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ABSTRACT: Peptide nanotubes were used as templates
for the growth of poly(ethylene glycol) diacrylate-based
nanoscale hydrogels via photopolymerization. A Rose Ben-
gal di-amine derivative comprised of a photoactivator and
coinitiator within the same molecule was used as the pho-
toinitiator to increase photopolymerization efficiency. The
nanotubes were covalently bound to the protein BSA before
formation of the hydrogels. We also examined the photo-
polymerization efficiency in reactions involving nanotubes
in the absence of BSA. Although photopolymerization
occurred efficiently under both conditions, higher yields
of highly crosslinked nanostructures were obtained for
the protein bound nanotube-PEGDA hydrogels. It was

observed that the swelling ratios were also dependent upon
whether or not BSA was bound to the nanotubes before
photopolymerization. The thermal properties of the nano-
composite hydrogels were investigated using differential
scanning calorimetry analyses and the morphologies were
examined using TEM, SEM, and AFM analyses. Such nano-
composites prepared by low cost, mild methods could be
extremely efficient for the in situ preparation of three-dimen-
sional arrays of peptide nanotube grafted hydrogels. © 2010
Wiley Periodicals, Inc. ] Appl Polym Sci 118: 25622571, 2010
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INTRODUCTION

Over the past decade, substantial research has been
conducted toward the design and fabrication of a va-
riety of polymeric micro- and nanostructured materi-
als with tailored functional properties for desired
applica’cions.k7 To enhance their applications, surface
modification of the nanostructures is often carried
out®'® Although a variety of procedures have been
used for the preparation of such nanostructures, diffi-
culties associated with their production have limited
their wide applicability. In lieu of this, development
of hybrid biomaterials based on blends of synthetic
and biological polymers have attracted much atten-
tion."*2° Such hybrid biomaterials combine the strong
mechanical properties of synthetic polymers with the
biocompatibility of biological polymers, such as
proteins, DNA, and natural polysaccharides.”™” Their
distinctive features can be utilized in controlled
release, bioencapsulation, catalysis, biosensors, and in
packaging.®** In particular, nanoscale polymeric
hydrogels have gained considerable attention in recent
years as one of the most promising drug delivery sys-
tems because of the combination of nanoparticulate
size and the characteristics of hydrophilicity and high
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water content, which allows for permeability to ions
and metabolites and makes them more favorable for
biotolerance.>**

In general, hydrogel nanoparticles have immense
potential in various applications, such as implant
materials, contact lenses, tissue engineering, bio-
markers, wound dressing, and as drug supports for
controlled release.’** Several polymeric hydrogel
nanoparticulate systems have been prepared and
characterized. Particularly some synthetic polymers
based on polyvinyl alcohol, polyethyleneimine, poly-
vinyl pyrrolidone, polyethylene glycol, polyacrylic
acid, and poly-N-isopropylacrylamide have been
reported with different characteristics and features
with respect to drug delivery.**™ In particular,
polyethylene glycol has been combined with several
bioactive polymers, such as hyaluronic acid, lactides,
alginate, and poly(e-caprolactone) to create inter-
penetrating polymer networks for a range of bio-
medical applications.”>™ Recently, thiolated gelatin
nanoparticles were modified with poly(ethylene gly-
col) (PEG) chains for targeting breast cancer cells.
Such nanoparticulate systems may be potentially
used to target encapsulated drugs and genes to
tumors. Protein-graft-PEG hydrogels have also
shown cell adhesiveness and mechanical strength,
which is promising particularly with respect to
applications in tissue regeneration.®® Photocrosslink-
able oligo[poly(ethylene glycol) fumarate] hydrogels
have been used to encapsulate chondrocytes, for
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applications in cartilaginous tissue engineering.®”
Multifunctional bovine serum albumin (BSA)-ampli-
fied PEG-NH, nanogels have been utilized in
designing protein chips for biosensors.®®

To construct nanoscale hydrogels with controlled
morphologies, researchers have frequently used tem-
plating approaches as well. For example, liposomes
have also been used to synthesize nanoscale hydro-
gels consisting of PEG-diacrylate (PEG-DA) via
photopolymerization.* Carbon nanotubes have also
been functionalized with PEG in the presence of spe-
cific antibodies to enhance biocompatibility and
specific biomolecular recognition, while at the same
time reducing nonspecific protein adsorption.®® Pep-
tide polymer hybrid nanotubes were recently con-
structed using cyclic peptides modified with specific
chemical groups at distinct side-chain positions,
which served as initiation sites for controlled free-
radical polymerization.”® Although a myriad of
research has been carried out using lipid, polymer
vesicles, and surfactants as templates for polymer
immobilization, to our knowledge immbolization of
hydrogels on self-assembled peptide nanotubes via
direct photopolymerization on peptide nanotube
surfaces is yet to be explored. Peptide and lipid-
based nanotubes display several properties that
make them desirable biomaterial candidates, includ-
ing facile self-assembly and adaptability to function-
alization for improved biocompatibility.”””* Design-
ing a system that involves functionalizing peptide
nanotubes with PEGDA-crosslinked with proteins is
likely to lead to novel biomaterials and may facili-
tate in developing miniature biodevices for drug
delivery and tissue engineering applications.

In this work, we have photopolymerized PEGDA
on self-assembled peptide nanotube surfaces in the
presence of visible light. The photopolymerization
was carried out in the presence of Rose Bengal di-n-
butylamine as the photoinitator either directly on
the nanotube surfaces, or after the nanotubes were
bound to BSA. The Rose Bengal di-n-butylamine de-
rivative combines the xanthene dye moiety photoac-
tivator and coinitiator system within a single mole-
cule, thus attenuating the reaction kinetics and
enhancing photopolymerization efficiency. It is well
known that albumin use as a covering agent (either
as adsorbed, crosslinked, or covalently attached)
onto the surface of a biomaterial, increases the bio-
compatibility of the material mainly by reducing
platelet adhesion.”” Thus, the formation of PEGDA-
hydrogels on nanotube surfaces would be very sig-
nificant. The formation of the hydrogels was con-
firmed by spectroscopic methods and the morpholo-
gies and thermal properties of the nanotube-based
hydrogels were investigated. Such nanoscale hydro-
gels could be prepared with a wide range of pro-
teins bound to the nanotubes and could lead to a

new family of nanoscale hydrogels having potential
applications for controlled release devices, tissue
engineering and wound dressing materials.

EXPERIMENTAL
Materials

Albumin from bovine serum minimum (98% electro-
phoresis grade), poly(ethylene glycol) diacrylate,
L-phenylalanine benzyl ester hydrochloride, di-N-
butylamine, Rose Bengal, dibromoethane, 1-hydroxy-
benzotriazole  hydrate  (HoBt), N-(3-dimethyl-
aminopropyl)-N'-ethyl-carbodiimide  hydrochloride
(EDAC), azelaic acid, solvents, such as dimethyl-
formamide, silica gel, tetrahydrofuran, methanol, tri-
ethylamine, buffers of various pH values were
purchased from Sigma Aldrich and used as received.

Methods

Synthesis of the bolaamphiphile and self-assembly
of nanotubes

To prepare template nanotubes for the incorporation
of PEGDA and proteins, the bolaamphiphile bis(N-a-
amido-phenylalanine)-1,7-heptane dicarboxylate (1.0 x
107°M) was synthesized and self-assembled into
nanotubes at pH 4 over a period of 2 weeks. The
bolaamphiphile peptide monomer was synthesized
according to previously established methods and the
details of the synthesis and the self-assembly process
are described elsewhere.”*”® Briefly, the bolaamphi-
phile was synthesized by coupling the benzyl ester of
the amino acid, phenylalanine (1.2 g) with the appro-
priate diacarboxylic acid (0.65 g) (azelaic acid) at
0-3°C in dimethylformamide (DMF) in the presence
of EDAC and 1-hydroxy-benzotriazole, which were
used as coupling agents and as additives, respectively.
After 24 h, the DMF was rotary evaporated and the
intermediate obtained was filtered and washed with
citric acid (0.1M) and sodium bicarbonate solutions
(0.1M). The intermediate was then recrystallized using
DMEF. Finally, the ester groups were deprotected by
base hydrolysis with NaOH at 96°C. The product
obtained was recrystallized using a mixture of 50-50
mixture of ice-cold water and acetone and utilized for
the growth of nanotubes. After the formation of nano-
tubes over a 2-3 week period, the nanotubes were
sonicated, washed with nanopure water, and centri-
fuged thrice before reaction with BSA and subsequent
photopolymerization reactions.

Preparation of Rose Bengal di-n-butylamine
derivative

The Rose Bengal di-n-butylamine derivative was
synthesized according to previously established
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methods.”” Briefly, Rose Bengal was coupled with
dibromoethane to form the intermediate 2'-bromo-
ethylester in the presence of DMF as a solvent. The
materials were refluxed at 50°C for 96 h and the
formed product was rotary evaporated to remove
the solvent under vacuum and recrystallized using
methanol and dried thoroughly. It was then allowed
to react with di-N-butyl amine in DMF in the pres-
ence of potassium carbonate (0.1M) and the reaction
was allowed to stir for 48 h at room temperature.
The formation of the product was followed by TLC.
After the solvent was removed, the formed RB-di-N-
amine derivative, was purified by silica gel column
chromatography. The fractions containing the prod-
uct were combined and rotary evaporated to obtain
the final product, which was confirmed by "H-NMR
spectroscopy. "H-NMR DMSO-d, spectrum showed
peaks at 6 0.9 (t, 6H), 1.4 (m, 8H), 2.9 (t, 4H), 3.1 (t,
4H), 4.2 (t, 2H), 7.3 (s, 1H), 7.6 (s, 1H). Elemental
analysis calculated for C3oHp5CliluNOsOs: C 31.87; H
2.52; Cl 1256, N, 1.24, T 44. 63, O 7.18; Found: C,
31.96%, H, 2.25%, Cl 11.96%, 1 45.31%, N 1.50%, and
0 7.02%

Derivatization of nanotubes with BSA

To 200 pL of self-assembled nanotube solution, 0.1M
NHS (100 pL) and 0.25M EDAC (150 ulL) were
added in order to activate the carboxylate groups of
the nanotubes. The reaction mixture was vortexed
for an hour, followed by the addition of 300 pL of
0.01 mM BSA at pH 7. The solution was incubated
overnight at 4°C and vortexed to ensure covalent
binding between the nanotubes and the protein. The
protein bound nanotubes were then washed thrice
with nanopure water and centrifuged to remove any
unbound protein. The incorporation of the protein
on the nanotube surface was confirmed by FTIR
spectroscopy.

Attachment of Rose Bengal di-n-butylamine
derivative to protein bound nanotubes

It is well known that proteins such as BSA have a
high affinity for dye molecules and can efficiently
bind to them via noncovalent interactions.**®* The
protein bound nanotubes were incubated with 200
uL of 0.1M solution of Rose Bengal di-n-butyl amine
at pH 7. The samples were incubated for 48 h, in
the dark at 4°C. The reaction mixtures were then
washed thrice with nanopure and centrifuged to
remove any unbound photoinitiator. The incorpora-
tion of the photoinitiator on the nanotube surface
was confirmed by absorbance as well as fluorescence
spectroscopy. As a control experiment, 200 pL of 0.1
mM RBN solution in THF was prepared and added
200 pL of self-assembled nanotube solutions (which
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were not bound to BSA) and incubated for 48 h, in
the absence of BSA. The solutions were then washed
and centrifuged and the incorporation of photoinita-
tor was confirmed by spectroscopic methods.

Hydrogel formation via photopolymerization

To investigate the efficacy of formation of the hydro-
gel on the nanotubes, 200 pL of 25% w /v solution of
PEGDA (MW 575 Da) were added to 200 pL pro-
tein-photoinitiator-bound nanotubes for the photopo-
lymerization reactions in pyrex tubes. The pH of the
reaction mixture was adjusted to 7.0. The samples
were illuminated with two 90W lamps (light emitted
between 380 and 510 nm) spaced 5 cm away from
the sample on either side. The samples were
bubbled with nitrogen for 20 min, before illumina-
tion to remove oxygen from the reaction environ-
ment as well continuously bubbled with nitrogen
through out the reaction. The samples were irradi-
ated for varying periods of time, up to a maximum
of 30 min and the efficacy of product formation was
confirmed by the weights of the gels obtained after
drying the samples. Similar procedure was carried
out with dye bound nanotubes (in the absence of
BSA) as a control.

Swelling studies

The swelling kinetics of the nanotube bound hydro-
gels were measured over a period of 24 h days at
room temperature. The nanotube bound hydrogels
were dried at 40°C in the oven for 24 h before carry-
ing out swelling studies. The dried samples were
weighed and immersed in 15 mL of a phosphate-buf-
fered saline buffer solution at room temperature for
predetermined periods; they were then removed, and
surface water was blotted by the filter paper and
weighed until there was no further weight change.
The equilibrium swelling ratio (Q,) was calculated as
follows: Q. = [(W, — Wy /W, x 100% where W, is
the weight of the swollen hydrogel at time t and W,
is the weight of the dry hydrogel at t = 0.

Evaluation of release of BSA from
hydrogel nanotubes

Even though the BSA was covalently bound to the
nanotube surfaces prior to photopolymerization, we
examined the possibility of BSA leaching out of the
hydrogels after the reaction. For this study, the
formed hydrogel nanotubes were suspended in 5
mL solution of pH 7.4 buffer for varying periods of
time. The solutions were then centrifuged and the
contents of the supernatants were evaluated by
Bradford method to examine the presence of BSA
content.
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Characterization

Scanning electron microscopy

The morphology of the samples obtained after irra-
diation was examined by by SEM (Hitachi S-2600N)
operated at 25 kV. The washed samples were dried
and carbon coated before analysis.

FTIR spectroscopy

To confirm the incorporation of PEGDA, as well as
the proteins, on to template nanotubes, FTIR ana-
lyses were performed using IR DIGILAB, Excali-
BuvHE Series FTS 3100. The samples were dried at
room temperature and mixed with KBr to make pel-
lets and then analyzed. All spectra were taken at 4
cm ! resolution with 100 scans taken for averaging.

Absorbance spectroscopy

Absorbance spectroscopy measurements were car-
ried out using Varian Cary3 UV /Visible spectropho-
tometer with Varian data analysis tools at a range of
400-800 nm wavelengths. All measurements were
carried out in aqueous solutions.

Fluorescence spectroscopy

Fluorescence spectroscopy was used to confirm the
incorporation of the photoinitiator on the nanotubes
in the absence and presence of the proteins. Fluores-
cence spectra were taken using Jobin Yvon Fluoro-
max 3 fluorescence spectrometer in a wavelength
range of 570-800 nm, excited at 557 nm.

Atomic force microscopy

AFM analyses were carried out using a Quesant
Universal SPM in tapping mode in air using silicon
nitride tips.

Differential scanning calorimetry

To examine the thermal properties of the hydrogel
nanotubes obtained by photopolymerization, differ-
ential scanning calorimetry (DSC) analyses were car-
ried out using Universal V4.3A from TA Instruments
differential scanning calorimeter. The measurements
were carried out at temperature range between -60
and 250°C. The heat flow rates were recorded at a
rate of 5°C per minute under nitrogen atmosphere.
These measurements provide quantitative and quali-
tative information about physical and chemical
changes that involve endothermic and exothermic
processes.

RESULTS AND DISCUSSION

The bis(N-a-amido-Phe)-1,7-heptane  dicarboxylate
bolaamphiphile was synthesized and self-assembled
according to previously established methods.”” In gen-
eral, the nanotubes formed by self-assembly at room
temperature within a period of two weeks at pH 4.
The bolaamphiphiles are pH sensitive because of the
presence of the free carboxyl groups. In general, both
hydrogen-bonding interactions between the amide
and carboxyl groups as well as the hydrophobic and
stacking interactions between the phenylalanine moi-
eties allowed for the facile self-assembly of the nano-
tubes. It has been observed that such assemblies are
promoted by protonation and/or hydrophobic interac-
tions between the peptide moieties.® The self-
assembled nanotubes were sonicated, centrifuged, and
washed thoroughly with nanopure water. The nano-
tubes were then covalently bound to BSA before treat-
ment with the photoinitator to carry out the photopo-
lymerization reactions. The covalent binding between
nanotubes and the proteins occurs efficiently between
the free lysyl amino groups of the BSA* and the free
carboxylate groups of the nanotubes. The carboxylic
acid groups of the nanotubes were activated using
EDAC and NHS and allowed to react with BSA. After
reaction the samples were washed and centrifuged to
remove any unbound protein. The incorporation of
the proteins was confirmed by FTIR spectroscopy.
Because Rose Bengal has a high affinity for BSA,®
and proteins in general, the photoinitiator RBN was
then incubated with the protein bound nanotubes,
washed and centrifuged before carrying photopolyme-
rization reactions for different periods of time. The
scheme for fabrication of the PEGDA hydrogel bound
nanotubes is shown in Figure 1.

On average, the tubular structures used were 100-
200 nm in diameter. Figure 2 shows SEM images that
indicate the morphologies of the nanotubes before
and after photopolymerization. Figure 2(a) shows a
SEM image of a self-assembled nanotube with smooth
surface, whereas Figure 2(b) shows the SEM image of
nanotubes after photopolymerization after 5 min of
irradiation. Figure 2(c) shows the SEM image of PEG-
diacrylate photopolymerized on BSA-bound nano-
tubes after 15 min of irradiation. Upon comparison of
the nanotubes before reaction [Fig. 2(a)] and after
incorporation of PEGDA [Figure 2(b,c)], there is a
significant difference observed on the surface of the
tubes. These SEM images show distinct, though
uneven, network structures forming a highly inter-
twined mesh indicating the formation of the hydrogel
on the nanotube surfaces. We did not observe any dif-
ference in the morphology of the structures formed
after 15 min of irradiation. Further the viscosity of
the sample did not change beyond 15 min of irradia-
tion. This indicates that photopolymerization was
essentially complete within 15 min of irradiation.

Journal of Applied Polymer Science DOI 10.1002/app
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BSA
_
EDAC + NHS

Figure 1 Scheme for formation of PEGDA hydrogels on
BSA bound nanotubes. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

Photopolymerization experiments were conducted on
nanotubes incubated with the dyes directly, without
prior binding with BSA as well. It is expected that the
peptide nanotubes, which contain phenylalanine moi-
eties, would noncovalently interact with the xanthene
moiety of the RBN photoinitator by hydrophobic
interactions and promote noncovalent binding. Fur-
ther, the carboxylate groups, have an affinity toward
the tertiary amine group of the photoinitator. Upon
photopolymerization, with the nanotubes (which were
not bound to BSA prior to incorporation of the photo-
initiator) directly, relatively distinct structures were
observed. The AFM images shown in Figure 3 clearly
indicate a change in the roughness of the surfaces of
the nanotubes. Figure 3(a) AFM amplitude image of
bare nanotubes after incubating with RBN, whereas
Figure 3(b) shows the AFM image after irradiation
with PEGDA. As seen in Figure 3(b), there is a dis-
tinct difference in the surface of the nanotubes and
PEGDA hydrogels were formed directly on the sur-
face of the nanotubes, though no mesh was observed.
These results indicate that the Rose Bengal di-n-butyl
amine photoinitiator effectively photopolymerized
PEGDA on the nanotube surfaces.

Xanthene dye-coinitiator systems (particularly in
intermolecular electron transfer reaction systems) are
common visible light radical forming systems and
have been used as photopolymerization initiators in
the past.**™ Recently, PEGDA hydrogels were photo-
polymerized on glass and silicon surfaces in the pres-
ence of the xanthene dye eosin and triethanol amine
was used as the coinitiator.*” Relatively less attention
has been paid to the direct role of intramolecular elec-
tron transfer reactions. In the photoinitiator that we
have used for the preparation of the nanotube bound
hydrogels, a donor-acceptor complex consisting of a
xanthene dye and the reductant moiety are incorpo-
rated within a single molecule to enhance the reactiv-
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ity of the photoinitiator by intramolecular photo-
induced electron transfer. This strategy has some
obvious advantages compared with the use of an
intermolecular reaction system for the generation of
radicals. Primarily, one can avoid the use of high
quantity of reductants, which may not be compatible
with the components of the reaction mixture and

—
10pum

——

Figure 2 (a) SEM image of self-assembled peptide nano-
tubes; (b) SEM image of PEGDA immobilized on BSA-
bound peptide nanotubes after 5 minutes of irradiation;
(c) SEM image of PEGDA immobilized on BSA-bound
peptide nanotubes after 15 minutes of irradiation.
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Figure 3 (a) AFM amplitude image of peptide nanotubes
bound to photoinitiator RBN; (b) AFM amplitude image of
PEGDA photopolymerized directly on nanotube surfaces.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

further, reduce back electron transfer, thus leading to
efficient photopolymerization on the nanotube sur-
faces. As seen in Figures 2 and 3, when the nanotubes
were bound to BSA before irradiation with the photo-
initiator, higher quantities of intertwined crosslinked
networks are observed compared with those obtained
on nanotubes without BSA. This is most likely
because in addition to the photoinitiator, an electron
or hydrogen atom transfer may also be occurring
from BSA to the dye moiety or some of the protein
itself may be crosslinked on the nanotube surfaces,
leading to the highly intertwined mesh.”*?! Further
investigations on the exact mechanism for photocross-
linking is ongoing and will be published separately.

FTIR analysis

Figure 4 shows a comparison of the FTIR spectra of
nanotubes before and after photopolymerization.

Figure 4(a) shows the spectrum of nanotubes alone,
whereas Figure 4(b) shows the spectrum of BSA
bound nanotubes, whereas Figure 4(c) shows the
spectrum of the nanotubes after photopolymeriza-
tion with PEGDA. Figure 4(d) shows the FTIR spec-
trum of PEGDA precursor by itself. The characteris-
tic peak of the unsaturated ester C=O bond
(acrylate, ~ 1722 cm )°? in PEG-DA [Fig. 4(d)] was
significantly diminished when cross-linked with
BSA bound nanotubes, Figure 4(c) indicating that
cross-linking has occurred on the nanotube surfaces.
Further, the carbonyl peak because of amide I bonds
present on the BSA bound nanotubes, which was
absent in PEGDA is observed on the photopolymer-
ized gel, further confirming the formation of PEGDA-
BSA-hydrogel bound nanotubes. In addition, the
peak position of the C=O amide peak changed
from 1632 to 1652 cm ™', further indicating interac-
tions with the BSA moiety. The characteristic ether
group peak at 1120 cm ' is also observed in
PEGDA and the photopolymerized sample. These
results confirm the incorporation of BSA on the
nanotubes as well as the formation of hydrogels on
the nanotube surfaces.

Fluorescence spectroscopy

Fluorescence spectroscopic analyses were conducted
to confirm the incorporation of the photoinitiator
onto the BSA bound nanotubes. As shown in

(a) V\/
(b)/_/\,\\/\/W
(c)

(d)

200 1900 1800 1700 1600 1500 1400 1300 1200 1100 1000
Figure 4 (a) FTIR spectrum of bare nanotubes; (b) Nano-
tubes bound to BSA; (c) PEGDA photopolymerized on
BSA bound nanotubes; (d) PEGDA alone.
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Figure 5 Comparison of fluorescence spectra of Rose
Bengal di-n-butylamine photoinitiator before and after
binding to BSA functionalized nanotubes.

Figure 5, we observed that upon incorporation, the
characteristic peak of the photoinitiator (592 nm)
was blue-shifted to 587 nm. Further, we also
observed fluorescence quenching. The spectral blue
shift of the fluorescence demonstrated here is similar
to the spectral blue shift because of the dynamic
Stokes shift which has been observed for dyes of the
xanthene family at low temperatures or when there
is change in the viscosity of the systems. In the case
of nanotubes, the hypsochromic shift and quenching
observed is most likely because of binding caused
by electrostatic as well as hydrophobic interactions
of the photoinitiator with the nanotubes indicating
noncovalent binding.”>*® These results confirm the
incorporation of the photoinitiator to the nanotubes.

Evaluation of BSA release after hydrogel formation

To evaluate the stability of the materials formed,
and examine if there was any undesirable release of
the BSA from the nanotubes after photopolymeriza-
tion and hydrogel formation, we conducted BSA
release studies. As the BSA was covalently bound to
the nanotubes before photopolymerization, we did
not expect BSA leaching to occur. Nevertheless we
conducted these studies, to ascertain that the highly
crosslinked materials formed were indeed stable for
uses in various applications. Figure 6 shows the BSA
release studies conducted over a period of 24 h. The
amount of BSA was quantified by the Bradford
method. As seen in the Figure 6, less than 4% of
BSA was released, initially within the first 80 min,
after which no release was observed. These results
indicate that the nanotube bound BSA-PEGDA
hydrogels formed were stable. The small amount of
release of BSA that occurred, may be due to excess
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BSA or crosslinks that may have been unbound to
the nanotubes in the solution.

Thermal analyses

To examine the thermal properties of the hydrogel
nanotubes obtained by photopolymerization, DSC
analyses were carried out. The thermograms of dry
hydrogel nanotubes (both in the presence and ab-
sence of BSA) were compared and are represented
in Figure 7. In the case of nanotubes, which were
bound to BSA before photopolymerization [Fig 7(a)],
the DSC scan shows an endothermic step change
(-22.05°C) associated with the glass-rubber transition
as well as an exothermic peak (-52.15°C), which cor-
responds to the cold crystallization. This indicates
that some of the polymer chains did not exhibit a
crystalline order, whereas some had the mobility to
organize into a crystalline phase. The endothermic
peak observed at higher temperature is attributed to
crystal melting. The shape of this peak also shows
the presence of a shoulder, that may be because of
the slow rate of evaporation of residual bound water
that may have been present in the sample.”® Thus
overall, the materials obtained are partly crystalline.
A high degree of crystallinity is not displayed most
likely due to the cross-links formed with protein
bound nanotubes. The crystalline phase formed in
these materials primarily comprises ethylene oxide
segments of PEGDA.?” The enthalpy associated with
crystal melting was determined to be 295 J/g.

On the other hand, the thermogram obtained for
hydrogels prepared with nanotubes that were not
bound to BSA [Fig. 7(b)] shows a single endothermic
peak at higher temperature indicating crystal melt-
ing. This result shows that the hydrogels prepared
with nanotubes alone display a higher degree of
crystallinity compared with those obtained with BSA

4

% Release of BSA
»n

0 200 400 600 800 1000 1200
Time in minutes

Figure 6 BSA release studies from hydrogels formed
after 15 minutes of irradiation.
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Figure 7 Comparison of DSC thermograms of hydrogels
obtained on (a) BSA bound nanotubes and (b) nanotubes.

bound nanotubes. It is interesting to note that no
cold crystallization exotherm was observed in this
case, most likely because crystallization may have
occurred during the initial cooling step of the DSC
procedure, thus restricting further cold crystalliza-
tion during the DSC run. The enthalpy associated
with crystal melting was determined to be 681.9 J/g,
which is substantially higher than that obtained
for hydrogels with BSA bound nanotubes. Similar
trends in enthalpy associated with crystallization
have been observed for poly(e-caprolactone-polysac-
charide blends).”®” The decrease in enthalpy in the
presence of BSA bound nanotubes is mostly likely
because of high degree of hydrogen bonding interac-
tions as well as hydrophobic interactions between
the components of the hydrogels and the inability to
form a highly crystalline structure. Thus, the incor-
poration of BSA into the nanotubes before the photo-
polymerization of PEGDA modifies the crystalline
structure as well as the hydrophilicity of the nano-
tube hydrogels.

Swelling studies

Figure 8 shows the swelling kinetics of nanotube
bound hydrogels in phosphate buffer saline at room
temperature over a period of 12 h. Generally, both
types of hydrogels (PEGDA photopolymerized on
nanotubes directly and those that were photopoly-
merized on nanotubes bound to BSA) swelled in dis-
tilled water rapidly during the first 3 h; following
which, the swelling rates of the hydrogels became
relatively slower and they finally reached their swel-
ling equilibrium in ~ 10 h. As a control, we also
carried out photopolymerization of 25% w/v of
PEGDA alone in the presence of the photoinitiator.
Because of high degree of cross-linking the equilib-
rium swelling ratio (Qe.q) value was observed to be
the lowest in the case of BSA bound nanotubes. This
is most likely due to relatively higher hydrophobic-
ity of the protein bound nanotubes incorporated
within the networks. It was observed that PEGDA
alone has a very high Q.q value because of the ab-
sence of peptide nanotubes (with or without BSA),
and thus has a higher hydrophilic content compared
to the nanotube bound gels. The BSA-bound nano-
tubes photopolymerized with PEGDA had a Qcq
value of 3.70%, whereas the PEGDA bound nano-
tubes had a relatively higher Q.q value 9.20%. As
expected the highest Q. values were observed in
the absence of nanotubes, for PEGDA alone

—=a— PEGDA directly on nanotubes
--&--PEGDA
—— PEGDA on BSA coated nanotubes

f.m,‘_.*.*.*._‘._._...‘...-.‘_._.‘..‘.‘_.__‘_.‘
12 A [

10

14 +

[s]

Swelling Ratio (%)
(2]

800

400
time (minutes)

Figure 8 Comparison of swelling studies of hydrogels
formed by irradiation of PEGDA in the absence of nano-
tubes; BSA bound nanotubes; and nanotubes which were
not bound to BSA prior to irradiation. In all cases, the pe-
riod of irradiation was carried out for 15 minutes.
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(13.08%). This indicates that crosslinking with the
nanotube-bound BSA reduces hydrophilicity of the
hydrogels significantly, resulting in lower water
uptake. Generally, too much system water uptake or
swelling may not be advantageous, as it may unfav-
orably affect the degradation rate.'™ Thus, swelling
rates can be controlled depending upon the amount
of crosslinking, which in turn depends upon the
irradiation time period and concentrations of protein
bound nanotubes used.

CONCLUSIONS

Peptide nanotubes were used as templates for the
growth of poly(ethylene glycol) diacrylate based
hydrogels via photopolymerization. Rose Bengal di-
n-butylamine derivative was incorporated on BSA
bound nanotubes, as well as on nanotubes without
prior functionalization with BSA. Photopolymeriza-
tion of PEGDA on the nanotube surfaces was carried
out in the presence of visible light. The photoinitia-
tor used incorporates the photoactivator dye moiety
as well as the coinitiator within a single molecule,
thus enhancing photopolymerization efficiency. It
was observed that the swelling of the hydrogel
nanotubes as well as the morphologies and extent of
crosslinking varied based on whether or not BSA
was bound to the nanotubes. The thermal properties
of the nanocomposite hydrogels formed in the
presence and absence of proteins were investigated
using DSC analyses. The morphologies were exam-
ined using, SEM and AFM analyses. This mild and
low cost method could be potentially applicable for
the preparation of nanoscale hydrogels with a wide
range of protein bound nanotubes. Such nanocom-
posites could be extremely efficient as three-dimen-
sional peptide nanotube grafted scaffolds for tissue
engineering applications, as well as for wound
dressing materials.

The authors thank Dr. Karl Fath at the Queens College,
Department of Biology and Dr. Patrick Brock at the Depart-
ment of Earth and Environmental Sciences, Queens College,
CUNY for the use of the scanning electron microscope.
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