetone to remove residual ethylene 
oxide, and dried at 60 °C for 48 h.

2.2.2.2 Surface Oxidation Reaction.
The photo-catalysed surface oxidation reaction was inspired by 
a report that modified the surfaces of synthetic polymers78. “As 
Cast” SF films (SFAs Cast) were rendered water-insoluble prior to 
oxidation via water vapour annealing19. To water vapour 
anneal, silk films were dried overnight and transferred to a 
desiccator that contained liquid water in the bottom of the 
chamber. The films were suspended above the liquid, and 
vacuum was generated in the chamber using a water aspirator. 
After 10 minutes, the chamber was sealed to vacuum, and the 
films were annealed for 24 h at 25 °C, where the resulting films 
are denoted “SFWVA”. Next, 200 µL of 15 w/v% ammonium 
persulfate (APS) in dH2O was applied between two SFWVA films 
and this layered film assembly was exposed to ultraviolet light 
(254 nm) for 5 min. This confined film assembly was used to 
promote the generation of SO4

2- groups that are hydrolysed to 
form hydroxyl groups while minimising the formation of 
carboxylic acid groups78. After UV exposure, the films were 
rinsed with dH2O to remove excess APS and subsequently 
incubated in dH2O for 30 min at 25 °C. The films were then 
rinsed with acetone for 5 min and water for 5 min, alternating 
for a total of 3 times in each solvent, before drying at 60 °C for 
48 h. These modified films are referred to as “SFOX”. 

2.2.3 Initiator Attachment.
The modified SF films (SFEO or SFOX, typical size 1.9 cm2) were 
thoroughly dried for 72 h at 80 °C before adding to a round 
bottom flask that contained anhydrous chloroform (100 mL) 
and a stir bar. Then, triethylamine (1 mL, 7 mmol) was added to 
the mixture before purging the vessel with argon for 30 min. α-
Bromoisobutyryl bromide (0.25 mL, 2 mmol) was added 
dropwise to the reaction and the reaction was allowed to 
proceed for 4 h at 40 °C. The films were thoroughly rinsed with 
acetone to remove any unreacted reagents and were dried 
overnight at 60 °C. These films are referred to as SFEO-Br if they 
originated from the ethylene oxide functionalised films and 
SFOX-Br if they originated from the surface oxidised films.

Scheme 1. Flow chart depicting film processing methods and corresponding 
material compositions.
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2.2.4 Atom Transfer Radical Polymerisation.
Acrylate monomers with two different types of pendant groups 
were selected to investigate the effect of the brush-like 
polymer’s composition on the surface properties of the films. 
One monomer contains a poly(ethylene glycol) (PEG) pendant 
group, where PEG is an uncharged polymer frequently 
employed to increase hydrophilicity and reduce biofouling. The 
other monomer contains a zwitterionic pendant group, where 
the hydrophilic zwitterionic group is charged, yet net neutral. 

2.2.4.1. “Grafting From” Polymerisation of PEGMA.
Copper (I) bromide (CuBr, 15 mg, 0.1 mmol), 2,2′-Bipyridyl (Bipy, 
31.2 mg, 0.2 mmol), and initiator attached films (SFEO-Br or SFOX-
Br) were added to a Schlenk tube equipped with a stir bar, and 
the vessel was purged with argon for 30 min. Poly(ethylene 
glycol) methacrylate (PEGMA, 0.489 mL, 1.5 mmol) was 
dissolved in dH2O/methanol (1:4 v:v) and the solution was 
purged with argon for 30 min before transferring to the Schlenk 
tube. The polymerisation proceeded for 12 h at 25 °C. The films, 
denoted as “SFEO-PEG” or “SFOX-PEG” where the subscript again 
denotes the hydroxyl enrichment method, were rinsed with 
methanol and sonicated in dH2O to remove any bound or 
unreacted reagents. The films were dried at 60 °C and stored in 
a desiccator.

2.2.4.2 “Grafting From” Polymerisation of DMAPS.
Copper (I) bromide (15 mg, 0.1 mmol), Bipy (31.2 mg, 0.2 mmol), 
and SF-Br films were added to a Schenk tube, which was then 
purged with argon for 30 min. [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium 
hydroxide (DMAPS, 0.419 g, 1.5 mmol) was added to a solution 
of dH2O/methanol (1:1 v:v) and was purged with argon for 30 
min. The monomer solution was added to the Schlenk tube and 
the reaction proceeded for 12 h at 25 °C. After polymerisation, 
the films were rinsed with methanol, sonicated in dH2O, and 
dried at 60 °C before storing in a desiccator. The resultant films 
are denoted as “SFEO-zwitter” or “SFOX-zwitter” where the 
subscript denotes the hydroxyl enrichment method.

2.2.5 PEG Attachment to Silk Films by “Grafting To”.
Silk films were cast into wells with an area of 9.6 cm2 from a 1% 
w/v solution and allowed to dry overnight. The films were 
rendered insoluble by water vapour annealing for 24 h at 25 °C. 
The PEGylation reaction proceeded as previously reported in 
literature39. Briefly, the films were incubated in a solution of 
0.02 M sodium borate buffer (pH 9) for 30 min at 25 °C. A 
solution of methoxypoly(ethylene glycol) activated with 
cyanuric chloride (mPEG-CC) was prepared at a concentration 
of 62.5 mg/mL in 0.02 M sodium borate (pH 9), and 0.998 mL of 
the solution was added to each silk film. The films were allowed 
to react with the solution at 4 °C overnight. The product, 
denoted as “SF-PEGCC”, were rinsed three times with sodium 
borate buffer to remove unreacted mPEG-CC.

2.3 Characterisation Methods.

2.3.1 ATR-FTIR.
Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy (Magna 560 FTIR spectrometer (Madison, 
WI) with a diamond ATR accessory (Specac, Fort Washington, 

PA)) was used to observe changes in functional groups after 
synthesis and processing steps. After each modification 
reaction and subsequent drying, the spectra of films were 
collected by scanning from 4000-400 cm-1 (step size 4 cm-1). 
ATR-FTIR was also used to quantify beta sheets in the films by 
deconvoluting the Amide I region using Origin software (v. 8.1, 
Northampton, MA) and established methods79. 

2.3.2 Contact Angle.
To quantify the changes in surface hydrophilicity, water contact 
angle was measured using a sessile drop method (Ramé-Hart 
goniometer, Mountain Lakes, NJ). After each modification step, 
the contact angle was measured by depositing a 5 µL drop of 
dH2O. Because the SF-zwitter films exhibited a very low contact 
angle from the sessile drop method, the captive bubble method 
was also used to quantify the contact angle (Pendant Drop 
Tensiometer, Westbury, NY) of films. The captive bubble 
measurement was carried out by affixing the films onto a glass 
slide and placing the slide over a beaker containing dH2O. Next, 
an angled needle was used to apply an air bubble with an 
approximate volume of 20 µL to the film, and the angle between 
the sample and air bubble was measured.

2.3.3 AFM.
Transformations of the silk surface morphology were visualised 
using an atomic force microscope (AFM) (Asylum Research 
MFP-3D, Goleta, CA). Samples were dried and mounted onto 
glass slides with double-sided tape and pressed down using a 
freshly cleaved mica surface to ensure complete physical 
contact between the glass slide and the sample. Imaging was 
performed in tapping (also known as AC) mode using silicon tips 
(Asylum Probes, AC-160). Scans sizes of 5 × 5 µm were acquired 
at line rates of 1 Hz, with typical set point and feedback gain 
settings optimised for surface tracking.

2.3.4 Degradation of Films.
Unmodified SF films are degradable by hydrolysis or using 
enzymatic treatments at a rate that has been shown to depend 
on beta sheet content19,21,80, but it was questioned how the 
addition of brush-like polymers would affect the degradation 
rate. Films were prepared as described above and dried at 60 °C 
before beginning the study. The films were then added to pre-
weighed microcentrifuge tubes and 1 mL of 1X PBS (control) or 
1X PBS containing 1 U/mL protease XIV was added to the tube. 
Every 2 days, the tubes were centrifuged (10,000g, 10 min, 25 
°C) and the solution was decanted. The films were rinsed with 
dH2O and centrifuged again. The water was again decanted and 
the tubes were allowed to dry for 1 h at 60 °C before measuring 
the mass. The percent mass remaining, m, at each time point 
was determined by the formula 

𝑚 =
𝑚𝑡

𝑚𝑜
∙ 100

where mt is film’s mass at the time measured in the study and 
mo is the film’s initial mass. 

2.3.5 Adsorption of Bovine Serum Albumin.
A protein adhesion study was performed to quantify how the 
synthesis method and chemical composition of the brush-like 
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polymers affect protein attachment to SF films. Larger films 
were required for this study because the limit of detection of 
the CBQCA assay. The films were cast by applying 2.5 mL of 1% 
w/v SF solution to the wells of 6 well plates (9.6 cm2 per well) 
and drying at room temperature. The subsequent reactions 
were carried out as described above to generate the brush-like 
polymer surfaces. Films were then immersed in 10 mg/mL 
bovine serum albumin (BSA) overnight at 6 °C. After incubation, 
the films were gently washed with 750 µL dH2O six times to 
remove loosely attached protein. The films were then incubated 
with 500 µL of 0.1% v/v Triton X-100 for 1 h at 25 °C to detach 
the adsorbed BSA. The solutions were collected and assayed 
with using a CBQCA working solution (2 mM CBQCA in 0.1 M 
sodium borate). The fluorescence (Ex 465 nm, Em 550 nm) was 
measured, and BSA was calculated based on a standard curve.

2.3.6 Attachment of Human Mesenchymal Stem Cells (hMSCs).
The attachment of hMSCs to the silk films was measured using 
an MTS assay, which detects viable cells using a tetrazolium 
compound that is reduced into a formazan dye and detected 
spectroscopically. The films used in this experiment had an area 
of 0.95 cm2 but otherwise followed the same synthetic routes 
described above. Films were sterilised before use by soaking in 
70% v/v ethanol for 24 h, rinsing six times with sterile dH2O, and 
placing in a sterile 48 well plate. hMSCs (Passage 4) were seeded 
on the films at a high seeding density (105,000 cells/cm2). At 
each time point (1 h, 3 h, 6 h, and 24 h), the films were gently 
rinsed with 1X PBS to remove any loosely attached cells and 
transferred to a new sterile 48 well plate. Then, 240 µL of 
complete medium (89% DMEM, 10% FBS, and 1% anti-anti) and 
20 µL of CellTiter 96® AQueous One Solution Reagent (MTS) was 
added to each well. The samples were incubated for 1 h at 37 
°C. Next, 100 µL of the medium was transferred to a 96 well 
plate, and absorbance at 490 nm was measured with a UV plate 
reader (BioTek, Winooski, VT). The number of cells attached to 
films was calculated using a standard curve generated from cells 
seeded on tissue culture plastic at varying densities.

3. Results and Discussion
3.1 Synthesis of Polymer Brushes on Silk Fibroin Films.
Preliminary experiments polymerised the zwitterionic 
monomer (DMAPS) from the surface of unmodified silk films 
using atom transfer radical polymerisation (ATRP). These films 
were methanol annealed, meaning “As Cast” films (SFAs Cast) 
were soaked in a 95% methanol/5% water solution for 24 h at 
25 °C to induce beta sheets and render the films insoluble in 
water before reacting with initiator and polymerising with 
DMAPS, as described in Sections 2.2.3 and 2.2.4.2. The ATR-FTIR 
spectra of the resulting films showed very low levels of the 
sulfonate group, indicating that the number of brush-like 
polymers on the surface of the film and/or the molecular weight 
of chains was low (Fig. S1). We hypothesized that this result may 
be because the hydroxyl groups in silk fibroin are mostly found 
in serine residues, which are frequently located in the beta 
sheet regions of the protein. This motivated us to enrich the 

hydroxyl content on the film’s surface and to use methods that 
keep beta sheet content in the films low. To keep beta sheet 
content low, water vapour annealing was used to induce beta 
sheets instead of methanol81 annealing, and water vapour 
annealing was only employed to render the film insoluble for 
the oxidation reaction (Section 2.2.2.2) because this reaction 
uses water as a solvent (Scheme 1)81. 

To enrich hydroxyl content, two methods were investigated 
to modify the surface of SF films. The first method (Scheme 2i) 
reacted the films with ethylene oxide (EO), which targeted the 
tyrosine, lysine, serine, cysteine, histidine, and arginine. This 
product, denoted as “SFEO,” has a theoretical degree of 
hydroxylation of about 18.2 mol-%. The second method  
(Scheme 2ii, a-b) used a surface oxidation method previously 
reported in literature78. The oxidation mechanism is proposed 
to proceed by abstracting a hydrogen atom from the film’s 
surface to form tertiary SO4

- groups, which are susceptible to 
hydrolysis in aqueous media, resulting in the generation of 
hydroxyl groups82,83 as well as potentially some carboxylic acid 
groups. The potential for hydrogen abstraction is dependent on 
the bond strength, meaning that hydrogens attached to tertiary 
carbons are more susceptible to abstraction than hydrogens 
attached to primary carbons. Since this reaction targets surface 
hydrogen atoms, it has the potential to modify the hydrogen of 
the amide backbone84 in addition to the hydrogens attached to 
tertiary or secondary carbons in the side chains of valine, 
leucine, isoleucine, proline, methionine, lysine, arginine, 
glutamine, and glutamic acid residues. In total, these amino 
acids amount to 5.6 mol-% of a silk molecule, but given the 
reactivity at the hydrogen of the amide backbone, it is difficult 
to determine a precise theoretical degree of modification of the 
product, SFOX. Because the number of potential reaction sites 

Scheme 2. (i) Ethylene oxide treatment of unmodified silk fibroin (SF) films to 
result in SFEO; (ii, a) oxidation of unmodified SF films using ammonium persulfate 
[aqueous 15% w/v APS, 5 min, 25 °C] and (ii, b) hydrolysis of sulfonate groups to 
hydroxyl groups [dH2O, 10 min, 25 °C] to result in SFOX; (iii, a) initiator attachment 
to hydroxylated SF films [NEt3, BIBB, chloroform, 4 h, 40 °C], (iii, b) ATRP of 
zwitterionic monomer [CuBr/Bipy, DMAPS, methanol/water, 12 h, 25 °C] and (iii, 
c) ATRP of PEGMA monomer [CuBr/Bipy, PEGMA, methanol/water, 12 h, 25 °C]. 
Reaction (ii) has the potential to modify the amide backbone as well as numerous 
amino acid residues, therefore this scheme is not drawn to show the individual 
reactive sites that are modified.
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for the oxidation reaction, it should be noted that Scheme 2ii, 
a-b does not exhibit the full extent of modification.

To confirm successful hydroxyl substitution, the surfaces of 
the unmodified and modified silk films were characterised using 
ATR-FTIR (Fig. 1) to assess functional groups and by measuring 
contact angle with water to characterise surface hydrophilicity 
(Fig. 2). The ATR-FTIR spectrum for SFEO (Fig. 1a, Trace ii; Fig. 
1b, Trace ii) did not result in the generation of new peaks 
compared to the unmodified silk surface (Fig. 1a, Trace i; Fig. 
1b, Trace i), but the peak from the hydroxyl substitution is 
expected to overlap with the hydroxyl of the native protein, 
therefore this result was expected. The ATR-FTIR spectrum for 
SFOX (Fig. 1a, Trace iii; Fig. 1b, Trace iii) showed the presence of 
a small peak at ~1740 cm-1 due to the formation of carboxyl 
groups, indicating that some formed despite this being 
discouraged by the experimental setup, and the signal from the 
hydroxyl groups was difficult to resolve again due to hydroxyl of 
the silk film. 

To assist in confirming surface modification by EO and by OX 
methods, the surface hydrophilicity was characterized by 
contact angle measured using two different methods: sessile 

drop (Fig. 2a) and captive bubble (Fig. 2b). The unmodified SFs 
used in the EO and OX syntheses had different processing 

methods, where the SF film used in the EO synthesis was used 
“As Cast” (SFAs Cast) and the SF film used in the OX synthesis was 
water vapour annealed (SFWVA) (Scheme 1), which contributes 
to their different values and is consistent with literature81. 
Compared to the unmodified SF, the water contact angle of the 
hydroxylated films, SFEO and SFOX, decreased (Fig. 2a-b), 
suggesting that the reaction was successful at increasing 
hydrophilicity. After modification with EO, the contact angle 
decreased to about 30°, from about 50° for SFAs Cast (Fig. 2a). This 
was expected due to the increase in OH groups on the surface, 
making the film more hydrophilic. Film modification by 
oxidation also shows a decrease in contact angle to about 30°, 
which is a significant change from the unmodified SF (SFWVA), 
which was approximately 65° (Fig. 2a). SFEO and SFOX have 
similar contact angles, indicating that their surface 
hydrophilicity is similar.

The modified SFs (SFEO and SFOX) were then reacted with α-
bromoisobutyryl bromide (BIBB) to terminate the surface with 
an initiator suitable for subsequent reactions using atom 

Figure 1. (a) ATR-FTIR spectra of (i) Unmodified SF (SFAs Cast), (ii) SFEO, (iii) SFOX, (iv) SFEO-zwitter, (v) SFOX-zwitter, and (b) ATR-FTIR spectra of (i) Unmodified SF (SFAs Cast), 
(ii) SFEO, (iii) SFOX, (iv) SFEO-PEG, (v) SFOX-PEG. Vertical dashed reference lines in (a) correspond to S=O stretching at 1040 cm-1 and ester C=O stretching at 1735 cm-1, 
and the dashed reference line in (b) corresponds to ester C=O stretching at 1735 cm-1.

1800 1500 1200 900

Ab
so

rb
an

ce
 (a

.u
.)

Wavenumber (cm-1)

(i)
(ii)

(iii)

(iv)

(v)
(a)

1800 1500 1200 900

Ab
so

rb
an

ce
 (a

.u
.)

Wavenumber (cm-1)

(iv)

(iii)

(ii)

(i)

(v)

(b)

Figure 2. Water contact angles via (a) sessile drop and (b) captive bubble method of unmodified silk, hydroxylated silks, and silk brush films. “EO” refers to hydroxyl 
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denotes not significant when compared to the unmodified SF within same synthesis group. 
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transfer radical polymerisation (ATRP). To assess successful 
initiator attachment, ATR-FITR and scanning electron 
microscopy (SEM, FEI Nova NanoSEM 450, Hillsboro, OR) with 
energy-dispersive X-ray analysis (EDS, Oxford AZtecEnergy 
Microanalysis System with X-Max 80 Silicon Drift Detector, 
Concord, MA) (SEM-EDS) were used, but it was found that the 
C-Br signal in the FTIR spectrum (Fig. S1) was obscured by the 
silk protein signal and SEM-EDS signal was also small compared 
to the noise (Fig. S2). In lieu of direct assay for bromine 
presence, water contact angle was used to confirm the 
successful attachment of the initiator. After initiator 
attachment, the contact angles for SF-Br sharply increased from 
~30° to ~75° for the EO synthesis and 65° for the OX synthesis 
(Fig. 2a). The change in surface hydrophilicity is consistent with 
the attachment of hydrophobic initiator.

Using the initiator-attached films, SF-Br, polymers were 
“grafted from” the surface of silk by surface-initiated ATRP (SI-
ATRP). Two acrylate monomers were selected for investigation. 
The first contained a poly(ethylene glycol) (PEG) pendant group 
that is hydrophilic and lacking in charged groups. The second 
monomer was hydrophilic and zwitterionic, where the charged 
groups were balanced to obtain an electrically neutral 
monomer. ATR-FTIR and contact angle were used to confirm 
successful surface polymerisation of the brush-like polymers. 
Here, we have chosen to use the term “brush-like” to describe 
the polymers because they are synthesized using the same 
chemistries that can produce polymer brushes, but a direct 
measure of surface density of the chains to prove chain 
interactions was not possible, thus we use the term “brush-
like”. For both SFEO-zwitter and SFOX-zwitter, the ATR-FTIR 
spectra (Fig. 1a, Trace iv and v) show a new peak due to the 
formation of the ester bond from the polymerisation at ~1720-
1730 cm-1, and a peak due to the sulfonate (-OSO3

-) group of the 
zwitterionic polymer is present at 1040 cm-1. The amount of 

sulfonate can be quantified by normalising the amide II region 
(1500-1600 cm-1) of SF-zwitter spectra and determining the 
area of the sulfonate peak at 1040 cm-1. The areas of SFEO-

zwitter and SFOX-zwitter were 2.29 and 2.45 (relative to the 
normalised amide II region), respectively, suggesting that the 
oxidation method results in more brush-like polymer surface 
functionalization. This result may arise due to the greater 
number of reactive sites theoretically available to the oxidation 
reaction compared to the ethylene oxide reaction, though not 
all reactive sites will generate brush-like polymers because of 
other constrains, such as sterics. The ATR-FTIR spectra of SFOX-
PEG and SFEO-PEG (Fig. 1b, Trace iv and v) also show the 
appearance of a peak at 1730 cm-1, indicating successful 
polymerisation, however the PEG-containing brush-like 
polymers had no distinct new peaks, hence quantifying by peak 
deconvolution was not possible. 

Because we hypothesized that methanol annealing causes a 
transformation that reduces the accessibility of reaction sites 
on SF films, we also ran the photo-catalysed oxidation reaction 
on films that were annealed by soaking in 95% methanol in 
water at 25 °C for 24 h. We then attached initiator and 
attempted ATRP polymerisation of the zwitterionic monomer, 
but those films were found to display little brush-like polymer 
content (Fig. S3). This supports our hypothesis that the 
annealing treatments of the silk films impacts their reactivity in 
these syntheses and validates our approach to use water 
vapour annealing instead of methanol treatment to render films 
insoluble prior to hydroxyl enrichment.

The contact angle of PEG-containing brush-like polymer 
surfaces could be measured using either the sessile drop or 
captive bubble methods. The zwitterionic-containing brush-like 
polymer surfaces were found to wet too rapidly to obtain an 
accurate measurement by sessile drop, therefore only the 
captive bubble method was used for those films. The contact 
angles of SFEO-PEG and SFOX-PEG are shown in Fig. 2a for the 
sessile drop and Fig 2b for the captive bubble method, and the 
values are about 40°, which is a significant decrease from SF-Br 

and shows that the surface was also successfully modified with 
PEG-containing brush-like polymers. The contact angle for films 
with PEG-containing brush-like polymers was significantly lower 

Figure 3. AFM height micrographs of (a) SFEO, (b) SFEO-zwitter, (c) SFEO-PEG, (d) SFOX, (e) SFOX-zwitter, and (f) SFOX-PEG film surfaces.
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than SF when the oxidation method (SFOX-PEG) was employed, 
but this decrease was not found to be significant for the brush-
like polymers prepared from the ethylene oxide modified 
surfaces (SFEO-PEG). Using the captive bubble method, SFEO-
zwitter and SFOX-zwitter (Fig. 2b) both show a contact angle of 
approximately 20°, a significant reduction from SF-Br that 
confirms successful functionalisation. The captive bubble 
method (Fig. 2b) also shows that the SFEO-zwitter and SFOX-
zwitter display significantly lower contact angles than SFEO-PEG 
and SFOX-PEG.

The changes in the surface morphology of the films were 
characterised by atomic force microscopy (AFM), and the height 
micrographs of the modified silks are shown in Fig. 3. SFEO (Fig. 
3a) appeared to be more uneven than did the SFOX, but both 
films modified with the brush-like polymers exhibited increased 
height when compared to SFEO (Fig. 3e) and SFOX (Fig. 3d), 
providing further evidence that the polymerisation was 
successful. Compared to the brush-like polymer films prepared 
on the surfaces modified with ethylene oxide, the brush-like 
surfaces prepared from the oxidised surfaces appeared to be 
more uniform. While both the ethylene oxide and the oxidation 
reactions led to brush-like polymers on the surface of the silk 
films, we elected to focus the next series of experiments on the 
oxidised series of films due to their appearance of uniformity, 
greater brush-like polymer thickness based on FTIR 
measurements, and the potential for the future generation of 
patterned brush-like surfaces by employing masks during the 
light-catalysed oxidation reaction.

3.2 Beta Sheet Secondary Structure Formation.

Silk fibroin is known to self-assemble into beta sheet secondary 
structures2,4,79,85. Tuning beta sheet content affords the 
opportunity to tune SF’s properties, including degradation and 
mechanical properties, therefore we assessed the changes in 
beta sheet content of the films as they progressed from “As 
Cast” films (SFAs Cast) through the synthesis and processing steps 
to generate the brush-like surfaces (Table 1). ATR-FTIR scans of 
all films were measured to analyse the amide I region (1600 to 
1700 cm-1), which is known to display spectral changes in 
response to changing protein structure. For example, peaks that 
correspond to random coils are positioned at 1650 cm-1 and 
1540 cm-1 transition to 1625 cm-1 and 1515 cm-1, respectively79. 
The amide I region was deconvoluted into peaks corresponding 
to different secondary structures using established methods79. 
Table 1 shows the beta sheet content measured after each 
reaction, without the application of any other treatments to 
deliberately trigger the secondary structure, such as exposure 
to water vapour or methanol. For the EO series, SFAs Cast 
exhibited the lowest beta sheet content of all of the films (about 
19.7%). The subsequent reactions, the EO treatment and the 
initiator attachment, do not induce further changes in beta 
sheet content. This is expected because these reactions do not 
utilise solvents or other conditions that have been shown to

Table 1. Beta sheet content of modified SF films through synthesis and modification.

Beta Sheet Content (%)
EO1 OX2

Unmodified SF 19.7 ± 4.19
(this film is SFAs Cast)

27.5 ± 1.22
(this film is SFWVA)

Hydroxylated SF 21.3 ± 3.68 29.0 ± 2.83
SF-Br 24.1 ± 2.35 28.4 ± 3.46

SF-zwitter 35.6 ± 2.99 35.2 ± 3.04
SF-PEG 34.0 ± 3.01 34.5 ± 2.18

1Initial modification by ethylene oxide; 2Initial modification by photo-catalysed 
oxidation.

change the conformation of silk. After the DMAPS and PEGMA 
polymerisations, the beta sheet content increases to 
approximately 34-35%, which is a result of the exposure of films 
to methanol during the reaction. In the OX series, the SFWVA 
films contain more beta sheet content than the SFAs Cast films 
used in the EO series, a finding that is consistent with 
literature19. Similar to the EO series, the surface oxidation and 
initiator attachment reactions do not induce beta sheets, but 
the DMAPS and PEGMA polymerisations increase the beta sheet 
content. Again, this was expected due to the films being 
exposed to methanol during the polymerisations.

The impact of the brush-like polymer surface modifications on 
the protein’s ability to form beta sheet structures was also 
quantified. To complete this study, the films in the EO and OX 
series were first prepared as described above. Each film was 
then annealed by soaking in 95% methanol in water for 24 h at 
25 °C, drying, and then analyzing beta sheet content using ATR-
FTIR with peak deconvolution. The goal was to determine if the 
surface functionalisations affect the final amount of beta sheet 
that can form. “As Cast” SF films (SFAs Cast) soaked in the 
methanol solution under these conditions were found to display 
36.7 ± 2.30% beta sheet content. Table 2 shows that the 
hydroxylated SFs (SFEO and SFOX) and the SF films with brush-like 
polymers (SF-zwitter and SF-PEG) all show beta sheet contents 
similar to the “As Cast” unmodified SF films, indicating that the 
surface functionalisation does not affect the ability of the 
protein film to form beta sheets.

3.3 Film Degradation.

SF has been shown to degrade via hydrolysis or at an 
accelerated rate by treating with Protease XIV, the rate of which 
is dependent on its beta sheet content19,21,80. It was not known 
how the degradation would be affected by the brush-like 
polymer surfaces. Films were exposed to 1 U/mL protease XIV 
in 1X PBS (enzyme) (Fig. 4a) or 1X PBS only (control) (Fig. 4b).

Table 2. Beta sheet content of modified silk films after exposure to 95 v/v% methanol.

1Initial modification by ethylene oxide; 2Initial modification by oxidation

Beta Sheet Content (%)
EO1 OX2

Hydroxylated SF 34.3 ± 2.74 37.1 ± 3.38
SF-zwitter 36.3 ± 4.44 37.7 ± 3.92

SF-PEG 35.9 ± 2.50 36.5 ± 4.09
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SFOX, SFOX-zwitter, and SFOX-PEG films all show similar 
degradation profiles. This suggests that the presence of the 
brush-like polymers, though synthetic, do not hinder the ability 
of the film to degrade. SF was found to degrade faster and reach
a lower mass than the modified films. The slower degradation 
of the functionalised silk surfaces is attributed to the lack of 
degradation of the polymer brushes and the decreased ability 
of the enzyme to attach to the more hydrophilic surfaces. The 
degradation profiles from incubation in 1X PBS are shown in Fig. 
4b, where all compositions show resistance to degradation over 
the duration of the experiment (14 days). This result is 
consistent with the literature, where silk fibroin with beta sheet 
content degrades over much longer timescales without the 
presence of Protease XIV19,21,80,86.

3.4 Protein and Cellular Attachment Studies.

To evaluate the biofouling potential of the modified SF films, 
protein adsorption was quantified. Bovine serum albumin (BSA) 

was selected for investigation because it is a large component 
in blood87,88, one of the first substances to deposit after a 
biomaterial is implanted89,90, and is the protein that is 
frequently used as a model foulant, including for applications in 
marine fouling91–93 and filtration membranes94–96. The films 
were incubated with a solution of BSA, rinsed with water to 
remove loosely attached protein, and then treated with a 
surfactant solution. The surfactant was used to remove bound 
protein and was assayed to quantify the amount of protein 
adsorbed onto the surface, which was then divided by the area 
of the film (9.6 cm2) to obtain the values reported in Fig. 5. Films 
that were not exposed to BSA did not result in a detectable 
amount of protein in the surfactant solution, indicating that the 
signal from this assay is from the adsorbed BSA and not the 
release of silk protein from the film. Compared to the water 
vapour annealed SF (SFWVA), SFOX showed a similar amount of 
BSA bound to the surface, despite the finding that SFOX 
displayed a significantly lower contact angle (about 30° by 
captive bubble) than SFWVA (about 65° by captive bubble). These 
results show that, though changes in contact angle may be 
observed, the addition of hydrophilic functional groups does 
not necessitate a reduction in protein attachment. The polymer 
chains “grafted from” the film’s surface using ATRP (SFOX-
zwitter and SFOX-PEG) showed a reduction in the amount of 
protein adhered to the surface. SFOX-zwitter showed the lowest 
amount of BSA adhered to the surface, indicating the 
zwitterionic brush-like polymers display less fouling than the 
PEG-containing brush-like polymers. To compare these results 
to the literature, we replicated a synthesis that conjugated a 5 
kDa PEG molecule to silk fibroin surfaces using a “grafting to” 
method to result in the product SF-PEGCC. The water contact 
angles of the surfaces are similar and not statistically different, 
specifically ~42° for SFOX-PEG and ~45° for SF-PEGCC. The 
molecular weights of the PEG containing chains are also similar: 
SF-PEGCC chains are ~5,000 g/mol and SFOX-PEG chains are 
~8,000 g/mol (Table S1). The finding that SFOX-PEG had less 
protein bound than SF-PEGCC may be due to several factors. 

Figure 5. Amount (ng/cm2) of bovine serum albumin (BSA) adsorbed onto 
unmodified silk, oxidized silk, and silk brush-like polymer surfaces normalized to 
film area. * denotes significance at p < 0.05.

Figure 4. Degradation profiles of water annealed silk (SF), hydroxylated silk 
(SFox), and the silk brush films in (a) 1 U/mL protease XIV and (b) 1X PBS, at 37 
°C
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First, there may be a greater density of brush-like polymers on 
the SFOX-PEG surfaces compared to SF-PEGCC because of the use 
of “grafting from” to synthesize SFOX-PEG. The chain 
architecture is also different (SF-PEGCC has PEG in the backbone 
and is terminated with a methoxy group, but SFOX-PEG has PEG 
pendant groups and is terminated with bromine) and may 
impact interactions between neighboring chains and the 
coverage of the film surface. Molecular weight of the chains 
may also contribute to this difference, but this seems less likely 
because the chains are both oligomeric and the values are 
similar to what others have used for polymer brushes. While 
comparing the outcomes of protein attachment studies 
reported in literature is somewhat challenging due to 
differences in methods and how data are reported, the SF-
zwitter surfaces have protein attachment of ~29.2±7.7 ng/cm2, 
which is lower than other methods to reduce attachment to SF 
surfaces. Varying the surface density, molecular weight, and 
pendant group composition of the brush-like polymers may 
enable tuning of attachment and is the subject of ongoing work.

Cell attachment to the SF and modified SF films was 
investigated by seeding human mesenchymal stem cells 
(hMSCs) onto the films and quantifying the number of cells 
quantified after incubating for 1 h, 3 h, 6 h, and 24 h. hMSCs 
were selected for study because they are present in the 
circulation and can migrate to wounded areas to start the 
process of tissue regeneration. The number of cells attached to 
the samples at each time point and after 24 h are shown in Fig. 
6a and Fig. 6b, respectively. A similar number of cells attached 
to the water vapour annealed silk (SFWVA) and SFOX, illustrating 
that even though SFOX is more hydrophilic than SF, it is not more 
effective at repelling attachment of cells, a finding that is 
consistent with the protein adhesion experiments (Fig. 5). SFOX-
PEG depicted fewer cells adhered than SFWVA or SFOX, suggesting 
that the PEG brush-like polymers are effective at reducing 
fouling. SFOX-zwitter exhibited the lowest number of cells 
attached, which is consistent with the protein adhesion results 
and highlights the zwitterionic brush-like polymer surface’s 

resistance to biofouling. The data shown in Fig 6 is consistent 
with images of cells seeded on the different films acquired at 
the 24 h time point (Fig. S5). Taken together, the protein and 
cell adhesion data indicate that both the PEG-containing brush-
like polymers and the zwitterionic brush-like polymers are 
capable of decreasing BSA and hMSC attachment compared to 
unmodified SF and existing “grafting to” methods, but that the 
zwitterionic compositions lead to greater reductions in 
attachment. Finally, some literature has noted differences 
between how cells and protein attach to the polymer-
functionalised silk surfaces. For example, in some cases, surface 
functionalization with polymers reduces cell attachment but 
not protein attachment, while in other cases, surface 
functionalisation with polymers reduces attachment of large 
proteins like antibodies, but not smaller proteins, like albumin. 
The surfaces prepared and characterized here showed the same 
trend in cell and protein attachment, which may indicate that 
the oxidised method yields a greater uniformity in conjugation, 
greater density of the chains, or perhaps some combination of 
these and other factors, though this cannot be stated with 
certainty because the surfaces could not be directly compared.

Conclusions
This work successfully functionalised the surfaces of silk 

fibroin films with hydrophilic and zwitterionic polymer brushes 
using atom transfer radical polymerisation (ATRP). To 
polymerise the brushes, initiating molecules were first attached 
to the films at free hydroxyl groups and then polymer chains 
were grown from the surfaces using acrylate monomers. Initial 
experiments that functionalised the surfaces of methanol-
annealed silk films were found to result in very little polymer 
brush attachment, leading to the hypothesis that hydroxyl 
group accessibility may be reduced by the presence of beta 
sheet structures. Two different methods were therefore 
investigated to enrich the surface of the films with hydroxyl 
groups prior to initiator attachment, where the first method 

Figure 6. Attachment (cells/cm2) of human mesenchymal stem cells (hMSCs) to unmodified silk, oxidized silk, and silk brush-like polymer surfaces normalized to film 
area at (a) 1 h, 3 h, 6 h, and 24 h; and (b) 24 h. * denotes significance at p < 0.05.
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conjugated ethylene oxide and the second method used a two-
step oxidation reaction. One advantage of the ethylene oxide 
reaction is that it does not require silk to be water insoluble, 
therefore it permits the use of “As Cast” films with lower 
amounts of beta sheet. In contrast, the photo-catalysed 
oxidation reaction requires a water-insoluble film, but it can 
generate hydroxyl groups at a large number of reactive sites, 
including secondary amines along the protein’s backbone. Both 
methods increased film hydrophilicity significantly, as 
determined by a reduction in contact angle with water. 

Initiator was attached to the films and two types of brush-
like polymers, one containing a zwitterionic pendant group 
(DMAPS) and the other containing a poly(ethylene glycol) (PEG) 
pendant group, were grown from the surfaces using a “grafting 
from” method. AFM micrographs of the brush-like polymer 
surfaces appear to be more uniform when generated on the 
oxidised surfaces, and ATR-FTIR suggests that there is a larger 
amount of the zwitterionic brushlike-polymers on the oxidised 
surfaces as well. Surfaces functionalised with PEG-containing 
brush-like polymers were found to display a lower contact angle 
with water compared to unmodified surfaces, though this was 
significant only for the oxidised series of films, and brush-like 
polymers with zwitterionic side chains were found to reduce the 
contact angle with water to an even larger extent than the PEG-
containing polymers. The presence of brush-like polymers 
slowed, but did not prevent, film degradation.

Albumin is one of the most abundant proteins in serum and 
deposits quickly to facilitate cellular attachment, therefore the 
ability of the films to attach BSA was characterised. Surfaces 
containing PEG “grafted from” the film displayed significantly 
lower protein attachment compared to the control surfaces and 
the PEG “grafted to” surfaces. Zwitterionic brush-like polymers 
grown from oxidised surfaces displayed significantly lower 
protein attachment than the methods to prepare PEG brushlike-
polymers. Human mesenchymal stem cell attachment followed 
the same trends, where attachment was highest on control 
surface, reduced on PEG surfaces containing “grafted to” 
polymers, reduced further on PEG brush-like polymers 
prepared by “grafting from”, and lowest on the zwitterionic 
surfaces prepared by “grafting from”. This work thus reports on 
new methods to generate brush-like polymer surfaces on silk 
fibroin and demonstrates the enhanced ability of zwitterionic 
surfaces to decrease cell and protein attachment compared to 
uncharged hydrophilic surfaces. Combining the zwitterionic 
brush chemistry with the photo-catalysed oxidation reaction is 
expected to permit spatial control over cell and protein 
attachment to silk biomaterial surfaces and is envisioned to 
advance the utility of implanted silk materials that require 
control of diffusion around surfaces, such as drug delivery 
implants.
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