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Facile Photochemical Modification of Silk
Protein—-Based Biomaterials

John G. Hardy, Annabelle Bertin, Jose Guillermo Torres-Rendon, Aldo Leal-Egafia,
Martin Humenik, Felix Bauer, Andreas Walther, Helmut Célfen, Helmut Schlaad,
and Thomas R. Scheibel*

Silk protein—based materials show promise for application as biomaterials for tissue engineering. The simple and

rapid photochemical modification of silk protein-based materials composed of either Bombyx mori silkworm silk

or engineered spider silk proteins (eADF4(C16)) is reported. Radicals formed on the silk-based materials initiate the
polymerization of monomers (acrylic acid, methacrylic acid, or allylamine) which functionalize the surface of the silk
materials with poly(acrylic acid) (PAA), poly(methacrylic acid) (PMAA), or poly(allylamine) (PAAm). To demonstrate
potential applications of this type of modification, the polymer-modified silks are mineralized. The PAA- and PMAA-
functionalized silks are mineralized with calcium carbonate, whereas the PAAm-functionalized silks are mineralized with
silica, both of which provide a coating on the materials that may be useful for bone tissue engineering, which will be the

subject of future investigations.
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Silk-based materials are employed for a variety of technical
applications (e.g., textiles, optics, electronics) and medical appli-
cations (e.g., sutures, drug delivery, tissue engineering).l-3l
Sources of such proteins include domesticated Bombyx mori
silkworms, bees, lacewings, and spiders (e.g., Araneus diadem-
atus, Nephila clavipes)."**! In addition, recombinantly produced
engineered silk proteins are a particularly attractive source
of spider silk-mimetic proteins due to the inherent difficulty
in farming spiders.>®7l While the naturally produced silk of
B. mori silkworms is currently the most economically impor-
tant silk, industries are beginning to exploit engineered spider
silks for commercial purposes.

Silk proteins are processable in various solvents, which has
enabled the production of diverse materials morphologies (e.g.,
films, fibers, foams, hydrogels, and particulates) of use in both
technical and biomedical industries.®-1% The properties of such
materials can be tuned to fit a specific application by either re-
engineering the protein®®7! or chemically as discussed previ-
ously.'!! Indeed, chemical modification of silkworm silks has
been the subject of extensive research, historically focused on
the textiles industry, and a popular route to chemically modify
silk-based textiles is their exposure to initiators that generate
radicals on the backbone of the silk protein enabling it to act
as a macroinitiator to facilitate grafting of other polymers
from their surface (modifying their finish, wettability, etc.).!!]
We and others have investigated the chemical modification of
engineered spider silks (particularly of carboxylic acid and thiol
moieties) to display cell adhesive peptides, polymers, or nano-
particles which may impart novel functionality to the surface
of the materials and improve their properties for application as
tissue scaffolds.['=311]

Silk-based tissue scaffolds have been investigated
for application in a variety of different biological
niches,'3 including bone tissues which are hier-
archically structured inorganic-organic composite
materials.l'Zl A variety of materials are under inves-
tigation to enhance bone regeneration (which is of
great importance in societies with ageing popula-
tions),l'3"1] one class of which include silk-based
composite materials,'®! that may be mineral-
ized"7-?! using a variety of approaches to yield scaf-
folds for bone regeneration.?2-2¢]

Protein-based materials are known to undergo
photooxidation mediated by radical generation
upon exposure to a high level of UV light.?’-31 UV-
induced surface graft polymerizations using pho-
toinitiators are a popular method of functionalizing
a variety of surfaces.l?l Here we report the use of
the silk proteins as initiators (when undergoing
photooxidation mediated by radical generation upon
exposure to a high level of UV light) to grow poly-
mers from the backbone of B. mori silkworm silk
fibroin (BMF) and an engineered spider silk protein
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(specifically with calcium carbonate on PAA or PMAA modi-
fied silk, or silica on PAAm-modified silk), and human mesen-
chymal stem cells were cultured on the materials in vitro.

Full experimental details are found in the supplementary
information.

The surface of silk protein-based biomaterials was modified
using a simple photochemical approach wherein degummed
BMF fibers®¥ or films of eADF4(C16)! were immersed in
neat monomer (acrylic acid, methacrylic acid, or allylamine),
exposed to UV light for 48 h and subsequently washed and
dried under vacuum. Exposure of the silk-based materials
to high levels of UV light results in radical generation on the
backbone of the silk proteins (which is commonly known for
proteins) and growth of polymers (PAA, PMAA, or PAAm,
respectively) grafted to the backbone of the silks (Figure 1).1°¢
SEM revealed clear differences between the surfaces of the
unmodified and modified fibers (Figure 1), with the surfaces
of the BMF fibers (Figure 1B) being relatively smooth by com-
parison with those modified upon exposure to UV light in the
absence (Figure 1C) or presence of acrylic acid (Figure 1D),
methacrylic acid (Figure 1E), or allylamine (Figure 1F), respec-
tively. SEM (Figure S1, Supporting Information) and water con-
tact angle measurements (Table S1, Supporting Information) of
non-modified and modified silk materials exemplarily shown
for the eADF4(C16) films showed no statistically significant
differences; however, modification of the surface chemistry of
the films was confirmed by Fourier transform infrared (FTIR)
spectroscopy (Figure S2, Supporting Information) and XPS
(Figure 2).

e

———
e

T_"Ji 1'\...4.«?:

Polyacrylicacid Polymethacrylicacid Polyallylamine
(PAA) (PMAA) (PAAM)

‘|

(eADF4(C16))1** to display polymers. The polymers
used to exemplify this approach were poly(acrylic
acid) (PAA), poly(methacrylic acid) (PMAA), or
poly(allylamine) (PAAm). Optionally, the modi-
fied silk materials were mineralized with popular
inorganic components of bone tissue scaffolds

Figure 1. A) Schematic of the photochemical modification of silk-based materials with
PAA, PMAA, or PAAm and the optional mineralization of PAA- or PMAA-modified silks
with calcium carbonate, or of PAAm-modified silks with silica. B-F) SEM images of silk-
based fibers, scale bars represent 4 um. B) Degummed B. mori fibroin (BMF) fibers.
C) Degummed BMF fibers exposed to UV light in the dry state. D) Degummed BMF
fibers exposed to UV light in acrylic acid. E) Degummed BMF fibers exposed to UV
light in methacrylic acid. F) Degummed BMF fibers exposed to UV light in allylamine.
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Figure 2. XPS analysis of spin-coated film of eADF4(C16), displaying the photoelectron spectra for Cls, Ols and N1s orbitals. A—C) Untreated.
D-F) Exposed to UV light in acrylic acid. G—I) Exposed to UV light in methacrylic acid. J-L) Exposed to UV light in allylamine.

FTIR spectroscopy in attenuated total reflection (ATR)
mode (Figure S2, Supporting Information) revealed that the
materials were all B-sheet rich, with peaks at 1620 (amide I),
and 1520 cm™! (amide II), for BMF fibers;*78l and 1624 cm™!
(amide 1), 1520 cm™ (amide II), and 964 cm™ (polyalanine),
for eADF4(C16) films.333%! Subtle qualitative changes in the
spectra for BMF fibers and for films of eADF4(C16) modi-
fied with the polymers were observed. Indeed the materials
with PAAm showed N-H bond bending vibrations being vis-
ible as a small shoulder at 1643 cm™!, and the CH, bending
vibration is visible as a small shoulder at 1444 cm™!,®9 with
a notable diminishment of the COOH peak displayed on the
backbone of eADF4(C16). The materials modified with PAA
or PMAA showed minor alterations in peak intensity and
breadth for the COOH peak at approx. 1700-1740 cm™ con-
firming their presence. The fact that it is possible to observe
peaks from the underlying protein suggests that the thick-
ness of the layer of polymer on the surface of the films is
on the nanometer scale as the IR beam on the ATR probe
typically penetrates the top approx. 200 nm of the surface of
the film.

XPS confirmed the modification of the surface chemistry
of the spin-coated eADF4(C16) films (Figure 2). XPS spectra
of untreated spin-coated films of eADF4(C16) are displayed
in Figure 2A-C, those for films exposed to UV light in acrylic
acid are displayed in Figure 2D-F, those for films exposed to
UV light in methacrylic acid are displayed in Figure 2G-I, and
those for films exposed to UV light in allylamine are displayed
in Figure 2J-L. The peak shapes for the C 1s, O 1s and N 1s
peaks showed significant differences for each of the different
modifications with PAA, PMAA, and PAAm, respectively.

The C 1s peaks for the eADF4(C16) films (Figure 2A) showed
significant changes as the variety of C 1s environments exposed
on the surface of the films was diminished from carbons in
the protein backbone and on the pendant side groups of the
individual amino acids (e.g., C—C [alkyl and aromatic], C—H
[alkyl and aromatic], C—N [in the backbone amides and on
glutamine], C=0 [backbone amides and glutamic acid], C—O
[glutamic acid, serine, tyrosine]) to those on PAA (Figure 2D),
PMAA (Figure 2G), and PAAm (Figure 2]), that is, C—C [alkyl],
C—H [alkyl], C—O and C=O [carboxylic acids on PAA and
PMAA], and C-N [on PAAm].



The O 1s peaks for the eADF4(C16) films (Figure 2B) showed
minor changes for the PAA (Figure 2E), PMAA (Figure 2H),
and PAAm (Figure 2K) modified films. The variety of O 1s
environments exposed on the surface of the films is some-
what altered from oxygens in the protein backbone and on the
pendant side groups of the individual amino acids (e.g., C=0
[backbone amides and glutamic acid], C—0 and O—H [glutamic
acid, serine, tyrosine]), to C=0, C—O, and O—H from the car-
boxylic acids on PAA and PMAA modified films. In agreement
with the FTIR data this confirmed that the thickness of the
coating of polymers is on the nanometer scale.

The N 1s peaks for the eADF4(C16) films (Figure 2C) showed
clear changes for the films modified with PAA (Figure 2F),
PMAA (Figure 2I), and PAAm (Figure 2L). The variety of N 1s
environments exposed on the surface of the films was dimin-
ished from nitrogens in the protein backbone and on the pen-
dant side groups of the individual amino acids (e.g., C—N and
N—H in the backbone amides and on glutamine), and the
PAA- and PMAA-modified films had little/no nitrogen on the
surface of the films, whereas the PAAm-modified films had
a clear N 1s peak because of the presence of C—N and N—H
environments in the amines of PAAm. Thereby the N 1s data
showed that the coating of polymers on the surface of the films
is homogeneous, akin to data from some of our previous work
on the chemical modification of silk surfaces.[*%

Data from TGA (Figure S3 and Table S2, Supporting Infor-
mation), DSC (Figure S4, Supporting Information), and
mechanical tests (Table S2, Supporting Information) confirmed
the photochemical modification of the BMF fibers with PAA,
PAAm, and PMAA. TGA profiles of degummed BMF fibers
and the polymer modified fibers (Figure S3, Supporting Infor-
mation) were generally similar; however, the first derivatives of
the TGA profiles revealed improvements in their thermal sta-
bilities (Table S2, Supporting Information) after the modifica-
tion of BMF fibers with PAA (approx. 7 °C), PAAm (approx.
15 °C), or PMAA (approx. 15 °C). DSC data showed subtle dif-
ferences in the thermographs, with the thermal stabilities of
the fibers showing a similar trend to the TGA data, increasing
from the BMF fibers exposed to UV light, to the PAA modi-
fied fibers, then the PAAm-modified fibers, and the most stable
being PMAA modified fibers (Figure S4, Supporting Informa-
tion). The Young's moduli obtained from tensile testing (Table
S2, Supporting Information) showed some moderate improve-
ments in the mechanical properties of BMF fibers modified
with PAA and PMAA, although these differences were not sta-
tistically significant.

With a view to demonstrating potential applications of
this photochemistry approach, we mineralized the polymer-
modified silks. The carboxylic acid residues displayed on the
proteins (C-terminus, aspartic acid, glutamic acid) and poly-
mers (PAA and PMAA) can bind Ca?* ions enabling the deposi-
tion of CaCOs3, which is of interest for biomedical applications,
for example, in bone tissue regeneration.>*42l SEM (Figure 3)
revealed the deposition of CaCOs; crystals on the surface of
silk fibers and films. BMF fibers display few carboxylic acids
and therefore deposition of CaCOj; crystals was relatively low
(Figure 3A), whereas those coated with PAA (Figure 3B) or
PMAA (Figure 3C) were markedly more mineralized. The engi-
neered spider silk eADF4(C16) displayed a higher proportion of

carboxylic acids than BMF and therefore was more mineralized
(Figure 3D); however, the films of eADF4(C16) coated with PAA
(Figure 3E) or PMAA (Figure 3F) had a markedly increased
density of carboxylic acids than the eADF4(C16) alone and were
therefore the most highly mineralized substrates (also sup-
porting the homogeneity of the polymer coatings on the silks).

The amines displayed on the PAAm-modified engineered
spider silk eADF4(C16) facilitated the deposition of silica, which
is also of interest for the aforementioned biomedical applica-
tions.?223] SEM and energy dispersive X-ray (EDS) analysis of
the films before and after mineralization with silica showed
clear differences. The SEM images showed the smooth sur-
face of the films before mineralization with silica (Figure 3G),
and that after mineralization with silica (Figure 3H) there was
a layer of silica with nanometer-to-micrometer scale pores pre-
sent on the surface. EDS confirmed that their surface chem-
istry was different before and after mineralization (Figure 3L]).
Peaks in the EDS spectra of the films of PAAm-modified
eADF4(C16) had lines at 0.277 and 0.525 keV that are the
characteristic Koo emissions of carbon and oxygen (Figure 3I),
respectively, and the very weak emission at 0.392 keV is the
Ko emission of nitrogen (clearest in Figure 3]). The peak at
1.041 keV is the Ko emission of sodium from the phosphate-
buffered saline used in the mineralization process (Figure 31,]).
The peak at 1.480 keV is the Ko emission of bromine and is
plausibly based on traces of bromine impurities in the salt used
during buffer preparation for use in the mineralization process
(Figure 3L]J). Importantly, the successful mineralization of the
films of PAAm-modified eADF4(C16) with silica was clear from
the appearance of the Ko emission peak of silicon at 1.739 keV
(Figure 3L]).

To demonstrate biocompatibility, human mesenchymal stem
cells were cultured in vitro for 2 weeks on the materials. Alka-
line phosphatase (ALP) activity is a hallmark of bone tissue
formation, and qualitative analysis of ALP activity was demon-
strated with ALP live staining (Figure S5, Supporting Informa-
tion) which showed that the cells were alive and functional (on
or indeed infiltrated inside the films) as seen by the patches of
dark coloration that is characteristic of the precipitated stain.
As previously reported, cells adhere better on Nunclon A tissue
culture plastic (Figure S5A, Supporting Information) than on
eADF4(C16) which is clearly evident here (Figure S5B, Sup-
porting Information). The opacity of the calcium carbonate—
mineralized films on PAA modified eADF4(C16) (Figure S5C,
Supporting Information), or on PMAA modified eADF4(C16))
(Figure S5D, Supporting Information) rendered microscopy
challenging, as did the porosity of the silica coating on the
PAAm-modified eADF4(C16) (Figure SSE, Supporting Infor-
mation) where cells appeared to have infiltrated the pores. The
evidence of ALP activity on such materials suggested that they
are worthy of further investigation into their potential for bone
tissue engineering, particularly in light of studies of MC3T3
cells grown on CaCO; scaffolds which exhibited markedly
increased ALP activity, higher levels of growth factors which
regulate osteoblast differentiation, and matrix mineralization
(calcium deposition), all of which are important biomarkers for
bone tissue formation.*!! Such results demonstrate the poten-
tial benefit of employing CaCOj; scaffolds for bone tissue engi-
neering applications.!*3-40]
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Figure 3. A-F) SEM images of silk-based materials after mineralization with CaCO;, scale bars represent 200 um. A) Mineralized unmodified BMF
fibers. B) Mineralized PAA-coated BMF fibers. C) Mineralized PMAA-coated BMF fibers. D) Mineralized film of eADF4(C16). E) Mineralized PAA-coated
film of eADF4(C16). F) Mineralized PMAA-coated film of eADF4(C16). G—J) SEM and EDS analysis of PAAm-modified silk-based materials, scale bars
represent 100 im. G) SEM image of PAAm-modified film of eADF4(C16). H) SEM image of PAAm-modified film of eADF4(C16) mineralized with silica.
1) EDS analysis of PAAm-modified films of eADF4(C16) before (blue) and after (red) mineralization with silica. J) Enlarged version of (1).

Silk protein—based materials are being developed for a wide
variety of technical and biomedical applications.[*’*8] We report
the simple modification of silk protein-based materials com-
posed of either degummed B. mori fibroin or an engineered
spider silk protein (eADF4(C16)) with polymers (PAA, PMAA
or PAAm). Furthermore, we demonstrated potential applica-
tions of this novel photochemistry by mineralization of the
polymer modified silks: the PAA- and PMAA-functionalized silks
were mineralized with calcium carbonate, whereas the PAAm-
functionalized silks were mineralized with silica, both of which
provide a coating on the materials that may be useful for bone

tissue engineering as exemplified by cell culture studies in vitro.
We conclude that the simple photochemical modification of silk
protein—based materials reported in this manuscript should be
useful for a variety of applications,*” including the development
of functional mineralized biomaterials for regenerative medicine.
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