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Abstract

Graphene-based materials usually require defined functionalization for biological applications in
order to control their physical/colloidal properties and to introduce additional capabilities. Here,
poly(glutamate), a competitive polypeptide, is covalently grafted onto the graphene oxide
two-dimensional (2D) structure through the combination of amidation reaction and ring-opening
polymerization as the nanofiller of a hybrid polypeptide-based organogel with enhanced mechanical
performance. The morphologies of the hybrid gels reveal that the modified graphene nanostructures
may act as nanoscale skeleton, interfacial adhesive in the hybrid gels with nanofibrous 3D network

nanostructure.
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Introduction

As a novel two-dimensional single-atom-thick carbon material, graphene has received
considerable attention due to its interesting thermal, electronic, optical, mechanical and
biomedical properties. Graphene-based materials usually require defined functionalization for
biological applications in order to control their physical/colloidal properties and to introduce
additional capabilities.l'4 Compared with the graphene, graphene oxide (GO) sheets as a
precursor of graphene are heavily oxygenated,5 bearing hydroxyl and epoxide functional
groups on the basal planes and carbonyl and carboxyl groups located at the sheet edges,6

which make GO susceptible to facile surface modification by non-covalent interaction or

5, 7-10

covalent bonding with corresponding modifying reagents. Significantly, the modified

GO sheets with polymer chains can improve the dispersion within the polymer matrix which

is crucial for the development of the graphene/polymer nanocomposites.& 1-13

14-16

For the covalent modification of GO platelets with polymers, two important

5517, 18 5919, 20

methodologies including ‘“‘grafting to and “grafting from are commonly used.

Compared with “grafting from” method, the “grafting to” method by directly coupling the
polymer chains onto the GO platelets provides a good control of the architectures of the
polymers, while it demands high active reaction such as “click chemistry”, for example, the
polymer-grafted GO nanohybrids.?'* Another important case of the “grafting to” method is
the amidation reaction between the amino group on the polymer chains and the acyl chlorides

13, 24, 25

on GO derivates. Many polypeptides such as poly(y-benzyl-L-glutamate) (PBLG),

poly(L-lysine) (PLL), poly(l-phenylalanine) (PPA) can be synthesized by ring-opening

polymerization (ROP) using o-amine as initiator, and the amine groups are still reactive at

26-29

the ends of the polypeptides, which provide the possibility of grafting these kind of
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polypeptides onto the GO platelets by amidation reaction. Moreover, the functionalized GO
sheets can be used as special 2D nanofillers to control the gelation behaviors as well as the
mechanical properties of some polymer gels. Due to the good dispersion ability of the GO
platelets in water, many investigations are devoted to the graphene oxide/polymer hybrid
hydrogels.30 For example, hybrid polymeric hydrogels containing GO platelets by
noncovalent interaction between the cyclodextrins functionalized GO and PNIPAM block
copolymer and the hybrid graphene inclusion complex may show deceased gelation
temperature than the pure block copolymer.>’ However, the synthesis of covalently modified
GO platelets with biopolymers bearing the capability to form organogels and the performance
of the corresponding polymer-functionalized GO/polymer hybrid organogels are still lack of
research.”

As a typical synthetic polypeptide, poly(y-benzyl-L-glutamate) (PBLG) has shown many
attractive potential applications including a particular interest especially for biomedical and
sustainable materials due to its advantages such as biodegradability, biocompatibility and
tunable secondary structures.”®*’* The PBLG with different molecular weights can form
different secondary structures including a-helices and B—sheets.33’ M Especially, the PBLG
with a-helical conformation presents as a stiff rod-like polymer which leads to unique
solution behaviors such as liquid crystalline ordering and thermoreversible gelation.*° It
will be of great interest for the fabrication of a series of PBLG based functional materials to
extend the potential applications such as biomedical and tissue engineering with enhanced

mechanical or thermal performances.
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In this work, the polypeptide PBLG is covalently grafted onto the GO platelets through
the combination of amidation reaction and ring-opening polymerization. The gelation
behaviors of the GO-g-PBLG/PBLG hybrid complex in typical organic solvent are explored
and the gelation mechanism is speculated based on the interfacial interaction effect of the
polymer-grafted-GO platelet hybrid as novel 2D nanofiller. And the moduli and fracture
stresses of the hybrid gels with enhanced performances compared with those of PBLG

homopolymer gels are investigated by the dynamic rheological measurements.

Results and discussion

As shown in Scheme 1la, two PBLG samples with different molecular weights are
synthesized through ROP of y-benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA). First,
the monomer, BLG-NCA, was synthesized from the commercially available
v-benzyl-L-glutamate using the method as reported,40 and the purified BLG-NCA was
characterized by 'H NMR as shown in Fig.S1a in ESI. Using the propylamine as initiator
and DMF as solvent, two different molecular-weighted PBLG samples were synthesized
through ROP by changing the ratio of initiator to monomer under vacuum condition.”® *' The
synthesized PBLG samples are characterized by GPC (Fig. 1a and Table 1) and '"H NMR
(Fig. S1b in ESIf and Table 1). From the GPC results, the relative weight-average molecular
weights (My,) of PBLG-1 and PBLG-2 are 13,700 and 6,400 g/mol, respectively, and the
polydispersity index (PDI) are 1.58 and 1.53, respectively. From the '"H NMR results using
CDCI3/CF;COOH as solvents,*” ** the values of polymerization degrees of PBLG-1 and

PBLG-2 are calculated to be 21 and 9, respectively. From the molecular weight of the repeat
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unit (277 g/mol) of PBLG and the degrees of polymerization of PBLG, the absolute
number-average molecular weights (M,) of PBLG-1 and PBLG-2 are calculated to be 5,800
and 2,500 g/mol, respectively.

The secondary structures of the synthesized PBLG-1 and PBLG-2 are determined by
Fourier transform infrared spectroscopy (FTIR) and one-dimensional wide-angle X-ray
diffraction (1D WAXD) experiments. The FTIR spectra of PBLG-1 and PBLG-2 are shown
in Fig. 1b and b', the latter is the high resolution FTIR spectra with the wavenumber from
1850 to 1550 cm™. In both FTIR curves of PBLG-1 and PBLG-2, the absorption peaks at
1731 cm™ corresponding to the C=0O stretching of the benzyl ester protecting groups of
PBLG blocks are observed. For the PBLG-1, the absorption peaks at 1651 cm™ (amide I:
1650-1660 cm™) and at 1547 cm™' (amide II: 1540-1550 cm™) are clearly observed
characteristic of the a-helix secondary structure. For PBLG-2, the absorption peaks at 1654

'and at 1546 cm™' for a-helix are observed clearly. Thus, from the FTIR results, the

cm
secondary structures of both PBLG-1 and PBLG-2 are dominated by a-helix. Furthermore,
the small double peaks at 3450-3500 cm™ indicate the existence of the NH, groups at the
ends of the PBLG chains.

The 1D WAXD profiles of PBLG-1 and PBLG-2 are shown in Fig. 1c. In each profile, a
set of peaks with a scattering vector ratio of 1:13:4 and the primary reflection at g* = 4.47

1

nm  with a d-spacing of 1.40 nm are observed, indicating that the a-helix secondary

structures occur in both PBLG samples, consistent with the FTIR results. However, the
1

primary reflection peak of PBLG-2 is asymmetrical and a small peak at q* = 3.70 nm  is

observed characteristic of the (3-sheet population. Therefore, the 1D WAXD results indicate
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the secondary structure of the PBLG-1 is dominated by a-helix, and that of the PBLG-2 is the
mixture of higher a-helix content and less B-sheet population. The two PBLG samples with
different molecular weights and secondary structures are used to graft onto the GO platelets.

For the synthesis and characterization of GO-g-PBLG, graphene oxide is first
synthesized by Hummers method from graphite powder, followed by acylation reaction with
SOCl,, and the acyl chloride GO derivative (GO-Cl) is obtained. Acyl chlorination of the GO
renders a facile amidation reaction with PBLG through the “grafting to” technique.13 Then
the GO-g-PBLG is synthesized through amidation reaction between acyl chlorides of GO and
amino groups at the end of the PBLG chains illustrated by Scheme 1b. As shown in Fig. 2a,
the PBLG functionalized GO can uniformly disperse in toluene that is a poor solvent for
unmodified GO, which preliminarily and directly demonstrates the successful introduction of
PBLG onto GO platelets.

Fig. 2b shows the FTIR spectra of GO, GO-g-PBLG-1 and GO-g-PBLG-2. The FTIR of
GO platelets shows typical O—H stretching vibrations (3430 cm™"), C=0 stretching vibrations
(1721 em™), sp> C=C bonds (1628 cm '), and C—O vibrations (1107 cm ™). In the FTIR
spectra of GO-g-PBLG-1 and GO-g-PBLG-2, new peaks including the C-H stretching
vibrations (2920 and 2850 cmfl) and the amide I (1640 cmfl) are observed which indicate the
existence of PBLG chains on GO platelets.'” ***° Moreover, the TGA is performed to assess
the grafting densities and the thermal properties of the GO-g-PBLG-1 and GO-g-PBLG-2.
For comparison, the TGA curves of GO-g-PBLG-1 and GO-g-PBLG-2 together with those of
pure GO and PBLG-1 are shown in Fig. 2c. The TGA curve of GO presents a 12% weight

loss below 100 °C attributed to the remove of H;O molecules in the stacked hydrophilic GO
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platelets10 and a 30 % weight loss between 100 and 260 °C attributed to the pyrolysis of labile
oxygen containing groups (hydroxyl, epoxy and carboxylated) on the carbon surface. In the
TGA curves of GO-g-PBLG-1 and GO-g-PBLG-2, a 9% weight loss between 120 and 260 °C
is attributed to the pyrolysis of labile oxygen groups on GO platelets. The rapid weight losses
between 260 and 420 °C on the TGA curves of GO-g-PBLG-1 (22 wt %) and GO-g-PBLG-2
(15 wt %) are attributed to the decomposition of the PBLG chains attached to the GO
nanosheets, from which the grafting densites (wtpgL.g/Wtco) of PBLG on GO platelets of the
GO-g-PBLG-1 and GO-g-PBLG-2 are estimated to be 28 wt % and 18 wt %, respectively. It
is needed to point out that calculated grafting densities here might be higher than the exact
values, because a few unreacted PBLG chains might still occurred in the grafted products,
though we have washed the products several times with abundant DFM. In addition,
compared with GO, the relative less weight losses (Wtjoss/Wtgo) of GO-g-PBLG-1 (12 wt %)
and GO-g-PBLG-2 (10 wt %) below 260 °C can be ascribed to the partially reduction of the
GO during synthesis process and the increase of the thermal stability because of the PBLG
layer inhibiting decomposition of residual groups on GO platelets. In addition, the residual
mass of GO-g-PBLG-1 (62.1 %) is less than that of GO-g-PBLG-2 (68.5 %) which also
indicates the overall number of repeat unit of PBLG on GO-g-PBLG-1 more than that of
GO-g-PBLG-2.

X-ray photoelectron spectroscopy (XPS) was employed to investigate the type and nature
of elements on the surface of the GO and GO-g-PBLG. In the full XPS spectrum of
GO-g-PBLG-1 and GO-g-PBLG-2 as shown in Fig. 3a, the N element (400.0 eV) is detected

in addition to the C (285.5 eV) and O (532.5 eV) elements, which verifies that PBLG is
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successfully grafted on to the GO surfaces. In addition, the C 1s XPS spectra of GO,
GO-g-PBLG-1 and GO-g-PBLG-2 are depicted in Fig. 3b—d, respectively, where the C Is
peak has been decomposed into different fitting curves. The C 1s peak of GO have four
fitting curves with binding energy situated at 284.5, 286.5, 287.5 and 288.5 eV which are
assigned to C—C, C—0, C=0 and O—C=0, respectively.'"> Compared with the C 1s XPS
spectra of GO, the GO-g-PBLG-1 and GO-g-PBLG-2 have a new peak at 286.3 eV
corresponding to C—N binding energy, which once again confirms the successful grafting
process. And the relatively intensities of C—O, C=0 and O—C=0 peaks of GO-g-PBLG are
much lower than those of the GO which indicate the partial reduction of GO during the
reaction process. Moreover, the molar ratios of C:O of GO, GO-g-PBLG-1, GO-g- PBLG-2
can be calculated to be 2.7, 5.79 and 5.47, respectively, from the elements containing (Table
2). The C:0O molar ratio of the PBLG is 10:3 obtained from the molecular structure. Thus the
C:0 molar ratio of the GO-g-PBLG is higher than that of both GO and PBLG which also
indicates the partial reduction of GO during the reaction process.'® And the N element content
of GO-g-PBLG-1 (2.5%) is higher than that of GO-g-PBLG-2 (0.8%) also indicating that the
grafting density of PBLG on GO-g-PBLG-1 is larger than that on GO-g-PBLG-2, which is
consistent with the TGA results.

Fig. 4 shows the TEM images of GO nanosheets and GO-g-PBLG-1. As shown in Fig. 4a,
the single layered pristine GO sheet with smooth surface is observed, which indicates the
successful exfoliation of synthesized GO nanosheets. In the TEM image of GO-g-PBLG-1 as
shown in Fig. 4b, the GO platelets decorated with PBLG aggregates indicated by the dark

dots on the GO platelets are observed. It is necessary to point out that the PBLG chains used
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should not have so large sized to be observed, thus the dots observed should be the aggregates
of PBLG a-helixes. From above, the GO-g-PBLG was successfully synthesized and fully
characterized, and the good dispersion ability of functionalized GO in toluene is important for
the preparation of GO-g-PBLG/PBLG hybrid gel in toluene.

To investigated the performances of the hybrid GO-g-PBLG/PBLG organogel, which
was prepared according the method described in the ESI and the critical sol-gel transition
temperatures and concentrations were determined by tube inversion technology.46 For the
PBLG homopolymer gel, the gelation concentrations of PBLG-1 and PBLG-2 are 0.5 and 1.5
wt %, respectively, and the gelation temperatures of PBLG-1 and PBLG-2 are 49.5 and 47.5
°C, respectively. The gelation ability of the PBLG is determined by the conformation of
PBLG and the a-helical conformation of PBLG is crucial for its thermoreversible gelation.34’
3 As described previously, the 1D WAXD results indicate that the conformation of PBLG-1
is dominated by a-helix and that of the PBLG-2 is the mixture of o-helix and B-sheet
population. Therefore, the PBLG-1 has better gelation ability to form organogel in toluene.
And the gelation concentration of PBLG-1 is lower than that of PBLG-2 and the gelation
temperature of PBLG-1 is higher than that of PBLG-2.

For the GO-g-PBLG/PBLG hybrid complex, it was found find that the hybrid complex
containing 0.05 wt % of GO-g-PBLG-1 with 0.40 wt % PBLG-1 transformed from solution
to gel during cooling process (Fig. S2 in ESI{), and the gelation temperature was measured to
be 50.0 °C. In the hybrid complex, the overall weight fraction of PBLG should be less than
0.50 wt % which was the gelation concentration of pure PBLG-1. For the

GO-g-PBLG-2/PBLG-2 complex, the complex containing 0.05 wt % of GO-g-PBLG-2 and
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1.4 wt % of PBLG-2 hybrid in which the overall concentration of PBLG is also slightly less
than the gelation concentration of pure PBLG-2, displays gel state after cooling (Fig. S2 in
ESIY), and the gelation temperature is measured to be 48.3 °C. The small increase of gelation
temperature and the slight decrease of the gelation concentration of the GO-g-PBLG/PBLG
hybrid complexes demonstrate that the GO platelets do not hamper the gelation ability but
slightly trigger the gelation of PBLG.

In order to investigate the gelation mechanism of the hybrid complex and the morphology
of the hybrid gel, the TEM experiments were further carried out. As shown in Fig. 5a, the
pure PBLG-1 gel exhibits the morphologies of aligned and nonaligned fibers and the
diameters of the fibers are ranging from ten to hundred nanometers which are much larger
than the diameter of the PBLG rods. Thus, the fibers are composed by bundles of nematic
ordered PBLG rods which is consistent with the gelation mechanism of PBLG reported in
literature.’” *® The model of PBLG-1 gel and the molecular arrangement in the fiber is
illustrated in Fig. Sb. For the GO-g-PBLG-1/PBLG-1 hybrid gel as shown in Fig Sc, the
fibrous network with folded GO platelets is observed. The diameters of the fibers of the
GO-g-PBLG/PBLG hybrid gel are on the same scale of the fibers of the PBLG homopolymer
gel. As marked by the red circles in the TEM image of Fig 5c, some fibers begin from the
edge of the GO platelets which indicate the PBLG brushes of the GO-g-PBLG are effectively
form fibers with the PBLG homopolymers and some the PBLG grafted GO platelets act as
the 2D adhesive for the PBLG fibers. The nanostructure and the molecular arrangement of the
GO-g-PBLG/PBLG hybrid gel are illustrated by the model shown in Fig. 5d. From the above

investigations on the gelation behaviors and the gel-morphologies of the GO-g-PBLG/PBLG
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hybrid complex, it can be concluded that the aggregation of the PBLG helices still play a key
role in the gelation ability of the hybrid complex and GO platelets with PBLG brushes act as
2D nanofillers leading to the GO containing 3D network structure of the hybrid gel.

Finally, the influence of the GO platelets on rheological properties of organogels was
studied by dynamic oscillatory stress sweep measurements. In order to avoid the influence of
the concentration on rheological properties of the gel, the same overall concentrated PBLG
gels and GO-g-PBLG/PBLG hybrid gels were prepared and characterized. Fig. 6a shows the
stress sweeps from 0.1 to 100 Pa at a constant frequency of 1 Hz of the PBLG-1 gel and
GO-g-PBLG-1/PBLG-1 hybrid gels with the same overall concentration (0.6 wt %). It is
obviously observed that the storage (G') and loss (G") moduli of both GO-g-PBLG-1 (0.05
wt %)/PBLG-1 (0.55 wt %) and GO-g-PBLG-1 (0.10 wt %)/PBLG-1 (0.50 wt %) hybrid gels
are much larger than those of the PBLG-1 (0.60 wt %) gel, respectively. In addition, when the
G" value is large than the G’ value, the gel is destroyed based on which the fracture stress of
the gel can be determined. The fracture stress of the GO-g-PBLG-1 (0.05 wt %)/PBLG-1
(0.55 wt %) occurs at 45 Pa and that of GO-g- PBLG-1 (0.10 wt %)/ PBLG-1 (0.50 wt %)
hybrid gel occurs at 50 Pa, both of which are larger than the fracture stress (35 Pa) of
PBLG-1 (0.60 wt %) gel. Moreover, the rheological properties of GO-g-PBLG-2/PBLG-2
hybrid gel compared with PBLG-2 homopolymer gel are investigated. As shown in Fig. 6b,
both the moduli (G' and G") and the fracture stresses of the GO-g- PBLG-2/PBLG-2 hybrid
gels are also larger than the corresponding values of the PBLG-2 homogel with the same

overall concentration. Therefore, the network of GO-g-PBLG/PBLG is more perfect than that
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of the corresponding PBLG homopolymer gel, which results to the improved mechanical

performances.

Conclusions

In summary, the polypeptide PBLG covalently functionalized graphene oxide platelets have
been successfully synthesized by combination of the ring-opening polymerization of
BLG-NCA monomer and the amidation reaction. The PBLG grafted GO platelets display
good dispersion ability in nonpolar organic solvents such as toluene. For the
GO-g-PBLG/PBLG hybrid complex as organogel, the GO platelets will act as 2D adhesive
triggering the gelation of PBLG with a lower gelation concentration. Considerably, the
GO-g-PBLG/PBLG hybrid gels show increased moduli and fracture stresses than the PBLG
homopolymer counterpart. The synthesis method achieved in this work may provide a general
reference for the modification of GO platelets with many other polypeptides for the

fabrication of reinforced biocompatible, biodegradable and sustainable gels.
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Figures and captions
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Scheme 1 Schematic illustration of (a) synthesis of functionalized polypeptide PBLG-NH, and (b)

GO-g-PBLG hybrid.
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Fig. 1 (a) GPC curves of PBLG-1 and PBLG-2 synthesized, (b and b') FTIR spectra and (c) 1D

WAXD profiles of PBLG-1 and PBLG-2 after annealed.
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Fig. 2 (a) Digital photographs of GO, GO-g-PBLG-1, and GO-g-PBLG-2 dispersed in toluene, (b)

Go-gPBLG-2 (D)
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Fig. 4 TEM images of (a) GO and (b) GO-g-PBLG-1.
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(b) PBLG gel
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Fig. 5 (a) TEM image of PBLG-1 organogel (0.6 wt % concentration in toluene) with the digital
photograph of the gel in the inset, and (b) the model of the fibrous network composed by the bundles
of the PBLG helixes. (¢) TEM image of GO-g-PBLG-1 (0.05 wt %)/PBLG-1 (0.55 wt %) hybrid
organogel in toluene with the digital photograph of the hybrid gel in the inset, and (d) the model of
the fibrous network composed by the bundles of the PBLG helixes and the 2D nanofiller/adhesive of

GO platelets.
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Fig. 6 (a) Storage (G’) and loss (G") moduli of PBLG-1 gel and GO-g-PBLG-1/PBLG-1 hybrid gels
with indicated compositions at the same overall concentration of 0.60 wt % as a function of stress

sweep, and (b) storage (G') and loss (G") moduli of PBLG-2 gel and GO-g- PBLG-2/PBLG-2 hybrid

gels with indicated compositions (total concentration of 1.60 wt %) as a function of stress sweep.
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Table 1 Molecular Weights, PDIs and Degrees of polymerization of PBLG samples

Samples M, (gfmol) M, (g/mol) PDI” Degree of polymerization“

PBLG-1 5,800 13.700 1.58 21

PBLG-2 2,500 6.400 153 9

“ Determined from 'H NMR results, and ’Determined from GPC results.

Table 2 The elements contents and C:O mole ratios of GO, GO-g-PBLG-1 and GO-g- PBLG-2 from

XPS results.
Element C (atom%) O (atom%) N (atom%) C:O
GO 72.99 27.01 0 2.70
GO-g-PBLG-1 83.14 14.36 2.50 5.79

GO-g- PBLG-2 83.86 15.34 0.80 5.47
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