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Photo-responsive azobenzene interactions
promote hierarchical self-assembly of collagen
triple-helical peptides to various higher-order
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Collagen is an essential structural protein in animal tissues and plays key roles in cellular modulation. We
investigated methods to discover collagen model peptides (CMPs) that would self-assemble into triple
helices and then grow into supramolecular organizations with diverse morphological features, which
would be valuable as biomaterials. This challenging undertaking was achieved by placing azobenzene
groups on the ends of the CMPs, (GPO),, (n = 3-10), Azo-(GPO),,. In a dilute aqueous solution (80 puM),
CD spectra indicated that the Azo-(GPO), (n > 4) formed triple helices due to strong hydrophobic
azobenzene interactions, and that helix stability was increased with the peptide segment length. The
resulting triple helices induced a specific azobenzene orientation through turned and twisted
configurations as shown by CD spectra. TEM observations for the same solutions disclosed the
morphologies for the Azo-CMPs. Azo-(GPO)s;, having the shortest peptide segment, showed no
nanostructure, both Azo-(GPO); and Azo-(GPO)s provided consistent well-developed nanofiber
structures resembling the natural collagen fibers, and Azo-(GPO),s (n = 6-10) grew into flexible rod-like
micelle fibers. In addition, alkyl chain-attached C,,Azo-(GPO)s displayed a toroidal morphology, and
Azp-deg-(GPO)s having a hydrophilic spacer assembled into a bilayer vesicle structure. These diverse
morphological features are considered to be due to the characteristics of the pre-organized triple helix
units. Photo-isomerization of the azobenzene moiety brought about the disappearance of such
characteristic nano-architectures. When the solution concentration was increased up to 1 wt%, only
Azo-(GPO),; and Azo-(GPO)s spontaneously formed hydrogels exhibiting a satisfactory gel-to-sol
transition upon UV irradiation.
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Introduction

Collagen, which is known to be the most abundant protein in
mammals, is composed of three parallel helices and exists in
the extracellular matrix (ECM) as interwoven fiber networks that
serve as a scaffold for tissue growth and stability.’* Its high
natural abundance and good biocompatibility have brought
about the development of collagen as a potential biomaterial.*
Although natural collagen has been valued as a useful bioma-
terial and is conductive to various applications, challenges
which have been identified in its reproduction include difficulty
in the precise control of scaffold morphology and limited ability
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to make site-specific chemical modifications to the collagen
structure. To overcome these difficulties, numerous strategies
have been developed to assemble synthetic collagen model
peptides (CMPs) into a higher-order structure.** CMPs with
repeating units of Pro-Hyp-Gly (GPO) have been shown to adopt
a collagen triple helix structure.™ This core triple helical unit
has been used in the formation of CMP fibers via the use of
electrostatic interactions,"””* native chemical ligation,™
cysteine knots,'**® w-7 stacking,'*** aromatic-proline interac-
tion,”* metal-ligand coordinations, and cation-m interac-
tions,* all of which favorably assist the self-assembly of CMPs
into micrometer-scale collagen fibers. In the present study, we
sought to discover CMPs that would form triple helices and self-
assemble into supramolecular structures with diverse
morphological features without reorganizing the peptide chains
by covalent linkages. This challenging objective was accom-
plished by attaching an azobenzene group and its derivatives to
the N-terminal regions of peptides, (GPO), (n = 3-10). Azo-
benzene is known to not only shown hydrophobicity based on
its strong stacking capability but also behave as a spectroscopic
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probe elucidating its interaction mode. Thus the azobenzene
moiety would become a useful template to assemble the CMP
molecules and to promote them to a higher-order structure. In
addition to these characters, azobenzene shows photo-
isomerization (photo-switching) accompanying a slight
polarity change. Such photo-switching of the azobenzene
groups introduced into CMP molecules has been able to control
the stability and the structure of collagen triple helices.”**

One of the key factors in the morphological diversity
accomplished through the self-assembly of peptides is now
known to be hydrophilic/hydrophobic balance (amphiphilicity),
which is based on the peptide sequence. For instance, the
peptides composed of Ala and Lys (A3;K, A¢K and A¢K) have
provided different morphological assemblies due to differences
in amphiphilic balance.* We have previously described that the
triblock and diblock peptides composed of Leu and Lys show p-
sheet-based nanofiber, a-helix-based nanoplate and micelle
structures which are dependent on the amphiphilicity and
block length of the peptides.** In the case of CMPs, however,
since the stability of the collagen triple helix structure is
dependent on the peptide length (n), it does not contribute to
the hierarchical variation in morphology. In fact, a short CMP of
n = 5 (15mer) is unable to form triple helices.** Substantial
stabilization of the triple helical structures can be achieved with
the introduction of covalent links between the C-terminal
regions of three peptide chains**** or by use of a Kemp triacid
(KTA) and a TREN (tri(2-aminoethyl) amine) template linked to
the N-terminus of three peptide chains.***” Triple helical
stabilization is considered to be due to the tight alignment of
the three termini achieved by tethering the peptide to the self-
assembled aggregates. Ideally, a system by which synthetic
linear peptide chains self-assemble into desirable higher-order
structures is beneficial because some of the covalently linked
triple helical peptide compounds makes them difficult to
prepare and/or purify owing to their large molecular size. Fields'
and Tirrell's groups have developed a noncovalent, self-
assembly approach to construct a collagen-like structural
motif, in which two long alkyl chains are attached to the N-
terminus of a peptide chain mimicking a lipid structure.®**
Their amphiphilic peptide-lipid has provided a stable triple
helical structure even though its peptide length is quite short
(12-mer (n = 4)),*® and has formed only a spherical micelle
structure.*>*' Stupp's and Hartgerink's groups have also applied
the self-assembly strategy of single-alkyl chain peptide amphi-
philes to form collagen-like fibers.**** By using this strategy,
Tong and coworker have shown that an epitope-containing
collagen-mimetic amphiphile holds a potential for tissue
regeneration applications.*

In an effort to strengthen potential hydrophobic interactions
between the termini of the triple helices, we designed peptides
that contained repeating units of GPO directly terminating with
an azobenzene group (Azo-(GPO),, n = 3-10) or through the use
of flexible diethylene glycol (deg) as a spacer (Azo-deg-(GPO)s)
(Fig. 1). Peptides terminating in a more hydrophobic azo-
benzene having a long alkyl chain (C,,Azo-(GPO)s, m = 6 and 12)
were also designed for comparison. Herein we disclose the
hierarchical assembly of these triple helices into various
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Fig. 1 Chemical structures of the azobenzene-terminated collagen-
mimetic oligopeptides: Azo-(GPO),, (n = 3-10), Azo-deg-(GPO)s, and
C,Azo-(GPO)s (m = 6 and 12).

architectures, depending on the peptide chain length (), the
polarity balance (hydrophobic/hydrophilic balance), and photo-
isomerization of the azobenzene moiety.

Results and discussion

Design and syntheses of azobenzene-terminated collagen-
model peptides (Azo-CMPs)

The hydrophilic/hydrophobic balance of peptides is one of the
critical factors to control self-assembling behaviors.***° Thus we
designed a new CMP whose N-terminus was modified with an
azobenzene group. Azobenzene is known to be more hydro-
phobic than the peptide moieties and shows photo-
isomerization, accompanied with a slight change in polarity.
A triad repeating sequence of Gly-Pro-Hyp (GPO) was employed
as the peptide segment forming the basis of the triple helix as it
has been reported to be most stable triplet for collagen triple
helices." The C-termini are amidic so as to prevent ionization,
which can cause phenomena that complicate self-assembly.
Fig. 1 displays the basic molecular structures of azobenzene-
terminated peptides (Azo-(GPO),) having various numbers of
repeats (n = 3-10), and its derivatives which contain a flexible,
hydrophilic diethylene glycol (deg) spacer connecting the
(GPO)s segment with the azobenzene group (Azo-deg-(GPO)s)
and a long alkyl chain (C,Azo0-(GPO)s, m = 6 and 12). The
azobenzene moiety at the N-terminus is expected to show an
effective hydrophobic interaction due to its stacking ability in
water and to behave as a template that stabilizes collagen triple
helical conformation. The additional introduction of the spacer
(deg) and the alkyl chains into Azo-(GPO); would clarify the role
of the azobenzene moiety in self-assembly. Furthermore, the
resulting azobenzene aggregate in the N-terminal region of the
collagen triple helices must be a driving force for developing
into higher-order structures. All of these peptides were prepared
by solid phase synthesis using Fmoc chemistry. Characteriza-
tions were carried out by using matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectroscopy (MS)

This journal is © The Royal Society of Chemistry 2020
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and proton nuclear magnetic resonance ("H NMR) spectroscopy
(see ESIT).

Conformational properties of Azo-(GPO),, in water

The secondary structures of the Azo-CMPs obtained were first
evaluated by measuring the circular dichroism (CD) spectra for
their aqueous solutions (containing 5% trifluoroethanol (TFE);
[peptide] = 80 uM). Natural collagen has a unique CD spectrum
in which a small positive peak appears at around 220 nm and
a large trough at approximately 197 nm.**** These spectral
features have been used as a reference to determine the presence
of collagen-like triple helices in water. Fig. 2a shows time
dependence of CD spectra measured for Azo-(GPO)s, a typical
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Fig. 2 (a) Changes in the CD spectra of Azo-(GPO)s (trans-form) in
water upon incubation at 4 °C after the thermal treatment at 60—
90 °C, at which the peptides denature. (b and c) Denote time courses
of the [0],25 and [0]sq7 values, respectively, for aqueous Azo-(GPO),
(trans-form, n = 3-10) and Azo-deg-(GPO)s (trans-form) at 4 °C.
[peptide] = 80 uM.
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CMP (and others are shown in Fig. S1, ESIT), in water at 4 °C. The
measurement was started when the sample solution was cooled
to 4 °C from 60-90 °C, which are the points above which thermal
denaturation of the peptides occur. The spectra are indicative of
triple helical conformations, where the positive peak is at 225 nm
and the trough around 200 nm. These absorbances and the Rpn
value (ratio of the ellipticities for positive and negative peaks; the
triple helical conformation shows a value from 0.1-0.2) proposed
by Goodman et al.*** are comparable to known collagen triple
helical conformations since the Rpn value was evaluated to be
0.2. In a longer wavelength region around 320 nm, which is
a specific absorption band derived from the azobenzene moiety,
an induced CD (ICD) effect is clearly observed at 348 nm (negative
first Cotton effect) and at 307 nm (positive second Cotton effect),
likely due to a specific interaction of azobenzene moieties. Such
an observed Cotton effect strongly suggests that an exciton
coupling between azobenzene chromophores occurs in a twisted
configuration.®® That is to say, the formation of a triple helical
structure would induce such a specific orientation of the N-
terminal azobenzene groups. In fact, Azo-(GPO);, with the
shortest peptide segment, does not assemble into a triple helical
structure and presented no ICD phenomenon (Fig. 2b, ¢ and S1,
ESIY). In spite of the formation of a stable triple helical structure,
the spacer-containing Azo-deg-(GPO)s also showed no ICD signal
(Fig. 2b, c and S1, ESIt), likely due to the presence of the flexible
spacer (deg) which blocked the peptide segments ((GPO)s) from
assembling into triple helical structures. These results support
the hypothesis that the ICD effect derives from the triple helical
structure composed of the peptide segment directly connected
with the azobenzene group at the N-terminus. Fig. 2b and c
display the time dependency of molar ellipticities at 225 nm due
to the triple helical conformation ([f],,5) and at 307 nm due to the
ICD of the azobenzene moiety ([6]307) on the basis of CD spectra
for Azo-(GPO), (n = 3-10) and Azo-deg-(GPO)s. As mentioned
above, the [0],,5 and [6];,; values for Azo-(GPO);, having the
shortest peptide length (n = 3), are very small and almost time
independent, meaning that it does not take a triple helical
conformation. The time dependency of [6],,s values for Azo-
(GPO),, (n = 6-10) provide very similar profiles; that is, quick
increases in [0],,5 values are observed at the beginning, and after
incubation for a few hours the values level off between 0.4 and
0.5. The Rpn values were evaluated to be 0.10-0.12 from CD
spectra, which are very consistent with those for the collagen
triple helix. From the time dependency of [];,; values (Fig. 2c),
we found that the ICD of the azobenzene moiety increases with
incubation time and in particular, its enhancement in the early
stage depends strongly on the peptide length (). Interestingly,
the enhancement of ICD becomes much more remarkable for
Azo-(GPO),, with shorter peptide segments (n). Such further
incremental changes in ICD [f];,; values after even a few hours of
incubation suggest that the triple helical assembly behaves as
a precursor to higher-order nano-architectures triggered by
specific interactions of N-terminal azobenzene aggregates and/or
C-terminal amide groups, as the [#],,5 values due to triple helix
formation level off. Furthermore, Azo{(GPO), with shorter
peptide segments could more favorably assemble into a higher-
order structure due to easier inter-terminal interactions. In

RSC Adv, 2020, 10, 15947-15954 | 15949
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Fig. 2b, we found that the time dependency of [6],,5 values for
Azo-GPO), and Azo-(GPO); are somewhat unique, compared to
the others (Azo-(GPO)s_10). In particular, Azo-(GPO); shows an
extremely rapid increase in [6],,5 reaching much larger values,
and the [6],,5 value of Azo-(GPO), increases similar to the others
for 1 h and then decreases gradually to that of Azo-(GPO);, which
does not assume the triple helix conformation. On the other
hand, since the ICD signals of [6]3; for both Azo-(GPO)s and Azo-
(GPO), are the most markedly enhanced, they can be assumed to
assume the triple helical conformation. However, precipitation
occurred in the solution of Azo-(GPO), after 24 h of incubation,
likely due to its growth to a huge aggregate resulting in the
unique time dependency of the [f],,5 profile. For alkyl chain-
attached C,,Azo-(GPO)s (m = 6 and 12), the same CD experi-
ments were performed, and as a result, C,,Azo-(GPO); was found
to assume a triple helical structure (Rpn > 0.10) and shows the
ICD of the specific azobenzene interactions, which were observed
for Azo-(GPO),, (n = 5-10). However, the CD spectra showed no
time dependency within 24 h, suggesting that rapid self-
assembling of C,,Azo-(GPO); into triple helices and other orga-
nizations proceeded because of strong hydrophobic interactions
of the alkyl chain-attached azobenzene moiety.

Morphological observation for Azo-CMPs

In order to reveal morphological features for these Azo-CMPs,
transmission electron microscopy (TEM) observations of the
samples after 24 h of incubation were made by negative staining
with phosphotungstic acid (Fig. 3). Azo-(GPO);, with the short-
est peptide segment, which did not form a triple helical
conformation and was not observed to have any specific nano-
structures in the TEM picture (Fig. 3a). Both Azo-(GPO), and
Azo-(GPO)s, showing peculiar profiles in the time dependency
of the [6],,5 value, provided consistent fiber structures with
lengths on the order of micro-meters. Closer inspection
appeared to show bundles of thinner fibers of approximately

Fig. 3 TEM images stained by phosphotungstic acid for Azo-(GPO),
(trans-form) (n=3(a), 4 (b), 5 (c), 6 (d), 7 (e), 8 (f), 9 (g), and 10 (h)), Azo-
deg-(GPO)s (trans-form) (i), and C,,,Azo-(GPO)s (trans-form) (m = 6 (j)
and 12 (k)) incubated for 24 h at 4 °C.
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4 nm in width (Fig. 3b and c). This value is similar to the width
of the fiber structure of natural collagen®-* as shown sche-
matically in Fig. 4. The fiber structure is an assembly composed
of five triple helix precursors which are elongated one-
dimensionally due to interactions between the N-terminal azo-
benzene aggregates and C-terminal amide groups through
hydrogen bonding, and aligned in the same direction. With
a further increase in the number of peptide repeats (n = 6-10),
nanofibers with homogeneous diameters appear in TEM
images. The diameters are observed to increase linearly with
lengthening of the peptide segment; that is, in the order of
12 nm (n =6), 14 nm (n = 7), 16 nm (n = 8), 18 nm (n = 9), and
20 nm (n = 10). Interestingly, these values of diameters are
approximately twice as long as those of the theoretical molec-
ular length evaluated by assuming complete triple helical
conformation. Thus, we suppose that Azo-(GPO), (n = 6-10)
first formed a triple helical conformation and then grew to rod-
like micelle fibers induced by the formation of an azobenzene
core through hydrophobic interactions (Fig. 4). Azo-deg-(GPO);
containing hydrophilic and flexible diethylene glycol (deg) as
the spacer formed a single-walled vesicle structure (Fig. 3i),
whose thickness is approximately 14 nm. This value corre-
sponds well to twice that of the molecular length of triple helical
Azo-deg-(GPO)s. We surmise that the assemblies must be
bilayer vesicle structures in which there are hydrophilic triple
helices and spacers placed at the periphery of the assembly with
azobenzene moiety aggregates at the inner core, as shown in
Fig. 4. Alkyl chain-attached C,,Azo-(GPO); (Fig. 3j and k) shows
a characteristic toroidal morphology as well as a turned and
twisted fiber structure. By considering the observed width of
toroidal rings and fibers (13-14 nm) and the theoretical
molecular length of C,,Azo-(GPO);s in triple helical form (6.2 nm
and 7.1 nm for m = 6 and m = 12, respectively), C,,Azo-(GPO);
likely forms a rod-like micelle fiber. Such a rod-like micelle fiber
can spontaneously transform to a toroidal structure by ring
closure. As was mentioned above, Azo-(GPO), (n = 6-10) also
assembled into rod-like micelle fiber structures, but did not
assume toroidal ring morphologies. It can be seen from the

CAz0(GPO)s
(m=6,12)

S N

RM' Micelle Fiber

Triple Helix

=

Random Coil
Azo-deg-(GPO)s

Vesicle

Fig. 4 Proposed model for a hierarchical self-assembly system from
azobenzene-terminated collagen-mimetic oligopeptides.

This journal is © The Royal Society of Chemistry 2020
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TEM images that there are considerable differences in flexibility
of nanofiber structures between those of Azo-(GPO),, (n = 6-10)
and C,,Azo-(GPO); (m = 6 and 12). Apparently, the nanofibers
for the latter seem to be more flexible, and turn and twist more
than those of the former. Therefore, such pliability of a nano-
fiber might be an important factor for assembly into toroidal
rings. The attachment of the alkyl chain to the rigid azobenzene
moiety likely induces relatively loose assemblies of C,Azo-
(GPO)s. The atomic force microscopy (AFM) observations were
also performed for the same samples (Fig. S2, ESIt), and the
observed morphologies were basically consistent with those of
the TEM observations. From these morphological results, we
can conclude that the morphological diversity of higher-order
assemblies of Azo-CMPs is derived from the characteristics of
the pre-organized triple helix unit; that is, through the variation
in hydrophilic/hydrophobic balance achieved by changing the
peptide length and introducing the soft substituent groups to
the rigid azobenzene moiety.

Effects of photo-isomerization of azobenzene on self-assembly

The effects of trans—cis isomerization of the azobenzene moiety
on collagen triple helical structures and their self-assemblies
were examined spectroscopically and morphologically. Fig. 5a
shows representative changes in the absorption spectra of the
Azo-(GPO)s aqueous solution upon UV irradiation at 365 nm
and 4 °C. The absorption peak at 320 nm due to the trans-form
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Fig. 5 (a) Changes in the absorption spectra of Azo-(GPO)s upon UV
irradiation (365 nm) in water at 4 °C. [peptide] = 80 uM. (b) Photo-
isomerization processes for Azo-(GPO),, (n = 3-10) and Azo-deg-
(GPO)s in water at 4 °C.
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of the azobenzene was found to decrease with UV irradiation,
and at the same time the peak of the cis-isomer at 450 nm
increased. After 60 minutes of irradiation, the isomerization
reaches a photo-stationary state. Fig. 5b is a plot of the absor-
bance at 320 nm (trans-form) and the UV irradiation time
measured for Azo-(GPO),, (n = 3-10) and Azo-deg-(GPO); under
the same conditions. The isomerization behavior can be
roughly grouped into three types: (I) Azo-(GPO),, (n = 6-10), (1)
Azo-(GPO),, (n = 4 and 5), and (III) Azo-(GPO); and Azo-deg-
(GPO)s. Azo-CMPs belonging to type (I) exhibit the slowest and
lowest degree of isomerization, compared with types (II) and
(III). Such trends become more remarkable with increasing
peptide length (n). Since the peptide length contributes strongly
to the stability of triple helical conformation, the stability may
lead to a tight stacking of the azobenzene moiety that
presumably inhibits the isomerization. In fact, Azo-deg-(GPO)s,
having a flexible spacer, shows a relatively rapid decrease in the
trans-form with UV irradiation, and only 30 minutes of irradi-
ation is sufficient to reach the photo-stationary state. Similar
effective isomerization for Azo-(GPO);, which does not take
a triple helical conformation at all (type (III)), was observed.
Therefore, from the isomerization behavior for Azo-(GPO), and
Azo-(GPO); (type (1)), we suggest that the isomerization induces
the conformational transition from a loose triple helical struc-
ture to a random coil structure. The measurements of the CD
spectra also support this conformational transition. Fig. 6a
displays changes in the CD spectra with UV irradiation for the
Azo-(GPO)s aqueous solution. The UV irradiation was per-
formed for the sample incubated for 24 h at 4 °C. Both [#] values
of the triple helix conformation at 225 nm and the ICD value of
the azobenzene group at 307 nm decrease by UV irradiation,
meaning that the photo-isomerization of the azobenzene
moiety leads to the decay of the triple helix structure and
simultaneously stacking of the twisted azobenzenes. On the
other hand, the [#] values at 225 nm for Azo-(GPO),, (n = 6-10)
showed no irradiation time dependency although the [#] values
at 307 nm decrease similarly to those of Azo-(GPO)s due to the
disappearance of the trans-form by isomerization (Fig. 6b and
¢). This result again suggests that peptide length (n) determines
the stability of the triple helix conformation. The triple helix
conformation of Azo-deg-(GPO)s, which has a spacer, retains its
stability regardless of the isomerization as was expected
(Fig. 6b). In the case of alkyl chain-attached C,,Azo-(GPO)s (m =
6 and 12), the triple helices did not decay in spite of the progress
of azobenzene photo-isomerization because the hydrophobic
interaction of the attached alkyl chain could compensate for the
steric and slight polar changes of the azobenzene groups
resulting from their isomerization from the trans- to cis-forms.
Subsequently, the effect of UV irradiation on the aggregation
morphology for all Azo-CMPs was examined by TEM observa-
tion (Fig. S3, ESIT). For all of the Azo-CMPs, the cis-form of the
azobenzene causes the disappearance of characteristic nano-
architectures as observed in the trans-form, although only
C1,Az0-(GPO); retains a partly fragmented flexible fiber struc-
ture. Therefore, we conclude that the trans-form is essential to
the formation of the characteristic nano-architecture

RSC Adv, 2020, 10, 15947-15954 | 15951
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Fig. 6 (a) Changes in the CD spectra of Azo-(GPO)s upon UV irradi-
ation (365 nm) in water at 4 °C. [peptide] = 80 uM. (b and c) Denote
time courses of the [6],25 and [6]s0; values, respectively, for Azo-
(GPO),, (n = 4-10) and Azo-deg-(GPO)s in water at 4 °C during UV
irradiation. [peptide] = 80 uM.

dependent on molecular structures such as the peptide segment
length, and the presence of a flexible spacer and alkyl chains.

Self-assembly of Azo-CMPs under concentrated conditions

The self-assembly of these Azo-CMPs was further investigated in
a concentrated aqueous solution (6 wt%; [peptide] = 8-10 mM).
Only Azo-(GPO), and Azo-(GPO)s, which self-organize in a dilute
aqueous solution similar to natural collagen-like, well-
developed fiber structures, formed hydrogels at 6 wt% concen-
tration. CeAzo-(GPO)s; and C,,Azo-(GPO)s; were insoluble in
water at this concentration due to their higher hydrophobicity.
Others such as Azo-(GPO), (n = 6-10) and Azo-deg-(GPO);
provided merely fluid, viscous solutions, except for Azo-(GPO);
whose aqueous solution caused partial precipitation (Fig. S4,

15952 | RSC Adv, 2020, 10, 15947-15954

View Article Online

Paper

ESIT). These results suggest that gelation of these types of CMPs
needs a tightly bundled structure of nanofibers as well as
a suitable hydrophobic/hydrophilic balance of CMP molecules
to generate cross-linking points for network formation. The
prepared hydrogel of Azo-(GPO)s (azobenzene moiety: trans-
form) was further characterized by dynamic rheology
measurements. A strain sweep experiment was first carried out
by measuring the evolution of the moduli while increasing the
deformation of the gel. The hydrogel showed a mechanical-
responsive gel-to-sol transition when the shear strain ampli-
tude was increased (Fig. 7a). During measurement, the storage
(@) and the loss (G”) moduli showed a plateau up to a defor-
mation of approximately 1%. Although the amplitude of the
strain was increased, both moduli remained almost constant. At
a higher strain above 1%, the hydrogel showed a gel-to-sol
transition. The dynamic property of the hydrogel was then
examined in the linear viscoelasticity by frequency sweep
measurements. In the present frequency range, the elastic
moduli are constant and the storage moduli are about one order
of magnitude higher than the loss moduli (Fig. 7b). Subse-
quently, the effect of photo-isomerization on the gelation
property was examined. Fig. 7c displays photographs of the Azo-
(GPO)5 hydrogel before and after UV irradiation for 2 h at 4 °C.
The gel-to-sol transition proceeded smoothly. The results of
rheological measurements for the sample after 2 h of irradia-
tion also support the hypothesis that the collapse of the gel state
arises from the trans-to-cis isomerization of the azobenzene
moiety that triggered the disintegration of 3D-network struc-
tures (Fig. 7a and b).

Experimental
Materials

N,N-Dimethylformamide (DMF), piperidine, methanol, ethanol,
phenol, ethylacetate, acetone, diethyl ether, tetrahydrofuran
(THF) hexane, MgSO, anhydrous, dimethylsulfoxide (DMSO)-ds,
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Fig. 7 (a) Dynamic storage (G') and loss (G”) moduli for Azo-(GPO)s-
hydrogel (6 wt%) as a function of the strain (frequency: 6 rad s at
4 °C before (@, A) and after (O, A) UV irradiation. (b) G’ and G”
moduli for Azo-(GPO)s-hydrogel (6 wt%) as a function of the
frequency (strain: 0.1%) at 4 °C. (c) Photographs of Azo-(GPO)s-
hydrogel before and after UV irradiation.
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and 2,2,2-trifluoroethanol (TFE) were purchased from Nacalai
Tesque. Chloroform-d, 4-(phenyazo)benzoic acid and 2,5-dihy-
droxybenzoic acid (DHBA) were purchased from Sigma Aldrich.
N,N'-Diisopropylcarbodiimide (DIPC), dichloromethane (DCM),
4-aminobenzoic acid, 1-bromohexane, 1-bromodecane and 18-
crown-6-ether were purchased from Wako Pure Chemical. N-(9-
Fluorenylmethoxycarbonyl)  (Fmoc)-NH-SAL-MBHA  Resin,
Fmoc-Hyp(Bu‘)-OH, Fmoc-Gly-OH, trifluoroacetic acid (TFA)
and 1-hydroxy-7-aza-benzotriazol (HOAt) were purchased from
Watanbe Chemical Industries. Fmoc-Pro-OH and Fmoc-8-
amino-3,6-dioxaoctanoic acid (Fmoc-deg-OH) were purchased
from Peptide Institute. All reagents were used as received.

Measurements

'H NMR spectra were recorded using a JEOL JNM-AL-400 (JEOL
Resonance) spectrometer (400 MHz). MALDI-TOF MS analyses
were performed on an Autoflex speed (Bluker Daltonics) using
DHBA as a matrix. CD spectra were recorded on a J-820 spec-
tropolarimeter (JASCO Ltd.) under N, atmosphere equipped
with a Peltier type thermostatic cell holder coupled with
a controller PTC-432L (JASCO Ltd.). Samples were prepared in
water to be [peptide] = 80 uM, and incubated at 4 °C after
thermo-treatment at 60-90 °C. Experiments were performed in
a quartz cell with a 1 mm path length over the range of 190-
600 nm at 4 °C. UV-vis spectra were acquired using a V-650
spectrophotometer (JASCO Ltd.) equipped with a Peltier type
thermostatic cell holder ETSC-761 (JASCO Ltd.). The AFM
images were collected on a SPM-9700 (Shimadzu Co.) operated
by tapping using a silicone tip (MPP-1110, tip radius < 1.2 nm,
Bruker Nano surfaces). A 10 mL of the aqueous solution of the
peptide (80 uM), which was obtained after incubation for 24 h at
4 °C, was placed on freshly cleaved mica. After 10 s, the excess
solution was removed by absorption onto filter paper, and the
sample was dried at 4 °C. The scanning speed was at a line
frequency of 1 Hz, and the original images were sampled at
a resolution of 1024 x 1024 points. The TEM images were
collected on a JEM 2100F (JEOL Resonance) at 200 kV acceler-
ating voltage. After a small volume of the aqueous sample
solution (80 uM, treated for 24 h at 4 °C) was applied to a TEM
grid for 20 min, the excess solution was blotted with filter paper
and stained with phosphotungstic acid aqueous solution
(1 wt%), and the sample was dried in a covered container at
room temperature overnight. Photo-isomerization was per-
formed with a Handy UV Lamp SLUV-4 at 365 nm, 4 W (AS ONE
Co.). Rheological measurements were performed on a Discover
HR-1 TA Instruments equipped with a Peltier device for
temperature control. During all rheological measurements,
a solvent trap was used to minimize the evaporation. The
measurement was carried out using a parallel plate (diameter:
40 mm). The gap was adjusted to be 300 um to ensure that the
geometry is completely filled. The gel samples were loaded and
measured after incubation for 24 h at 4 °C.

Syntheses of Azo-CMPs

All Azo-CMPs employed in this study were prepared by SPPS
using an Fmoc chemistry. These peptides were synthesized on
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an Fmoc-NH-SAL-MBHA resin using Fmoc-L.-amino acid deriv-
atives [Fmoc-Hyp(Bu‘)-OH, Fmoc-Pro-OH, Fmoc-Gly-OH], DIPC,
and HOAt in DMF for coupling and piperidine (25%)/DMF for
Fmoc removal. Finally, azobenzene derivatives were attached to
the N-terminus of the corresponding peptide as follows: 4-
(phenylazo)benzoic acid (Azo-(GPO),), Fmoc-deg-OH and 4-
(phenylazo) benzoic acid (Azo-deg-(GPO)s), 4-(4-hexylox-
yphenylazo)benzoic acid (see the ESIT) (C¢Azo-(GPO)s) or 4-(4-
dodecyloxyphenylazo)benzoic acid (see the ESIf) (C;,Azo-
(GPO)s) were coupled with the corresponding (GPO),resins in
DMF, including DIPC and HOAt. Treatment with TFA/DCM (v/v
9 : 1) cleaved the Azo-CMPs from the resins. After purification,
the obtained Azo-CMPs were identified by MALDI-TOF MS and
"H NMR spectroscopies as described in the ESI

Conclusions

We have introduced the concept of collagen-based supramo-
lecular assemblies having widespread morphological features
through the attachment of azobenzene to the short collagen
mimetic peptides, Azo-CMPs, via an azobenzene stacking
assisted self-assembling trigger. In a dilute solution, we found
that such morphological shapes derived from Azo-CMPs such as
well-developed nanofibers, rod-like micelle fibers, bilayer vesi-
cles, and toroidal rings. These structures can be individually
created by varying the peptide length of triple helices and by
incorporating substituents such as an alkyl chain and a flexible
spacer, resulting in an appropriate tune of hydrophobic/
hydrophilic balance of the Azo-CMP molecules themselves. In
a concentrated solution, specific Azo-CMPs (Azo-(GPO), and
Azo-(GPO)s, which gave well-developed collagen-like fiber
structure in a dilute solution) spontaneously formed hydrogels
that demonstrated a satisfactory gel-to-sol transition triggered
by the trans-to-cis photo-isomerization of azobenzene. The
ability to include nanometer to micrometer scale features and
versatile morphology variation into designed biomaterial scaf-
folds may have significant potential for future biomedical
applications.
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