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Abstract 

Molecular gels formed by self-assembly of low molecular weight gelators have received 

increasing interest due to their potential applications in drug delivery. In particular, the ability 

of peptides and amino acids to spontaneously self-assemble into three-dimensional fibrous 

network has been exploited in the development of hydrogels. In this context, we have 

investigated the capacity of binary mixtures of aromatic amino acid derivatives to form 

hydrogels. Carbon nanomaterials, namely oxidized carbon nanotubes or graphene oxide, were 

incorporated in the two most stable hydrogels, formed by Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH 

and Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH, respectively. The structural and physical properties of 

these gels were assessed using microscopic techniques and rheology. Circular dichroism and 

molecular dynamics simulations demonstrated that the hydrogel formation was mainly driven 

by aromatic interactions. Finally, a model hydrophilic drug (L-ascorbic acid) was loaded into 

the hybrid hydrogels at high concentration. Under near-infrared light irradiation a high amount 

of drug was released triggered by the heat generated by the carbon nanomaterials, thus offering 

interesting perspectives for controlled drug delivery.  



1. Introduction 

Self-assembled structures have gained great attention for the design of hydrogels and gel-like 

materials due to their wide range of applications going from controlled drug delivery and tissue 

engineering to nanoelectronics.1-5 Supramolecular gels formed by the self-assembly of low 

molecular weight gelators (LMWGs) are receiving significant attention thanks to their potential 

in the biological field,6 for instance in drug delivery.7 These LMWGs self-assemble in water 

via non-covalent forces such as hydrogen bonding, hydrophobic interactions, and π-stacking.8 

These interactions lead to the formation of three-dimensional fiber-like networks and soft-solid-

like materials by fiber entanglement, restriction of the solvent flow and trapping of the solvent 

molecules, resulting in hydrogel formation. LMWG-based gels possess advantages such as easy 

preparation and multiple responsiveness, compared to polymer gels, where the monomers are 

covalently bonded. Indeed, they can be responsive to different stimuli including pH and 

temperature.9 Some peptides and amino acids having the capacity to self-assemble into fibrils 

have been exploited as LMWGs.10-13 These types of hydrogels have shown potential 

applications in drug delivery,14,15 tissue engineering,16 and regenerative medicine.17 Peptides 

and amino acids protected at the N-terminus with aromatic groups such as pyrene, naphthalene, 

and fluorenylmethoxycarbonyl (Fmoc) have been investigated as LMWGs.18-21 Hybrid 

hydrogels incorporating carbon-based nanomaterials, such as carbon nanotubes (CNTs) and 

graphene, have recently attracted increasing attention due to their high electrical conductivity 

and high mechanical strength.22-26 In addition, these hybrid hydrogels are useful for near-

infrared (NIR) irradiation-triggered drug release, thanks to the capacity of the carbon 

nanomaterials to generate heat upon NIR light irradiation.27-31 This feature is advantageous for 

on-demand drug release because light can be used as an external stimulus to control the 

liberation of active molecules preloaded in the hybrid hydrogels due to enhanced local 

temperature, with high spatial and temporal precision. In addition, NIR light is more favorable 

than visible light for in vivo applications due to its higher penetration, low energy absorption, 

and minimum side effects for human tissue and organs. Both GO and functionalized CNTs have 

been extensively used for biomedical applications.32,33 We and other groups have previously 

demonstrated the absence of toxicity of well-purified and functionalized CNTs34-36 and GO37,38 

in vitro and in vivo. The choice of carbon-based nanomaterials as photothermal agents among 

others such as gold nanoparticles, was mainly dictated by the possibility to tune their 

biodistribution and biodegradation, and to minimize toxicity through size control and chemical 

functionalization. Indeed, several studies have demonstrated that both CNTs and GO can be 

easily biodegraded under biological conditions hence sensibly reducing their biopersistence,39-



41 while studies on the biodegradability of gold nanoparticles are scarce. Both GO and 

functionalized CNTs have been widely used as photothermal agents.42 In this work, we have 

screened a variety of aromatic amino acid derivatives for their capacity to form hydrogels. 

Oxidized CNTs (ox-CNTs) or graphene oxide (GO) were incorporated into two stable 

hydrogels, made of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH and Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-

OH. The hybrid hydrogels were characterized by different techniques including electron 

microscopy, circular dichroism (CD), and rheology. Molecular dynamics (MD) simulations 

were performed to understand the main interactions leading to the formation of the hydrogels. 

Finally, L-ascorbic acid was incorporated in the hybrid hydrogels as model drug. A high amount 

of drug was released upon NIR light irradiation, thus offering interesting perspectives for drug 

release that can be precisely and remotely controlled through external stimuli. 

 

2. Results and discussion 

2.1. Hydrogel formation 

Different single and binary mixtures of protected and non-protected aromatic amino acids were 

initially studied for hydrogelation (Figure S1). The samples were prepared using the solvent-

triggered approach where the gelators are first dissolved in DMSO by using sonication followed 

by addition of water to reach 2% DMSO/H2O (v/v).43 At such low concentration DMSO can be 

used in biological experiments as it shows no cytotoxicity.44,45 We observed that binary systems 

composed of non-protected amino acids were highly soluble leading to optically transparent 

solutions, whereas co-assemblies of protected amino acids resulted in the formation of 

precipitates in biphasic systems made of gel and liquid, or led to gel-like structures (Table S1). 

The gelation of the samples was confirmed by the vial inversion test and we observed that 14 

mixtures formed a hydrogel. In all cases at least one of the components was a Fmoc-protected 

amino acid derivative. Our results confirm that the presence of the aromatic fluorenyl ring helps 

in the gelation process.4,20,46,47 Most hydrogels were obtained from a binary mixture containing 

Fmoc-Tyr-OH or Fmoc-Tyr(Bzl)-OH. For this reason, we decided to focus our comparative 

work on two stable hydrogels corresponding to the binary systems Fmoc-Tyr-OH/Fmoc-

Tyr(Bzl)-OH (named gel 1) and Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (named gel 2) (Figure 1). 

We noticed that a sequential addition of DMSO and water was very important as the dissolution 

of the gelators directly in a mixture of 2% DMSO in water did not result in gel formation. 

 



 

Figure 1. Photographs of the formation of gel 1 and gel 2: a) solution of the amino acids in 

DMSO, b) immediately after the addition of water, and c) after 2 h. 

 

2.2. Formation of hydrogels containing carbon nanomaterials 

Since carbon nanomaterials have excellent photothermal properties under NIR light irradiation, 

hybrid hydrogels containing CNTs or graphene offer a great potential for NIR irradiation-

triggered drug release applications. We first studied the incorporation of pristine CNTs and ox-

CNTs at three different concentrations (0.025 wt%, 0.1 wt% and 0.5 wt%) into gel 1. For this 

purpose, aqueous suspensions of pristine CNTs or ox-CNTs were prepared by sonication and 

immediately added to the solution of gelators in DMSO. The gelation time was not affected by 

the presence of the pristine CNTs. However, due to their low water dispersibility, the pristine 

CNTs were non-homogenously dispersed in the gel at all concentrations obtaining 

heterogeneous gels (Figure S2a-c). But, the dispersion was drastically improved by using ox-

CNTs and we observed that the maximum concentration of ox-CNTs that can be incorporated 

into gel 1 to obtain a homogeneous hybrid gel was 0.025 wt% (Figure S2d). Increasing the 

concentration of nanomaterials disturbed the gelation process as we observed the appearance 

of a liquid phase (Figure S2e-f). Therefore, 0.025 wt% was chosen as the optimal concentration 

of ox-CNTs. The same experiments were performed using 0.025 wt% of GO instead of ox-

CNTs to compare the gelation behavior (Figure 2). GO is known to have a superior water 

dispersibility than graphene. The incorporation of GO did not prevent the gel formation. We 

noticed that the gel color was more homogeneous for gel 2 compared to gel 1, whatever ox-

CNTs or GO had been incorporated into the gel. This difference indicates that gel 2 seems to 

be more homogeneous compared to gel 1.  

 



 

Figure 2. Photographs of a) gel 1 + 0.025 wt% ox-CNTs, b) gel 1 + 0.025 wt% GO, c) gel 2 + 

0.025 wt% ox-CNTs, and d) gel 2 + 0.025 wt% GO, after 2 h gelation. 

 

2.3. Structural characterization 

The morphology of native and hybrid gel 1 and gel 2 was studied by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). The SEM images of the 

native gels show the presence of long fibrils organized into highly interconnected networks 

(Figure 3a-b). The TEM analysis revealed that the majority of the fibrils in gel 1 (Figure 3c) 

has a width of 10-50 nm with a few larger fibrils (50-80 nm) (Figure S3a). In the case of gel 2 

(Figure 3d), although the majority has a width of 20-50 nm similar to gel 1, the fibrils are more 

variable in size having a diameter in the range of 20-100 nm (Figure S3b). This difference 

suggests that the presence of the hydroxyl group of tyrosine can influence the fibril width 

probably due to the formation of additional hydrogen bonding. The presence of ox-CNTs does 

not disturb the self-assembly of the amino acid derivatives into fibrils of similar size and 

morphology (Figure 3e-f, Figure S3c-d), but we observed a higher diameter distribution for 

both gels containing GO from 10 to 200 nm (Figure 3g-h, Figure S3e-f). The TEM images also 

show that the ox-CNTs and GO are in contact with the fibrils certainly due to π-π interactions 

with the aromatic moieties of the gelators (Figure 3e-h). Especially, the ox-CNTs are in close 

interactions with the surface of the fibrils, which may be facilitated by their tubular shape. 

In Figure 3f-h, we selected images showing a lower fibril density in order to be able to visualize 

the carbon nanomaterials and their interactions with the fibrils. This is the reason why the fibrils 

look less aggregated. 



 

Figure 3. SEM images of a) gel 1 and b) gel 2. TEM images of c) gel 1, d) gel 2, e) gel 1 + 

0.025 wt% ox-CNTs, f) gel 2 + 0.025 wt% ox-CNTs, g) gel 1 + 0.025 wt% GO, and h) gel 2 + 

0.025 wt% GO.  

 

2.4. Circular dichroism 

The native gel 1 and gel 2 and the hybrid gels containing the nanomaterials were characterized 

by CD. Previous studies have shown that fibrils derived from Fmoc aromatic amino acids are 

supported by π–π interactions between aromatic moieties, with characteristic CD signatures at 

270-310 nm attributed to the n–π* Fmoc-Fmoc transition and at 200-230 nm corresponding to 

the π–π* phenyl side chain transition, and a hydrogen bond network involving the carbamate 

functionality.48 For all samples the gel solutions were sonicated 10 s before being transferred 

into a cylindrical 0.1 mm quartz cuvette. The kinetics of the hydrogelation process was studied 

by monitoring the CD signal as a function of time. The CD spectrum of gel 1 does not show 

any signal at t0 (Figure 4a). After 1 h the hydrogelation was characterized by the appearance of 

a negative band centred at ~220 nm and a broad positive band between 270 and 310 nm. 

These two bands are derived from the π-π amino acid side chain-side-chain and Fmoc-Fmoc 

interactions.49 An increase of the signal was observed between 1 h and 2 h showing that the co-

assembly can be described as a two-step mechanism, a first step of fibril organization into chiral 

structures and a second step of evolution of the final fibrils to an equilibrium state. The CD 

analysis was performed for longer time (> 2 h), but no significant differences were observed 

compared to the spectrum at 2 h (data not shown), indicating that the three-dimensional fibrous 

network reached a steady state.  

e) g) h)

c) d)a) b)

f)



 

Figure 4. CD spectra of a) gel 1, b) gel 2, c) gel 1 + 0.025 wt% ox-CNTs, d) gel 2 + 0.025 wt% 

ox-CNTs, e) gel 1 + 0.025 wt% GO, and f) gel 2 + 0.025 wt% GO, at different time points. 

 

Similarly, the CD spectrum of gel 2 showed no signal at t0 with the appearance of characteristic 

bands after 1 h of gelation (Figure 4b). Indeed, a negative band was also observed at ~220 nm, 

as well as another negative band between 270 and 310 nm, which looks like a sort of mirror 

image of the band obtained for gel 1 in this region.  

We observed instead a difference in the hydrogelation kinetics for the hybrid CNT-based gels. 

For both gel 1 and gel 2 the hydrogelation was more rapid, showing CD signals already at t0 

(Figure 4c-d). The presence of the ox-CNTs in the hydrogel matrix had no impact on the 

structural organization of the fibrils as similar bands appeared in both cases. For the gels 

containing GO we also observed similar bands and kinetics in comparison with the native gels 

e) f) 



(Figure 4e-f). As control we analyzed an aqueous suspension of ox-CNTs or GO at similar 

concentrations and no CD signals were observed (Figure S4), allowing to conclude that ox-

CNTs and GO do not interfere with the CD measurements. Compared to the two-dimensional 

shape of the GO sheets, the quasi-one-dimensional tubular shape of the ox-CNTs, probably 

facilitates the interactions with the gel fibrils, which accelerates the gelation process.  

 

2.5. Rheological study 

Both hydrogels were characterized by rheology (oscillatory time and frequency sweep) to assess 

the time of gelation and their viscoelastic properties. Time sweeps were first performed by 

monitoring the evolution of the real part G’ and imaginary part G” of the complex shear 

modulus as a function of time for native gel 1 (Figure 5a) and gel 2 (Figure 5b). A gradual 

change in behavior from a liquid (G’<G”) to a solid state (G’> G”) was observed for both gels 

~10 min after adding water to the solution of the amino acids in DMSO (Figure S5). A second 

growth regime was noticed approximatively 5 h after the gelation, showing a much slower 

change in the hydrogel rheological response over time. This regime was associated with an 

aging phenomenon, which is also usually found in polymer gels50,51 and organogels,52,53 

corresponding to the progressive strengthening of the elastic network. In this regime, the 

evolution of the complex shear modulus with frequency (Figure 5, insets) revealed a behavior, 

which is similar to many organogels53,54 and physical gels.55,56 Indeed, a low frequency behavior 

characterized by a plateau was observed for G’ and G”. Both gel 1 and gel 2 displayed similar 

G’ values, indicating that these two systems have almost the same modulus of rigidity. 

Regarding the G” values, the hydrodynamic regime was reached in a slightly lower frequency 

range for gel 1 compared to gel 2. This small difference could be due to the presence of larger 

heterogeneities in size and number for gel 1 compared to gel 2, which was confirmed by the 

photographs of the hybrid gels in Figure 2. These heterogeneities could also explain the slight 

successive slope failures observed for gel 1 in the first part of the gel formation kinetics curve. 

 



 

Figure 5. Evolution of the real part G’ and imaginary part G” of the shear modulus for a) gel 1 

and b) gel 2. The frequency was 1 Hz and the temperature was 20°C. The inset figures 

correspond to the variation of G’ and G” as a function of frequency, measured 20 h after the gel 

formation. 

 

The rheological studies were then extended to the hybrid gels. As the native gel 1 and gel 2 

displayed similar rheological behavior, we have decided to show hereafter only the results of 

gel 1 containing GO or ox-CNTs at a concentration of 0.025 wt %. The incorporation of the 

carbon nanomaterials in gel 1 did not change its rigidity, which remained quite similar to that 

of the native gel (Figure 6). Likewise, the response in frequency of both hybrid gels was not 

affected by the presence of GO or ox-CNTs, suggesting that the structure of the fibrillar network 

was not altered by the presence of GO and ox-CNTs, as we also showed by TEM (Figure 3e-

h). Generally, carbon nanomaterials are used as reinforcing agents into hydrogels due to the 

mechanical strength of CNTs and graphene-based nanomaterials (using higher concentrations 

in comparison to our study). These characteristics can be exploited for tissue engineering.28,57 

But, in our case similar rheological properties were expected between the native gels and hybrid 

gels due to the very low concentration of carbon nanomaterials, which is however sufficient to 

induce a photothermal effect (vide infra). Nevertheless, the kinetics of gelation was affected 

and was found to be strongly dependent on the shape of the carbon nanomaterials. Indeed, the 

gelation time was slightly reduced for GO-loaded gel 1, whereas it was so low when ox-CNTs 

were incorporated into the gel, that it could not be measured during our experiments (Figure 

S6a-b). In the latter case the faster gelation time could be explained by the tubular shape of the 

CNTs, which favors tight interactions with the amino acid fibrils compared to the two-



dimensional shape of the GO sheets, as previously observed by TEM (Figure 3e-h). These 

results are also in good agreement with CD showing a faster gelation time for CNT-loaded gels 

(Figure 4c-d). The altered gelation time, which is linked to the shape of the carbon 

nanomaterials, suggests that the gelation mechanism is driven by a nucleation growth process, 

in which the CNTs promote the nucleation of the fibrils. To support this hypothesis, shear 

measurements were performed on gel 1 loaded with ox-CNTs at a concentration 10 times lower 

(0.0025 wt%). The gelation time found for this concentration was ~4 min (Figure S6c), a value 

intermediate between the time for the gel at the concentration of 0.025 wt% (< 1 min) and that 

of the native gel (10 min). This result shows that the gelation time can be fully monitored by 

the amount of ox-CNTs loaded in the gel.  

 

Figure 6. Evolution of G’ and G” for gel 1 loaded with a) GO and b) ox-CNTs. The frequency 

was 1 Hz and the temperature was 20°C. The inset figures correspond to the variation of G’ and 

G” as a function of frequency, measured 20 h after the gel formation. 

 

2.6. Computational analysis 

To highlight the main interactions that lead to the hydrogel formation, we decided to perform 

MD simulations. Both gel 1 and gel 2 were simulated at different concentrations of protected 

amino acids either in 2% DMSO/H2O (v/v) solution or in pure DMSO (see Table S2 for the 

composition of the simulated systems). Each solution was simulated for at least 50 ns. Final 

snapshots are given in Figure 7 and Figure S7. Both mixtures show the same behavior in 

aqueous solution with the formation of aggregates during the dynamics, independently of the 

initial concentration. The conclusions are quite different in pure DMSO where the protected 

amino acids stay well-dispersed in the box. These results can explain why the gelation process 



needs a two-step procedure with a first dilution in DMSO, allowing to solubilize the amino 

acids, followed by the dilution in water where the nano-arrangement occurs. More specifically, 

as illustrated in Figure 7, the aggregation of the protected amino acids is induced in DMSO/H2O 

by specific π–π and CH–π interactions. Table S3 gives the average number of these interactions 

among the dynamics. For all the simulated systems, the principal π–π interactions are between 

the aromatic group of tyrosine and the Fmoc protecting group (Figure 7), followed by all the 

interactions where the Fmoc group is involved (Fmoc/Fmoc, Fmoc/Bzl and Fmoc/Phe) and the 

Tyr/Tyr interactions. These simulations support the results observed by CD. At low (10+10) 

and high (60+60) concentration of amino acids, the number of π–π interactions is quite similar 

in the two gels (7.4 vs 6.0 at 10+10 and 36.7 vs 38.7 at 60+60). At medium concentration, the 

Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH mixture forms twice as much interactions than Fmoc-Phe-

OH/Fmoc-Tyr(Bzl)-OH (13.1 vs 26.1). This difference is due to a larger amount of interactions 

between the Fmoc and Tyr moieties leading to a more compact aggregate. Jointly to these 

aromatic attractions, the molecules also interact via H-bonds between the amino acid groups. 

The amount of H-bonds as a function of the concentration follows the same order than the 

aromatic interactions with similar number of H-bonds at low (10+10) and high (60+60) 

concentration of amino acids (2.0 vs 3.2 at 10+10 and 15.3 vs 10.8 at 60+60). At medium 

concentration (30+30) Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH mixture also forms twice as much H-

bonds than Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH does (3.7 vs 6.3). These additional aromatic 

interactions and hydrogen bonding induced by the presence of the hydroxyl group of tyrosine 

may explain the difference in fibril diameters between both systems observed by microscopy.  



 

Figure 7. Final snapshots of the 60 Fmoc-Tyr-OH + 60 Fmoc-Tyr(Bzl)-OH system simulated 

in 2% DMSO/H2O (v/v) showing typical π-π and CH-π arrangements between the two 

components. In the box Fmoc-Tyr-OH molecules are represented in red and Fmoc-Tyr(Bzl)-

OH in green. 

 

2.7. Photothermal study 

After thoroughly analyzing the structure and the mechanical properties of the native and hybrid 

gels, we investigated their photothermal properties. For this purpose, the photothermal 

conversion of different concentrations of suspensions of ox-CNTs and GO alone in water was 

first examined by monitoring the temperature increase during exposure to NIR light irradiation 

(at 808 nm, under 2 W for 10 min). At each concentration a similar dose-dependent 

photothermal behavior was observed for both ox-CNTs and GO (Figure S8). The temperature 

increase was 20°C, 28°C, and 47°C in 10 min for a concentration of 0.005 wt%, 0.01 wt%, and 

0.025 wt%, respectively. The native and hybrid gels were also studied in similar conditions. 

The change in temperature for both gel 1 and gel 2 was very low with an increase of less than 

5°C after 10 min of irradiation as expected and the gels remained totally intact (Figure 8). 



Hybrid gel 1 showed a similar temperature increase whatever it contained ox-CNTs or GO, 

which was not the case for gel 2. Indeed, after 10 min of irradiation the temperature difference 

was 40-41°C for gel 1 + ox-CNTs or GO, and gel 2 + GO, whereas the temperature increase 

was 47°C for gel 2 + ox-CNTs. The presence of ox-CNTs, which accelerates the hydrogelation 

process for both gels, also improves the increase of temperature during NIR irradiation in the 

case of gel 2. In addition, the gel structure slightly reduces the heating capacity of the carbon 

nanomaterials compared to their suspensions in water except for gel 2 + ox-CNTs reaching 

47°C. Interestingly, we observed that in presence of ox-CNTs or GO the hybrid gel 1 was 

destructured, while the hybrid gel 2 shrank and formed a compact block (Figure S9). This result 

is concordant with a more homogeneous three-dimensional fibrous network in gel 2. It seems 

that the presence of the hydroxyl group of tyrosine not only influences the fibril diameter, but 

it can also decrease the structural stability of the gel in presence of the carbon nanomaterials. 

 

Figure 8. Temperature increase of the native gels in comparison to the hybrid gels when 

exposed to a NIR laser (at 808 nm, under 2 W) as a function of the laser irradiation time. 

 

2.8. Photothermal drug release 

To prove that our hydrogels have potential therapeutic applications, we decided to study the 

release of a model drug encapsulated into the gels, triggered by irradiation in the NIR region. 

Commonly known as vitamin C, L-ascorbic acid has a wide range of clinical applications and 

it was selected as hydrophilic drug model. It promotes collagen biosynthesis, has antiscorbutic 

properties and protects against photoaging, UV-induced immunosuppression, and 

photocarcinogenesis.58,59 To prepare the drug-loaded hydrogels, L-ascorbic acid was first 

dissolved in water before the addition of the solution of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH 



(leading to gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (leading to gel 2) in DMSO. 

The gelation was monitored using the vial inversion test. After approximately 2 h both 

L-ascorbic acid-loaded gel 1 and gel 2 formed a stable hydrogel. We observed a higher stability 

of L-ascorbic acid loaded in the gels over time (Figure S10). A range of drug concentration (0.2-

1.5 mg·mL-1) was studied and we observed that a concentration of 0.7 mg·mL-1 (4 mM) of L-

ascorbic acid was the maximum concentration that can be incorporated into the hydrogels. 

Above this concentration the gelation process was disturbed with the appearance of a liquid 

phase. The mass concentration is in the range of drug loadings such as insulin and doxorubicin 

reported for some hydrogels containing carbon nanomaterials (0.08 to 2 mg·mL-1).60-62 But, if 

we consider molar concentration, our loading value is higher compared to these studies (4 mM 

vs. 14 µM to 3.7 mM of drug). To prepare the drug-loaded hybrid gels, the ox-CNTs or GO 

were dispersed at a concentration of 0.025 wt% into a 0.7 mg·mL-1 solution of L-ascorbic acid 

before addition to the solution of the amino acids in DMSO. The drug release was investigated 

by irradiating the four hybrid gels containing L-ascorbic acid. The temperature of the hydrogels 

was monitored during the irradiation (Figure S11). Control experiments were performed on the 

gels devoid of carbon nanomaterials containing L-ascorbic acid. The volume of water released 

from the gels was measured after 10 min irradiation and the concentration of the released drug 

was determined by HPLC. We verified that L-ascorbic acid remains stable in these conditions. 

As expected, the control gels did not show any release of water and drug after 10 min irradiation 

(data not shown). On the contrary, in the presence of ox-CNTs or GO, gel 1 released 68% and 

73% of water, respectively, whereas gel 2 released a higher amount of water (84% and 79%, 

respectively) (Figure 9a). As previously observed, the hybrid gel 1 loaded with L-ascorbic acid 

showed a structural destruction of the gel matrix upon NIR light irradiation whatever it contains 

ox-CNTs or GO, while the hybrid gel 2 shrank leading to the formation of a compact block. 

Therefore, the lower volume of water released from the hybrid gel 1 containing ox-CNTs or 

GO is probably due to the destabilization of the gel structure during the irradiation. The higher 

water release capacity of gel 2 + ox-CNTs reveals a better photothermal behavior compared to 

the other hybrid gels, as observed in Figure 8. This remarkable feature is probably linked to the 

higher homogeneity of the three-dimensional fibrous network in gel 2, as previously mentioned. 

The drug concentration was assessed by HPLC and the four hybrid gels showed a drug release 

comprised between 63% and 82% after 10 min irradiation (Figure 9b). The gel 2 + ox-CNTs 

was found to be the most efficient system with a maximum drug release of 82%. The amount 

of L-ascorbic acid release can be correlated to the water release capacity of the hydrogels. 

Overall, these results show that the drug release is triggered by the heat generation from the ox-



CNTs or GO upon NIR light irradiation. We have investigated the drug release over time for 

the 4 different gels and observed that a plateau was reached after 8 to 10 min (Figure S12). 

The amount of drug released from the gels is primarily influenced by the nature of the amino 

acids constituting the hydrogel and the type of carbon nanomaterials has also some influence. 

We found that gel 2 loaded with the ox-CNTs was the most efficient gel and this was correlated 

with the highest water release and best photothermal capacity observed for ox-CNT-loaded 

gel 2. This was probably due to a higher homogeneity of the 3D fibrous network in gel 2 and 

well-distributed ox-CNTs in the gel. The high liberation of L-ascorbic acid reached in our study 

is similar or higher than NIR irradiation-induced drug release rates reported for other types of 

carbon nanomaterial-containing hydrogels.60,61,63 In addition, we performed preliminary 

stability experiments in physiological saline solution (0.9% NaCl) and in RPMI or DMEM 

supplemented with 10% fetal bovine serum. For this purpose, a volume of 100 µL of 

physiological saline solution or 10% fetal bovine serum in culture medium was added on top 

of each hydrogel (400 µL). After 15 h the solution was withdrawn and the amount of L-ascorbic 

acid was determined by HPLC. We observed that the hydrogels were not degraded when 

exposed to physiological saline solution (0.9% NaCl). We noticed that a small amount of water 

was released only from the hybrid gels 2 (Figure S13a). We estimated that 15 to 21% of 

L-ascorbic acid was liberated from the four hydrogels by diffusion. In 10% fetal bovine serum 

in culture medium we found that the hybrid gels 1 were less stable and released a significant 

volume of water, which was not the case for the hybrid gels 2 (Figure S13b-c). This result was 

correlated with a higher amount of L-ascorbic acid released from the hybrid gels 1 (12-51%), 

whereas only 8 to 12% of drug were liberated from the hybrid gels 2. These stability 

experiments show that the hybrid gels 2 are more stable in physiological conditions and this is 

probably related to the higher homogeneity of the 3D fibrous network in gel 2. These results 

support the fact that gel 2 is more efficient compared to gel 1 for our purpose of controlled drug 

release. Overall, our hydrogels present many advantages such as i) simple preparation as they 

are constituted of commercial amino acids, ii) low content of carbon nanomaterials, iii) high 

drug loading and release capacity, and iv) stability in physiological conditions (in particular for 

gel 2).  



 

 

Figure 9. Release of a) water (n=3) and b) L-ascorbic acid (n=3) from the hybrid gels under 

NIR light irradiation. Statistical analysis was performed by one-way ANOVA (including 

Bonferroni’s multiple comparison test). 

 

3. Conclusions 

We have demonstrated the spontaneous self-assembly of different commercially available 

Fmoc-protected amino acids into three-dimensional fibrous network leading to the formation 

of hydrogels. We have investigated more in detail the gelation of a binary mixture composed 

of Fmoc-Tyr-OH/Fmoc-Tyr(Bzl)-OH or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH. The structural 

and physical properties of these gels were assessed using various microscopic techniques and 

rheology. The hydrogel formation was mainly driven by aromatic interactions, as supported by 

CD and MD simulations. Oxidized CNTs and GO were incorporated in these hydrogels and 

they showed good interfacing with the fibrils, in particular the nanotubes. L-Ascorbic acid was 

loaded in the gels as model hydrophilic drug at a high concentration. The heat generated by the 

carbon nanomaterials upon NIR light irradiation induced the release of the drug at a high rate. 

These novel self-assembled hydrogels open up the possibilities of various applications and they 

will be explored further for drug delivery. As future work we plan to perform experiments using 

different types of cells to validate our approach of controlled drug delivery in vitro. We will 

also extend the study to other types of drugs, in particular hydrophobic drugs. 

 

4. Experimental section 

4.1. Materials and methods 

The amino acids L-tyrosine, L-histidine, L-tryptophan, Fmoc-Tyr(tBu)-OH, H-Tyr(Bzl)-

OBzl·HCl, Z-Tyr-OMe, and Fmoc-Trp-OH were purchased from Sigma-Aldrich, and 

L-phenylalanine from Neo-MPS, respectively. H-Tyr-OBzl, Fmoc-Tyr(Bzl)-OH, and 

Z-Tyr(Bzl)-OH were acquired from Bachem, and Fmoc-Phe-OH, Fmoc-Tyr-OH, and Fmoc-

His-OH from PolyPeptide Group. RPMI-1640 Medium and Dulbecco's Modified Eagle 

a
)

b
)



Medium were purchased from Sigma-Aldrich and Lonza, respectively, and fetal bovine serum 

from Dominique Dutscher. The pristine multi-walled CNTs (20-30 nm diameter, 0.5-2 μm 

length, 95% purity; batch 1240XH) were purchased from Nanostructured and Amorphous 

Materials. The CNTs were oxidized following the protocol we reported in a previous work.64 

GO was obtained from Grupo Antolin. All other reagents were obtained from different 

commercial suppliers and used as received. The ultrasonic treatments were performed in an 

ultrasonic bath Elmasonic P (100 W, 37 kHz). A 808 nm laser diode system from Roithner 

Lasertechnik (LOS-BLD-0808-2W-C/P) and a thermal imaging camera from Flir One were 

used for the photothermal studies. The centrifugation was done with a centrifuge 5415 R from 

Eppendorf. HPLC was performed using a Nucleosil 100-5 Waters C18 reverse phase HPLC 

column and a Waters Alliance e2695 separation module. The column was used with 1.2 

mL·min-1 flow rate of a gradient from 0 to 100% of B (A = H2O/0.1% TFA; B = CH3CN/0.08% 

TFA) for 20 min. 

 

4.2. Gel preparation 

Each monomer was dissolved in DMSO to make stock solutions of 247 mM. Single amino acid 

systems were prepared by dilution of the monomers from the stock solutions in MilliQ® water 

to reach a concentration of 4.9 mM in 2% DMSO/H2O (v/v). Binary mixtures were prepared 

by mixing each monomer from the stock solutions in a 1:1 ratio followed by dilution in MilliQ® 

water to a final concentration of 4.9 mM (2.45 mM of each monomer) in 2% DMSO/H2O (v/v). 

After dilution each sample was sonicated in a water bath for 10 sec and left under ambient 

conditions. The gelation of the samples was confirmed by the vial inversion test by turning the 

vials upside down and observe whether the hydrogel is stable or not. 

 

4.3. Incorporation of pristine CNTs, oxidized CNTs, and GO 

The pristine CNTs, ox-CNTs, or GO were dispersed in MilliQ® water at three different 

concentrations: 255 µg·mL-1 (0.025 wt%), 1.26 mg·mL-1 (0.1 wt%), and 6.3 mg·mL-1 

(0.5 wt%). The suspensions were added to the amino acid solution of gel 1 or gel 2 in DMSO 

(247 mM) to reach a final concentration of monomer of 4.9 mM in 2% DMSO/H2O (v/v). 

The suspensions were sonicated for 10 s in a water bath and left under ambient conditions.  

 

4.4. Scanning electron microscopy  

SEM analysis was performed on a SEM S-800 (Hitachi High Technologies Corporation, Tokyo, 

Japan) with an accelerative voltage of 5 kV. The samples were placed onto glass slides and then 



allowed to stand for 1 h, after which the sample was removed by capillary action (filter paper). 

The samples were metallized by sputtering with Au/Pt (SCD030 BALZERS). 

 

4.5. Transmission electron microscopy 

TEM analysis was performed with a Hitachi 7500 transmission electron microscope (Hitachi 

High Technologies Corporation, Tokyo, Japan) with an accelerative voltage of 80 kV equipped 

with an AMT Hamamatsu digital camera (Hamamatsu Photonics, Hamamatsu City, Japan). 

To prepare the TEM samples, 10 µL of each hydrogel was deposited onto a carbon-coated 

copper grid (Formvar/Carbon 300 Mesh; Cu from Delta Microscopies). The gel was allowed to 

stand for 1-2 min, after which the sample was removed by capillarity using a filter paper. The 

grid was allowed to dry under ambient condition. 

 

4.6. Circular dichroism 

The binary mixture of amino acids in 2% DMSO/H2O (v/v) were prepared and after sonication 

the solutions were directly transferred into a 0.05 mm path length quartz cuvette. CD spectra 

were recorded on a JASCO J-810 spectropolarimeter. Spectra were collected at room 

temperature from 350-190 nm with 1.0 nm step, a scanning speed of 100 nm·min-1, and 1 s 

integration time. 

 

4.7. Rheological study 

Rheological properties were investigated using a controlled-stress rheometer (Haake, Mars III) 

working in oscillatory mode. The measuring cell used was concentric cylinders (Couette cell 

type). For the rheological study, the same protocol was followed for the sample preparation and 

for the shear measurements. Once prepared, the sample still in its liquid state, was introduced 

in the Couette cell and measurements of the complex shear modulus were performed over time 

to follow the evolution of the shear response from the liquid state to the gel state. The 

frequency f and the stress to the sample applied  were 1 Hz and 0.2 Pa, respectively. After 

20 h, these measurements were followed by shear measurements performed as a function of 

frequency. All the measurements were carried out at room temperature (20°C). 

 

4.8. Computational analysis 

4.8.1. Computational methods 

The binary mixtures have been simulated by classical MD simulations using the AMBER16 

software,65 in which the potential energy U is empirically represented by a sum of bond, angle 



and dihedral deformations and by pair wise additive 1-6-12 (electrostatic + van der Waals) 

interactions between non-bonded atoms: 

𝑈 = ∑ 𝑘𝑏(𝑟 − 𝑟0)
2

𝑏𝑜𝑛𝑑𝑠

+ ∑ 𝑘𝜃(𝜃 − 𝜃0)
2

𝑎𝑛𝑔𝑙𝑒𝑠

+ ∑ 𝑉𝑛[1 + 𝑐𝑜𝑠(𝑛𝜙 − 𝛾)]

𝑑𝑖ℎ𝑒𝑑𝑟𝑎𝑙𝑠

+ ∑ ∑ [
𝐴𝑖𝑗

𝑅𝑖𝑗
12 −

𝐵𝑖𝑗

𝑅𝑖𝑗
6 +

𝑞𝑖𝑞𝑗

𝜀0𝑟𝑖,𝑗
]

𝑁
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Cross terms in van der Waals interactions were constructed using the Lorentz-Berthelot rules. 

Water was represented with the TIP3P model66 and DMSO by the model developed by Fox and 

Kollman.67 Fmoc molecules were represented with the parameters from AMBER99 force field 

and RESP charges. The 1-4 van der Waals and 1-4 coulombic interactions were scaled down 

by 2.0 and 1.2, respectively. The solutions were simulated with 3D-periodic boundary 

conditions, using an atom-based cutoff of 12 Å for non-bonded interactions, and correcting for 

the long-range electrostatics by using the Ewald summation method. The characteristics of all 

simulated systems are given in Table S2. The MD simulations were performed at 300 K starting 

with random velocities. The temperature was monitored via a coupling to a thermal bath using 

the Berendsen algorithm68 with a relaxation time of 0.2 ps. In the (NPT) simulations, the 

pressure was similarly coupled to a barostat with a relaxation time of 0.2 ps. A time step of 2 fs 

was used to integrate the equations of motion via the Verlet leapfrog algorithm. For each 

system, a “random” mixture of the two amino acids was prepared in a box of water:DMSO 98:2 

(see Table S2 for exact composition of each systems). After 1000 steps of energy minimization, 

0.25 ns of dynamics were performed with ions in order to allow the solvent to relax around the 

solute. This was followed by a dynamics of 0.25 ns at constant volume and of 1 ns at a constant 

pressure of 1 atm. The evolution of the mixture was then followed for 50 to 300 ns of dynamics 

(NVT ensemble).  

 

4.8.2. Analysis of the results 

The trajectories were analyzed using our MD simulations software.69 Snapshots were drawn 

with the VMD software.70 

 

4.9. Photothermal study 

Different concentrations of ox-CNTs and GO in MilliQ® water (0.005 wt%, 0.01 wt%, and 

0.025 wt%) were sonicated for 10 min to obtain highly dispersed suspensions. Native and 

hybrid gels were synthesized and left for gelation for 2 h under ambient conditions. 

The photothermal conversion of the carbon nanomaterial suspensions and the heating profile of 



the gels were examined by monitoring the temperature increase during exposure to 808 nm laser 

with a power of 2 W for 10 min and a laser-sample distance of 3 cm. Each photothermal 

measurement was repeated three times. Maximum temperatures and infrared thermographic 

maps were recorded by an infrared thermal imaging camera.  

 

4.10. Release of L-ascorbic acid 

To prepare the L-ascorbic acid-loaded hydrogels, the amino acid solutions of Fmoc-Tyr-

OH/Fmoc-Tyr(Bzl)-OH (gel 1) or Fmoc-Phe-OH/Fmoc-Tyr(Bzl)-OH (gel 2) in DMSO were 

diluted in a solution of L-ascorbic acid in MilliQ® water (0.7 mg·mL-1). The hybrid gels were 

obtained by dispersing the ox-CNTs or GO at a concentration of 255 µg·mL-1 (0.025 wt%) in a 

solution of L-ascorbic acid in MilliQ® water (0.7 mg·mL-1). After sonication for 10 min in a 

water bath, the amino acid solution in DMSO was added. The suspensions were sonicated for 

10 s in a water bath and left under ambient conditions. NIR light irradiation (at 808 nm, under 

2 W for 10 min, at a distance of 3 cm from the gels) was applied on the gels after 2 h of gelation 

to avoid any significant drug degradation. The volume of released water was withdrawn, 

centrifuged (12300 rpm, 10 min), and the amount of L-ascorbic acid was assessed by HPLC (tr 

= 2.3 min at λ = 254 nm for L-ascorbic acid). Statistical analysis was performed with Prism 7.0 

(GraphPad Software). Data were analyzed with one-way-ANOVA (including Bonferroni 

multiple comparison test). A p value of < 0.05 was considered as significant. 

 

4.11. Preliminary stability studies in physiological conditions 

A volume of 100 µL of physiological saline solution (0.9% NaCl in MilliQ® water) or RPMI 

or DMEM supplemented with 10% fetal bovine serum was added on top of each hydrogel 

(400 µL). After 15 h the solution was withdrawn, centrifugated (12300 rpm, 5 min) , and the 

amount of L-ascorbic acid was determined by HPLC.  
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