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We report the successful assembly of a tripeptide in the
presence of nanodiamonds (NDs) into nanocomposite hydro-
gels. While the presence of NDs does not hinder peptide self-
assembly and gelation kinetics are not affected, NDs improve
the viscoelastic properties and significantly increase the elastic
moduli of the peptide hydrogels. Increased resistance of the
gels against applied stress can also be attained depending on
the amount of NDs loaded in the nanocomposite. Raman
micro-spectroscopy and TEM confirmed the presence of NDs on

the surface, and not in the interior, of peptide nanofibers.
Peptide-ND non-covalent interactions are also probed by
Raman and Fourier-transformed infrared spectroscopies. Over-
all, this work enables the embedding of NDs into nano-
composite hydrogels formed through the self-assembly of a
simple tripeptide at physiological pH, and it provides key
insights to open the way for their future applications in
biomaterials, for instance exploiting their luminescence and
near-infrared responsiveness.

Introduction

Self-assembling short peptides are very attractive building
blocks for soft materials such as hydrogels that do not persist in
the environment and could find a wide variety of applications,
spanning from medicine to environmental remediation.[1] In
particular, hydrogels composed of simple peptides made of 2–3
amino acids are highly sought after for their ease of prepara-
tion, simple scale-up, and low cost.[2] However, the resulting
materials often have limited mechanical and physical proper-
ties. For this reason, research is very active towards the
development of nanocomposites whereby the presence of
nanofillers could provide further advantages, such as increased
resistance against applied stress, and higher stiffness.[3] To this
end, carbon nanostructures bear great potential, not only for
their outstanding physico-chemical properties, such as high

resilience and low density, but also for the possibility to
introduce additional properties. For instance, carbon nanotubes
(CNTs) can increase the gel conductivity and boost the
biochemical activity of conductive tissues, such as the nerve
and cardiac, for regenerative medicine.[4] They can serve as
fluorescent probes for sensing.[5] Graphene and its derivatives
have been used as carriers for bioactives,[6] and to impart near-
infrared light responsiveness.[7] Carbon dots can impart lumines-
cence to peptide gels,[8] and peptides can modulate their
fluorescence.[9]

In our labs, we have found that the nanocarbon type can
have important consequences on peptide self-assembling
ability. In particular, the anisotropic morphology of carbon
nanotubes (CNTs), was found to be ideal to yield a hybrid
matrix with peptide fibrils, providing hydrogels with a remark-
able increase in stiffness, especially in the case of double-walled
CNTs.[10] Besides, also quasi-spherical carbon nano-onions
(CNOs), which are concentric fullerene nanoparticles, could
improve the stiffness of the peptide gels, although to a lower
extent.[11] Importantly, oxidized CNOs were found to non-
covalently interact with the self-assembling peptide molecules,
without interfering with their ability to stack and fibrillate for
gelation, whilst effectively inhibiting fibrils’ bundling into fibers.
As a result, in the presence of oxidized CNOs, peptide self-
assembly yielded a gelling network of thinner fibrils that were
better interconnected, thus more resistant against gel rupture
due to applied stress. Furthermore, the nanocomposites
displayed promising cytocompatibility in vitro on cell cultures.

Nanodiamonds are excellent candidates as nanofillers for
biomedical applications, in light of their excellent biocompati-
bility, mechanical properties and tunable surface chemistry.[12]

They also have potential for quantum biosensing,[13] as
fluorescent nanocarriers for the intracellular delivery of bio-
molecular cargo,[14] as nanotherapeutics,[15] and they were
embedded in contact lenses for the enzyme-triggered sustained
delivery of bioactives.[16]
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However, their low colloidal stability in biological[17] and/or
ionic environment[18] has limited their use in hydrogels, despite
their remarkable properties. Considering that self-assembling
peptides are amphiphilic in nature and demonstrated to
significantly improve the dispersibility of CNOs in aqueous
buffers,[11] we thus sought to investigate whether they could
exert a positive effect also on the dispersibility of nano-
diamonds to attain their embedding into nanocomposite
hydrogels formed in physiologically compatible conditions.

Results and Discussion

Dispersibility of NDs with the Self-Assembling Tripeptide

The self-assembling tripeptide L–Leu-D-Phe-D-Phe (Lff) was
synthesized as previously reported according to standard
protocols, purified by reversed-phase high-performance liquid
chromatography (HPLC), and its identity and purity was
confirmed by ESI-MS, 1H and 13C-NMR (see ESI, Section 1).[11] The
tripeptide is easily dissolved in aqueous phosphate buffer at
alkaline pH in its anionic form, so that the negative charges
repel each other. In the presence of the tripeptide, NDs
dispersions did not appear significantly different by the naked
eye (see ESI, Section 2). We tested three different concentra-
tions, analogously to previous studies with CNOs, to offer a
means of comparison and better understand the effects of the
different nanocarbon surface structure on its interactions with
the peptide. Interestingly, transmission electron microscopy
(TEM) analyses revealed fewer aggregates especially in the
presence of the tripeptide at the lower (1 mg/ml) but also at
medium (2 mg/ml) ND levels, while at the highest level tested
(4 mg/ml), aggregates appeared to the same extent for samples
that were prepared either with or without the peptide (Figure 1
and ESI, Section 3). Dynamic light scattering (DLS) analyses
(Table 1) revealed a negative ζ-potential for NDs, as expected,
which in the case of the lowest ND amount tested changed
from � 20.6�0.6 mV to � 23.0�1.2 mV in the presence of the
tripeptide, corresponding to an increase of 12% of negative
charges on the ND surface with the anionic biomolecule. The
hydrodynamic diameters confirmed presence of aggregates,
albeit the peptide led to their reduced size corresponding to
85% of the average diameter found for NDs without the
biomolecules. The DLS data were thus qualitatively in agree-
ment with the high-magnification TEM micrographs (Figure 1).

Hydrogelation of the Tripeptide with NDs

Hydrogelation of the tripeptide Lff was then triggered by
adding an equal volume of a mildly acidic phosphate buffer to
reach the final pH 7.3 (i. e., 1 ml of 0.1 M phosphate buffer at
pH 5.8 was added to 1 ml of 0.1 M phosphate buffer at
pH 11.8). Hydrogels successfully formed in all ND loadings
(Figure 2A), as confirmed by rheological analyses. In particular,
time sweeps revealed that presence of NDs at all the tested
levels did not affect gelation kinetics (Figure 2B), with immedi-

ate gelation without any lag-phase, with the both elastic and
viscous moduli increasing rapidly and reaching a plateau within
one hour. Regardless of the amount of NDs present, the elastic
modulus increased 10-fold relative to the peptide alone (2.0�
0.1 kPa, see ESI, Table S1). Frequency sweeps (see ESI, Figure S6)
confirmed the stability of the hydrogels, with both elastic and
viscous moduli being independent from the applied frequency.
Interestingly, stress sweeps revealed an increased linear
viscoelastic range and resistance against applied stress for the

Figure 1. TEM micrographs at low (left) and high (right) magnification of
NDs dispersions without (top) or with the peptide at increasing amounts of
NDs in the gel-precursor dispersions in alkaline buffer. TEM samples were
contrasted with potassium phosphotungstate stain.

Table 1. DLS data for gel-precursor alkaline dispersions (pH 11.8).

Sample[a] ζ-potential (mV) Diameter (nm) PDI[b]

NDs (1 mg/ml) � 20.6�0.6 950�56 0.37�0.08

NDs (2 mg/ml) � 21.3�0.5 943�67 0.29�0.02

NDs (4 mg/ml) � 21.9�1.0 1196�94 0.23�0.02

NDs (1 mg/ml)+Lff � 23.0�1.2 809�69 0.30�0.03

NDs (2 mg/ml)+Lff � 22.1�0.4 867�65 0.26�0.06

NDs (4 mg/ml)+Lff � 22.9�0.7 1452�355 0.30�0.12

[a] Samples were diluted 1 :100 for DLS analyses using the same buffer of
the alkaline gel-precursor dispersions. [b] PDI=polydispersity index;
shown values are average � standard deviation.
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intermediate level of NDs (Figure 2C). We inferred that a lower
ND level (i. e., 0.5 mg/ml) was not sufficient to exert a significant
effect, whilst higher ND amounts (i. e., 2.0 mg/ml) were
detrimental because of excessive ND aggregation (see Figure 1
bottom panels). To verify this hypothesis, TEM analyses were
performed on the nanocomposite hydrogels (Figure 3 and ESI
Section 5). A network of peptide fibers surrounded by NDs was
present in all cases (Figure 3A), although peptide fiber diame-
ters’ (Figure 3B) were significantly smaller for the intermediate
level of NDs (i. e., 1.0 mg/ml). Clearly, at this amount NDs
interfered with the ability of peptide fibrils to bundle into larger
fibers, while higher ND loading drove their aggregation,
effectively resulting in a distribution of fiber diameters similar
to the lowest ND loading. Considering that there is the same
peptide concentration in all tested samples, the presence of
thinner peptide fibers in the case of nanocomposites with

1.0 mg/ml NDs likely results in more interconnection points
within the network that would explain the observed higher
resistance against applied stress.

Next, Raman microspectroscopy (Figure 4 and ESI Section 6)
was employed to further verify the distribution of NDs in the
nanocomposite that TEM micrographs suggested to be absent
within the peptide fibers. In particular, Raman spectra were
characterized by an evident background fluorescence due to
the presence of the NDs, and the characteristic intense signals
at 1003 cm1 due to the peptide phenylalanine (Phe) ring
vibration, and the first-order Raman line of diamond at
1332 cm� 1 corresponding to the vibrations of the diamond
lattice (Figure 4A), which was the only signal present in the
spectra of NDs alone (see ESI, Figure S10). Mapping of the
intensity ratio between the two main signals due to the NDs

Figure 2. A) Photographs of the ND-nanocomposite hydrogels with 0.5 mg/
ml NDs (left), 1.0 mg/ml NDs (middle) and 2.0 mg/ml NDs (right). B) Time
sweeps of the ND-nanocomposite hydrogels and peptide hydrogel without
NDs (grey). C) Stress sweeps of the ND-nanocomposite hydrogels and
peptide hydrogel without NDs (grey).

Figure 3. A) TEM micrographs at low (left) and high (right) magnification of
ND-nanocomposite hydrogels. TEM samples were contrasted with potassium
phosphotungstate stain. B) Peptide fibers’ diameter distribution in ND-
nanocomposite hydrogels (n=100 counts).
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(1332 cm� 1) and the peptide (1003 cm� 1) confirmed absence of
the NDs in the inner core of the peptide fiber (Figure 4B), in
agreement with TEM micrographs. Another intense signal was
present at 3063 cm� 1 and it was previously assigned to the
aromatic ring CH stretching vibration.[19] Interestingly, presence
of NDs shifted other characteristic signals found in the peptide
fibers (see ESI, Figure S11), similarly to what previously observed
for nanocomposites with CNOs, and suggesting non-covalent
interactions between the two components.[11] In particular, the
peak attributed to the Phe aromatic ring that is normally
present at 1037 cm� 1 was shifted to 1033 cm� 1. The amide III
region, where signals arising from C� N stretching and N� H
bending are found, featured a signal at 1204 cm� 1 while it is
found at 1207 cm� 1 in the absence of NDs. We thus inferred

variations in the H-bonding pattern of the peptide stacks due
to non-covalent interactions with neighboring NDs. Finally, the
peak at 949 cm� 1 that arises from the vibrational mode of the
peptide skeleton, is normally found at 952 cm� 1, indicative of
variations in the peptide conformation upon interaction with
the NDs. Fourier-transformed infrared (FT-IR) spectroscopy
further confirmed changes in the amide III region, with the
main signal of the peptide gel at 1377 cm� 1 being shifted to
1392 cm� 1 in the ND-nanocomposite gels (Figure 4C).

Finally, differential scanning calorimetry (DSC) was used to
assess the thermal stability of the nanocomposites (Figure 5).
The peptide gel without NDs displayed a glass transition with
an onset T=43 °C, which was accompanied by an opacification
of the sample, followed by melting at 70 °C. Presence of NDs
resulted in lower thermal stability, with an onset temperature
for melting at ~53 °C, except for the nanocomposite with the
higher ND loading, which started melting at 49 °C. Interestingly,
at 43 °C the peptide gel displayed a glass transition that
resulted in the opacification of the sample, which was not
always detectable for the nanocomposites.

Conclusions

This work stemmed from the findings that peptide self-
assembly is compatible with graphitic nanostructures and
demonstrated that the concept can be extended to sp3-
hybridized nanocarbons too. Oxidized NDs were embedded in
self-assembled peptide hydrogels at physiological pH, also at
remarkable loadings as high as 80% w/w relative to the

Figure 4. A) Raman spectrum of the ND-nanocomposite with 1.0 mg/ml NDs.
B) Raman mapping (left) of the intensity ratio of the signals at 1332 cm� 1

(NDs) and 1003 cm� 1 (Phe) and the corresponding microscopy image (right)
for the noacomposite with 1.0 mg/ml NDs. C) FT-IR spectra of the ND-
nanocomposite gels, as well as the NDs and peptide gel for reference. The
inset shows a magnification of the amide region (1350–1700 cm� 1).

Figure 5. DSC thermograms for the peptide gels without or with NDs and
photographs of the samples. The peptide gel displayed a glass transition
that resulted in the opacification of the sample (top left photographs).
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peptide, although not completely avoiding ND aggregation. At
lower loadings, up to 1 mg/ml NDs (40% w/w relative to the
peptide), NDs dispersibility is improved by the amphiphilic
biomolecule, opening the way to the potential use of these
carbon nanostructures within soft biomaterials for applications.
Interestingly, peptide self-assembly is not impeded by the
presence of NDs, which enable modulation of the nano-
composite viscoelastic properties, with an overall increase in
stiffness. Depending on the amount of NDs present in the
nanocomposite, it is also possible to increase the gel resistance
against applied stress, likely because of the presence of a more
interconnected fibrillary network. Microscopy and spectroscopy
analyses point to non-covalent interactions between peptide
fibers and NDs on their surface, with shifts in the amide signals
suggestive of variations in the H-bonding network when NDs
are present. The best results were obtained for the intermediate
loading of NDs (i. e., 1.0 mg/ml). We inferred that lower loadings
were insufficient to dramatically improve the rheological
properties of the nanocomposites relative to the peptide gel
alone, while higher loadings likely interfered with peptide self-
assembly. In particular, a reduced resistance against applied
stress for Lff nanocomposites with the highest nanocarbon
loading (i. e., 2.0 mg/ml) was not too surprising, as it was already
found for similar systems obtained with carbon nano-onions
instead of NDs, and it could be ascribed to reduced contacts in
the peptide fibrillar network in the presence of high quantities
of nanocarbons.[11] Overall, this work lays the basis for the future
development of nanocomposite hydrogels whereby ND proper-
ties, such as NIR-responsiveness, can be used for advanced
biological applications in biosensing, imaging, targeted drug
delivery and tissue engineering.[20]

Experimental Section

Materials and General Methods

Solvents and reagents were purchased from Merck (Italy) and they
were used as received. High-purity Milli-Q water with a minimum
resistivity of 18.2 MΩ cm@25 °C was dispensed from a Milli-Q
Academic System (Millipore RiOs/Origin purification system, St.
Louis, MS, USA) and used to prepare all solutions and buffers.
Peptide production, TEM, Raman spectroscopy, and oscillatory
rheometry were carried out as previously described.[11]

Nanodiamonds Production

The used nanodiamonds (NDs) were of high pressure high temper-
ature (HPHT) origin, produced by milling of HPHT-grown diamond
single crystals. The NDs were purchased from Pureon (Switzerland),
grade: MSY, size range: 0–100 nm, median size: 50 nm. Before use,
the surface of the NDs was purified from any sp2-C residuals and
the surface chemistry homogenized by annealing in air at 450 °C for
5 hours. This resulted in ND surface rich of oxygen-containing
surface functional groups.[21]

Nanocomposite Hydrogel Formation

Nanocomposite hydrogels were obtained by applying a pH switch.
Firstly, Lff (5 mg) was dissolved in an alkaline sodium phosphate

solution (1 ml, 0.1 M, pH 11.8) with ultrasonication for 5 minutes
using a Branson Ultrasonic 3800 cleaning bath (Milan, Italy). Next,
1 ml of mildly acidic sodium phosphate buffer (0.1 M, pH 5.8) was
added to reach pH neutrality and yield the peptide hydrogel that
was used as a control. In the case of nanocomposites, the same
protocol was modified by including the amounts indicated in the
text of NDs in the alkaline sodium phosphate buffer, and sonicating
for 15 min. to obtain homogeneous dispersions. As a result of the
pH trigger described above, the precursor solutions contain a
double concentration of NDs (i. e., 1.0, 2.0, or 4.0 mg/ml) relative to
the final hydrogels (i. e., 0.5, 1.0, or 2.0 mg/ml).

DLS Measurements

The samples dispersed in the gel-precursor solutions were diluted
100 times using the same alkaline buffer and placed inside the
cuvettes for the measurement of ζ-potential in a Malvern Zetasizer
Nano (Alfatest, Milan, Italy). Analyses were performed at 25 °C and
average and standard deviation values were calculated with Excel
(n=6).

TEM Analyses

TEM micrographs were acquired on Jeol, JEM 2100, Japan, at
100 kV. TEM grids (SPI, West Chester, USA) were treated for 20 min
in a UV-ozone cleaner (UV-Ozone Procleaner Plus) to make the grids
hydrophilic. Sample aliquots (~20 μL) were deposited on top of a
copper grid for 30 s. Then, water was precisely removed from the
gel samples and the grid was placed for 30 s in contact onto a drop
of 2% aqueous potassium phosphotungstate at pH 7.2. In the case
of gel precursor alkaline solutions, the same procedure was
employed, albeit using potassium phosphotungstate at the corre-
sponding pH 11.8. Finally, the grid was dried at rt and then in
vacuum. ImageJ software was used for image analyses.

Supporting Information Summary

The supporting information file includes peptide spectroscopic
data, samples’ photographs, TEM, rheological, and Raman[22]

data.
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