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ARTICLE

Fluorinated diphenylalanine analogue based supergelators: a stencil that 
accentuates the sustained release of antineoplastic drugs
Priyanka Tiwaria, Arindam Guptab, Radha Rani Mehraa, Naureen Khana, Jeena Harjitc, Charles R. Ashby Jr.d, 
Anindya Basue, Amit K. Tiwarif, Manju Singha and Anita Dutt Konara,e

aDepartment of Applied Chemistry, Rajiv Gandhi Proudyogiki Vishwavidyalaya, Bhopal, India; bDepartment of Chemistry, IISER, Bhopal, India; 
cDepartment of Applied Chemistry, Truba College, Bhopal, India; dSt. Johns University, USA; eSchool of Pharmaceutical Sciences, Rajiv Gandhi 
Proudyogiki Vishwavidyalaya, Bhopal, India; fDepartment of Pharmacology and Experimental Therapeutics College of Pharmacy and 
Pharmaceutical Sciences, University of Toledo, Toledo, OH, USA

ABSTRACT
Inspired by the prolonged metabolism displayed by para substituted fluorinated drugs, we 
intended to design two isomers Fmoc-(4F)-Phe-Phe-OH (hydrogelator I) & Fmoc-(3F)-Phe-Phe-OH 
(hydrogelator II) to explore the propensity of fluorine substitution in the aromatic ring of pheny-
lalanine, in assisting or disrupting the gelation phenomena. However, our experimental observa-
tion reveals that hydrogelator I and II containing fluorines in the aromatic core illustrates excellent 
hydrogelation ability in comparison to the unsubstituted analogue, in accordance with the 
computational findings. Indeed, the hydrogelators displayed b-sheet with a fibrillar tape like 
morphology and were found to be biocompatible. We developed hydrogel nanoparticles (HNPs) 
that exhibited particle size less than 200 nm, and were found to release the antineoplastic drugs, 
5Fluorouracil, curcumin and doxorubicin in a sustained manner depending on the architectural 
parameters of the drugs. Thus the prospective use of these compounds holds immense promise as 
a potential tool for future drug delivery applications.
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Introduction

The intrinsic behaviour of low molecular weight peptide- 
based hydrogels has gained significant impetus not only 
due to their interests in fundamental science but also 
their immense potential in biomedical applications [1– 
5]. Peptide-based hydrogels have a decreased capacity 
to produce environmental harm, that makes them 
appealing synthons for the design and development of 
soft materials [6]. Furthermore, they can self-assemble 
via the involvement of non-covalent interactions unlike 
other cross – linked polymers, that requires the presence 
of strong covalent linkages for its formation [7–15]. The 
fibrillar constructs that result from the hierarchical pro-
cess of self-assembly, in three dimensions, develops 
large internal cavities, which entraps water molecules 
inside them, ultimately, leading to the formation of self- 
supporting hydrogels [16]. By simply changing the 
amino acid residues, one can fine-tune the properties 
and subsequently the mechanical strength of the hydro-
gels [16]. Although there are no definitive guidelines to 
design hydrogelators, the molecules that fail to form 
gels might provide better insights about the structural 
aspects of the synthons with high hydrogelation pro-
pensities [16].

Fluorine (F2), the first member of the halogen family, 
is a very rare element. Due to its prevalence in diverse 
molecular scaffolds, has been an area of significant inter-
est [17–20]. Fluorine’s high electronegativity, small 
atomic radius and strong C–F bond strength produce 
significant changes in various molecules [21]. However, 
investigations from proteins crystallographic database 
provided preliminary data regarding the interaction of 
fluorinated drugs with specific proteins [22]. In biomedi-
cal applications, F18 isotope of fluorine have been routi-
nely used in radiolabeling of biomolecules that served as 
a diagnostic probe for brain-imaging [23]. Even man-
made fluorinated compounds have served noteworthy 
in various environmental concerns [24]. To date, fluorine 
biology has been focussed as one of the aspects of 
cutting-edge technologies [25–27]. Also, fluorine incor-
poration leads to reduced tooth decay [25–27]. The 
metabolism of certain drugs can be decreased by the 
presence of fluorine due to the high stability of the 
C-F bond [27]. Consequently, the drug is present in the 
blood for a longer period of time and thus the half-life is 
increased [27]. Furthermore, the presence of fluorine in 
drugs enhances the bioavailability due to increased cell 
membrane penetration as a result of the enhanced 
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hydrophobicity of C-F bond compared to C-H [28]. 
A recent study has shown how positional isomerism of 
fluorine in the aromatic ring produces supramolecular 
heterogeneity in peptidomimetic molecules [29,30]. 
Currently, there are only a few studies that have deter-
mined the effect of fluorine on supramolecular hydro-
gelation and the use of such molecules as efficient drug 
delivery modalities [31–33].

Ideally, an effective drug carrier should be a user- 
friendly delivery system comprising a scaffold with sig-
nificant mechanical integrity and biocompatibility. It 
should deliver the drug to the area of therapeutic inter-
est at a concentration that produces efficacy without 
exerting adverse toxic effects in the system, and get 
rapidly removed from the bloodstream in a secured 
pathway, without hampering normal body functioning.

In this regard peptide-based hydrogel nanoparticles 
have gained significant impetus in the last few decades 
in the area of drug delivery because of the following 
reasons: a) these particles possess small size and 
enhanced surface area, that increases the solubility and 
bioavailability, conferring them the ability to cross the 
blood–brain barrier (BBB) and be absorbed through the 
tight junctions of endothelial cells of the skin; b) their 
simple route of administration by direct injection [34]. 
One disadvantage associated with these particles is their 
hydrophobic nature that easily removes them from the 
bloodstream. Therefore, in this study, we sought to: a) 
design and synthesise biocompatible fluorine – substi-
tuted diphenylalanine derivatives that have a high hydro-
gelation potential and significant mechanical strength; b) 
develop an easy to use hydrophilic delivery system that 
would remain in the bloodstream for a prolonged period 
and c) determine the release profile of the antineoplastic 
drugs, namely 5-FU, doxorubicin and curcumin from the 
hydrogel matrix. Thus to meet our goal, we designed and 
synthesised two fluorinated phenylalanine derivatives, 
fluorenylmethoxy carbonyl (Fmoc)-(4 F)-Phe-Phe-OH 

(hydrogelator I) and Fmoc-(3 F)-Phe-Phe-OH (hydrogela-
tor II), by coupling 4/3-fluorinated phenylalanine and 
phenylalanine residues. To form a hydrophilic drug deliv-
ery system, we decided to coat the nanoparticles with the 
surfactant vitamin E-TPGS, such that they remain in the 
body environment for a prolonged period [34]. Our sys-
tematic approach in designing and testing the novel drug 
delivery system (DDS) hydrogel nanoparticles from fluori-
nated peptides have been discussed in detail in the sub-
sequent sections (Figure 1).

Experiment

Materials and Methods

Fluorenylmethoxy carbonyl (Fmoc) chlorides, 5FU, cur-
cumin, amino acids and other common chemicals/sol-
vents used in the study were purchased from 
Spectrochem India. The surfactant vitamin-E-TPGS and 
doxorubicin were procured from Sigma Aldrich USA. 
1H NMR spectra were recorded using a Bruker Ultra 
shield (400 MHz). Mass was measured using (ESI-MS 
mode) with a Micro TOF – Q-II instrument, IR with 
a Shimadzu, Prestige 21 FT-IR spectrometer and elemen-
tal analysis using CHN Analyser (Elementar, Germany).

Synthesis of hydrogelator I and II

The hydrogelators were prepared using the solution 
phase methodology, where dicyclo-hexylcarbodiimide 
(DCC)/(1-hydroxybenzotriazole HOBT) was used as 
a coupling agent (Scheme 1) [35,36]. Methyl ester hydro-
chlorides of phenylalanine were synthesised utilising the 
thionyl chloride–methanol procedure [37,38]. The final 
derivatives were purified by column chromatography 
and the obtained derivatives were characterised by var-
ious analytical techniques as described.

Figure 1. A) Schematic representation of the fluorinated hydrogelators; B) Other components involved in inverse emulsion technique, 
for the synthesis of HNPs.
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Boc-(4 F)-Phe-Phe-OMe (1)
The free base of Phe-OMe obtained from its hydrochlor-
ide (5.34 g, 26.48 mmol) was poured into an ice-cold 
solution of Boc-4(F)Phe-OH (3 g, 10.59 mmol) in 10 ml of 
DMF, followed by DCC (3.27 gm, 15.88 mmol). The reac-
tion mixture was stirred for 18 hours at room tempera-
ture. Subsequently, the mixture was filtered and taken 
up in ethyl acetate. The organic layer was washed with 
2 M HCl solution, saturated sodium carbonate and 
a brine solution and then dried over anhydrous sodium 
sulphate and evaporated in vacuo to obtain a white 
solid.

Yield: 4.04 g (86%, 9.09 mmol).

Boc-(4 F)-Phe-Phe-OH (2)
To a methanolic solution of compound 1 (4.04 g, 
9.09 mmol), 2 N NaOH (3.5 ml) was added dropwise. 
The progress of the reaction was monitored using TLC. 
After completion of the reaction, the methanol was 
evaporated and the residue was dissolved in water and 
washed with diethylether. The aqueous layer was then 
acidified with 2 N HCl and extracted with ethyl acetate to 
obtain a white solid.

Yield: 3.40 g (87%, 7.89 mmol).

Hydrogelator I
To an ice-cooled solution of (2) (3.40 g, 7.89 mmol) in 
DCM, trifluoroacetic acid (5 ml) was added and stirred 
until the Boc group was completely removed (based on 
TLC results). Next, trifluoroacetic acid was removed 
under reduced pressure to afford the crude trifluoroace-
tate salt. This dipeptide was dissolved separately in 

sodium carbonate solution (basic, 17 ml) and further 
cooled in an ice-water bath. A solution of Fmoc-Cl 
(2.81 g), solubilised in dioxane (18 ml) was added to 
the cooled mixture from above and was stirred for 
24 h. Finally, the pH was adjusted to an acidic level 
with concentrated HCl and extracted with ethylacetate. 
The organic layer was evaporated to get a white solid.

Yield: 3.43 g (85%, 6.22 mmol); M.p. 113–115°C, LC-MS 
: C33H29FN2O5: m/z; 552.21 [M]+ (calculated); m/z; 552.8 
[M]+ (obtained); FT-IR: 1442, 1566, 1648, 3232, 3230, 
3406, 3482, cm−1; 1H NMR (d6-DMSO, ppm, 25°C, 
400 MHz): 3.70–3.75 (CβHs of 4 F-Phe (1), Phe (2) & 
Fluoren, 6 H, m), 3.96–3.99 (CH of Fluoren, 1H, m), 5.06–-
5.08 (CαHs of 4 F-Phe (1), & Phe (2), 2 H, m), 7.26–7.38 
(Aromatic protons of Fluoren, Phe (2) & NH of 4 F-Phe (1), 
& Phe (2), 15 H, m), 7.66 (Aromatic protons of 4 F-Phe (1), 
2 H, d, J= 8 Hz), 7.83 (Aromatic protons of 4 F-Phe (1), 2 H, 
d, J= 8 Hz). 13C NMR (100 MHz, d6-DMSO, 25°C, 400 MHz): 
161.357, 161.190, 154.833, 150.97, 150.874, 145.681, 
143.722, 141.264, 141.068, 128.248, 127.679, 127.190, 
125.746, 125.361, 124.416, 120.716, 120.278, 69.153, 
64.259, 50.564, 46.659; Anal. Calcd for C33H29FN2O5 

(552.59): C, 71.722; H, 5.289; N, 5.07. Found: C, 71.700; 
H, 5.139; N, 4.88.

Hydrogelator II
Hydrogelator II was prepared using the same synthetic 
procedure as that of HydrogelatoraI.Yield: 3.51 g (87%, 
6.36 mmol); M.p. 110–113°C, LC-MS: C33H29FN2O5: m/z; 
552.21 (calculated); m/z; 580.8 [M+ Na+ 5 H]+ (obtained); 
FT-IR: 1418, 1538, 1622, 3250, 3426, 3488, 3564, cm−1; 

1H NMR (d6-DMSO, ppm, 25°C): 3.71–3.73 (CβHs of 
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Scheme 1. Synthetic Strategy of the hydrogelators, employing conventional solution phase methodology.

SUPRAMOLECULAR CHEMISTRY 3



4 F-Phe (1) & Phe (2), 4 H, m), 3.96–3.99 (CβHs of Fluoren, 
2 H, m), 4.22–4.26 (CH of Fluoren, 1H, m), 4.46–4.48 (CαHs 
of 4 F-Phe (1), & Phe (2), 2 H, m), 7.26–7.88 (Aromatic 
protons of Fluoren, 4 F-Phe (1), Phe (2) & NH of 4 F-Phe 
(1), & Phe (2), 19 H, m);). 13C NMR (100 MHz, d6-DMSO, 
25°C, 400 MHz): 161.312, 154.833, 145.462, 143.871, 
128.189, 127.768, 127.679, 127.555, 127.313, 127.190, 
125.733, 125.259, 124.416, 120.667, 120.389, 119.480, 
69.200, 64.259, 50.564, 46.635; Anal. Calcd for C33H29 

FN2O5 (552.59): C, 71.722; H, 5.289; N, 5.07. Found: C, 
71.502; H, 5.126; N, 4.74.

Computation calculations
The molecules were modelled using Spartan08 software 
and energy minimisation was done there itself. 
Calculations were done on a single molecule. Further, 
optimisation and frequency calculation with tight conver-
gence criteria was done on the obtained minimised struc-
ture in Gaussian 09 software package using B3LYP 
functional and 6–31 G basis set. Molecular Orbital calcula-
tions were performed on these optimised structures. 
HOMO-LUMO diagrams of the Hydrogelators were gener-
ated using GaussView 5.0 [39].

MTT assay
The cytotoxicity of hydrogelator-I was determined 
through MTT (methyl thiazolyl tetrazolium) colouri-
metric assay, which measures cell metabolic activity 
through the conversion of tetrazolium dye to insolu-
ble purple formazan crystals as per the method 
described [40–42]. The dipeptides were dissolved in 
DMSO stock solutions followed by making the dilu-
tions (with DMSO o0.1%) directly using cell culture 
media. No precipitation or aggregates were observed 
even on storage up to 72 h at 37°C. The cells were 
seeded onto flat-bottom 96 well plates at a density of 
4000–5000 cells per well. After 24 h, the cells were 
drugged with serial dilutions (0, 0.1, 0.3, 1, 3, 10, 30, 
100 mM) for each of the compounds in triplicate. 
After 72 h of incubation, MTT dye (4 mg) was 
added to all wells and incubated at 37°C for an addi-
tional 4 h. The medium was carefully discarded after 
this incubation period and formazan crystals were 
dissolved in 100 ml of DMSO in each well for 15 min-
utes. Absorbance was measured at a wavelength of 
570 nm using a DTX 880 multimode detector 
(Beckman Coulter Life, Indianapolis, IN, USA). The 
raw data were analysed and plotted using GraphPad 
Prismv7.02. Student’s t-test was used to analyse all 
the data [40–42].

Results and discussion

Design and characterisation of the hydrogelators

Certain aromatic compounds can be biotransformed 
into toxic epoxides specific drug metabolising enzymes, 
by the body’s native enzymes [27]. Substituting 
a fluorine into the para position of the aromatic ring, 
however, restricts this process [27]. Inspired by this 
event, with the aim of construction of novel hydrogels, 
we decided to substitute the para position of first ring of 
N-terminally protected diphenylalanine, Fmoc-(4 H)-Phe 
-Phe-OH (Reported Molecule) by Fmoc-(4 F)-Phe-Phe-OH 
(hydrogelator I), to determine the effect of fluorine sub-
stitution in inducing gelation phenomena (Figure 1).43 

To further decipher the outcome of positional isomerism 
on self-assembly we synthesised Fmoc-(3 F)-Phe-Phe-OH 
(hydrogelator II). The diphenylalanine fragment was 
chosen due to its high hydrogel-forming ability [43]. 
The Fmoc group was introduced to promote self- 
assembly by its increased π − π correspondence.

Interestingly, both hydrogelator I and II had excellent 
hydrogel-forming capacity at room temperature, with an 
mgc of 0.01% and 0.015% w/v, respectively. To confirm 
this property, the hydrogelators were initially dissolved 
in 1 ml of water under mild heating conditions and 
allowed to cool. The solvent system was almost instan-
taneously immobilised into a translucent mass, confirm-
ing the formation of gels.

Next, we determined the stability of the gels by 
investigating the sol – gel interconversion temperatures 
(Tgel) at different hydrogelator concentrations (Figure 
2). Importantly, the generated curves indicated an 
increase of the Tgel value up to the saturation limit. 
Moreover, we postulated that the self-assembly process 

Figure 2. Tgel curves as a function of hydrogelator 
concentration.
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is regulated by intermolecular non-covalent interactions, 
which might have been optimal at the saturation limit. 
Indeed, it has been reported that at the level of satura-
tion, an increase in the hydrogelator concentration did 
not significantly alter the Tgel (temperature) 
[12,13,40–42].

Generally, gelators with mgcs below 0.1% (w/v) are 
categorised as supergelators [11]. Therefore, our mgc 
values allowed us to characterise our hydrogelators as 
supergelators. Our results are consistent with those of 
Mahler et al. who reported that the unsubstituted ana-
logue, Fmoc-Phe-Phe-OH, had an mgc of 0.05% w/v in 
water [43]. However, our fluorinated derivatives had 
mgcs lower than 0.05% (Hydrogelator I: 0.01% and 
Hydrogelator II: 0.015% w/v). Therefore, our initial 
experiments suggested that fluorination accentuates 
the process of hydrogelation.

Computation investigation about the effect of 
fluorine substitution in diphenylalanine in 
hydrogelation

To search an explanation for the above observation, we 
performed computational analysis using Gaussian09 
software package with B3LYP functional and 6–31 G 
basis set [39]. Figure 3 shows that introduction of 
Fluorine seems to have considerable impact on the 
HOMO/LUMO energies of the molecules, owing to subtle 
changes in the electronic distribution of the system 
(Table 1). For example, unlike the unsubstituted analo-
gue (log P = 2.36), Hydrogelators I and II are more 

hydrophilic (log P = 1.76). Also, the substitution of a fluor-
ine atom at the para position significantly changes the 
electrostatic charge distribution compared to the meta 
derivative, which could account for the difference in 
threshold concentration with respect to the unsubsti-
tuted derivative (Figure 3, Table 1). Additionally, we 
observe that the final potential energy and zero point 
vibrational energy of the fluorinated derivatives are 
lower in comparison to the unsubstituted one. This 
makes both of their summation even lower (Table 1). 
Overall, based on the results of the experimental and 
computation studies, we postulate that the fluorine 
introduction not only enhances the hydrophilic–lipophi-
lic balance but also gives rise to the possibilities of new 
electrostatic interactions, thereby providing the oppor-
tunity to obtain better hydrogels.

Determination of the mechanical strength, 
morphology and conformation of the hydrogelators

Firstly, we determined the mechanical integrity of the 
hydrogelators by performing rheological measurements 
with freshly prepared hydrogels of concentration 2 mg/ 
ml. As shown in Figure 4, throughout the viscoelastic 
region, the storage modulus (G′), the loss modulus (G″) 
(Figure 4(a)), and the complex viscosity (Figure 4(b)) 
were determined as a function of angular frequency. 
The results indicated the formation of a soft gel phase 
[11–13]. We then performed an amplitude sweep mea-
surement, where the strain was varied to 100%. We 
noticed in the lower viscosity region, the G’ was higher 

Figure 3. HOMO-LUMO Orbitals of I) reported molecule II) hydrogelator I and III) II.

Table 1. Experimental parameters of the underivatised and derivatised fluorine analogues probable 
constructs responsible for driving the gelation mechanism.

Hydrogelators HOMO LUMO
Final 

Energy
Zero-point vibrational 

energy:
Sum of thermal and vibrational 

Enthalpy

Unsubstituted −5.897 eV −1.5 eV −1685.586 355.871 −1684.984
I −5.842 eV −1.597 eV −1784.800 350.758 −1784.206
II −5.784 eV −1.697 eV −1784.801 350.683 −1784.207
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Figure 4. Frequency sweep of A) Dynamic Shear Modulus; B) Complex Viscocity; C) Amplitude sweep of the hydrogels made from 
hydrogelator I and II at 2 mg/ml concentration at room temperature. D) Bar graph representation of the comparison of the elastic 
response (G’) and viscous response (G”) of the hydrogelators.

Figure 5. FT-IR and PXRD spectra of the Hydrogelators showing β-sheet-like conformation. The characteristic peaks in the PXRD curve 
are presented in blue.

6 P. TIWARI ET AL.



than the G”, indicating the stabilisation of the gel phase. 
But the sooner, the strain reached to 39.6% and 63% for 
hydrogelators I and II respectively, a cross over point 
was observed in the experimental frequency region, 
where the value of loss modulus G” slightly exceeds 
the value of storage modulus G’ and transformed into 
solution state (Figure 4(c)). This particular point where 
the crossover occurs is called yield stress (σy). These soft 
materials displayed the gelation property until the 
threshold value of strain is reached which is 39.6% and 
63% for hydrogelators I and II respectively (Figure 4(c)). 
As the strain was increased beyond this threshold, the 
intermolecular forces that held the gel together started 
being overcome by the applied strain and the xerogel 

fibrils were unable to withstand deformations. The fre-
quency-sweep experiments further showed that both 
the G’ and G” values were weakly dependent on the 
frequency which was indicative of an entangled net-
work-like system.

Also, the moduli remained parallel to the x-axis, indi-
cating that the obtained hydrogels were stable and rigid 
(Figure 4(a-b)). The data further confirmed that 
Hydrogelator I (G’: 1700 Pa) had a higher gel strength 
compared to Hydrogelator II (500 Pa) for gels of same 
concentration, emphasising the importance of position 
of fluorine in regulating mechanical integrity (Figure 
4(d)).

Figure 6. FE-SEM images of hydrogelator I and II, (A, C: low resolution; B, D: high resolution) showing the formation of three- 
dimensional dense fibrillar network. The remaining sol was, immobilised within the cavities of the network, thereby forming self- 
supporting hydrogels.

Figure 7. Basic Principle of MTT Assay (Top); Biocompatibility Studies of Hydrogelator I in two different cell lines MDA-MB-231 and HEK 
293 (Bottom).

SUPRAMOLECULAR CHEMISTRY 7



In order to determine the origin of the mechanical 
strength, we performed structural studies using Fourier 
Transform–Infra Red Spectroscopy and PXRD Analysis. 
Figure 5(a-b) shows the overlapped FTIR spectra from 

the solid sample as synthesised and the xerogels, respec-
tively. Each molecule of the Hydrogelators contained 
two NH protons and three carbonyl moieties (Figure 1).

Figure 8. A) Inverse Emulsion Technique; B) Enlarged cartoon Diagram of Hydrogel Nanoparticle; C) Particle Size Dimension of the 
HNPs.

Table 2. Comparative study of particle dimension/release time and percentage of various drugs from the HNPS developed from 
Hydrogelators I and II.

Hydrogelators
Particle Size 

(nm)

Time of 
release of 

5FU % of 5-FU released
Time of release 
of Doxorubicin

% of Doxorubicin 
released

Time of release 
of Curcumin

% of 
Curcumin 
released Ref

Unsubstituted 225.9 ± 3.6 
21.5 ± 0.1

5 h 50% 20 h 50% – – - – – – – – 48

I 96.84 ± 90.70 
20.84 ± 9.30

50 h 30% 112 h 30% 70 h 30% This 

work
Control (only 

gel)
9 h 50% followed by 

immediate burst 
release

22 h 50% followed by 
immediate burst 

release

– – - – – – – – This 

work
II 76.98 ± 15.99 

10.32 ± 223
50 h 30% 72 h 30% 88 h 30% This 

work
Control (only 

gel)
9 h 50% followed by 

immediate burst 
release

22 h 50% followed by 
immediate burst 

release

– – - – – – – – This 

work
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Figure 9. % Cumulative drug release profile of the three antineoplastic drugs from the hydrogel matrix.

Figure 10. Computation investigation of hydrogelator -drug interactions. The model drugs that have been used are 5Fluorouracil 
(green), Curcumin (yellow) and Doxorubicin (red). Interactions of 5-FU/Curcumin/Doxorubicin with A/C/D) Hydrogelator I and B/D/F) 
Hydrogelator II.

SUPRAMOLECULAR CHEMISTRY 9



The peaks for the NH protons in both states appeared 
at 3390/3330 cm−1 for Hydrogelator I and II. These data 
indicated that the NHs were H-bonded in Hydrogelator 
I and II. In contrast, the amide I and II carbonyl had 
characteristic peaks at 1620/1528/1464 cm−1 for 
Hydrogelator I and 1612/1556/1448 cm−1 for 
Hydrogelator II, respectively (Figure 5).

A closer analysis of the spectra further showed that 
although the peak characteristic remained the same in 
both states, the peaks were slightly broadened and 
shifted for both the Hydrogelators. This could only 
occur when the non-covalent interactions, namely 
H-bonding and Van der Waals interactions form fibrous 
network in three dimensions, that could immobilise the 
remaining sol in them and form gels. Overall, the FT-IR 
data were indicative of the dominant role of β-sheets in 
the respective xerogel state [11–13,44,45].

To re-confirm our investigations we performed PXRD 
experiments with the xerogels of the hydrogelators 
[40–42]. The wide-angle PXRD curves showed appar-
ently similar patterns, with periodic diffractions, com-
mon in both the hydrogelators. This data indicated the 
presence of ordered structures in the xerogels. 
Additionally, the characteristic peaks at 18.49° 
(d = 4.9 Å) might have arisen due to the presence of 
the β-sheet-like packing in the hydrogelators. We 
believe that this β-sheet formation could only be pos-
sible because of an effective overlap between the aro-
matic rings of Phenylalanine and Fmoc moiety, 
stabilised by π-π interactions. Indeed, the peak at 
24.79° (d = 3.7 Å) further affirmed our analogy. Thus, 
taken together the result of FT-IR and PXRD data, our 
finding revealed the presence of β-sheet conformation 
in the xerogels [40,41]. To obtain additional data about 
the morphological arrangement of the xerogels, we 
conducted FE-SEM studies with the xerogels obtained 
from the corresponding hydrogels (the same concen-
tration and magnification were used for both the 
hydrogelators) (Figure 6). The FE-SEM images showed 
the formation of dense, fibrillar tape-like structures that 
were approximately 500 nm in width and several micro-
metres in length. We postulated that these tapes were 
intertwined with one another, producing a three- 
dimensional network that served as a template to 
immobilise the remaining sol (water) and form self- 
supporting hydrogels. Since the hydrogelators bear 
isomeric relationship, they had a similar fibrillar net-
work. However, the fibres in hydrogelator I were thick 
and more densely packed compared to hydrogelator II, 
thus accounting for the differences in mechanical 
strength and the minimum gelation concentrations. 
Also, the differences in the HOMO/LUMO energies, 
final potential energy and zero point vibrational energy 

provide additional data, supporting the nature of fibril-
lar network (Table 1). Interestingly, the tenacity of 
hydrogelator II was more than that of I, as reflected 
from Figure 4(c) (cross over point was observed at 
39.6% and 63% strain for hydrogelators I and II, 
respectively).

Biocompatibility studies

Biocompatibility is an important characteristic for 
a molecule to be used as a delivery system, which is 
generally probed by MTT assay (Figure 7 top) [40–42]. 
Therefore, using this technique, we determined the 
effect of the hydrogelators on the viability of human 
embryonic kidney (HEK-293) and epithelial human 
breast cancer cells (MDA-MB-231, as shown in Figure 7 
(bottom)). Since our hydrogelators are isomers, we con-
ducted the experiment with only hydrogelator I, as iso-
mers are known to have similar behaviour. The IC50 

values of hydrogelator I were >100 µM for both cell 
lines, thereby allowing us to conclude the molecule to 
be biocompatible [11–13,40-42].

Why peptide-based hydrogel nanoparticles in drug 
delivery?

In the last few decades, the development of nanoparti-
cles from various polymers and its use in drug formula-
tion have helped advance the treatment of certain 
diseases [46]. However, one of the major problems asso-
ciated with various polymers is that they produce toxi-
city in normal cells.

Peptide – based hydrogel nanoparticles are less toxic 
as they consist of biocompatible amino acids. Indeed, 
from the literature, we confirmed that for therapeutic 
use, the preferred size of the nanoparticles should be 
less than 200 nm [47,48]. In the section below, we dis-
cuss the preparation of nanoparticles that contain fluori-
nated hydrogelators and determine their drug delivery 
efficiency.

Preparation of hydrogel nanoparticles and its 
release kinetics using anti-cancer drugs

The hydrogel nanoparticles (HNPs) were synthesised 
using a modified inverse emulsion protocol as shown 
in Figure 8(a-b). The hydrogelators had a bimodal dis-
tribution of particle size, with a dimension 
96.84 ± 21.32 nm and 20.84 ± 3.25 nm for hydrogelator 
I and 76.98 ± 15.99 nm and 10.32 ± 2.23 nm for hydro-
gelator II (Figure 8(c)). This bimodal particle size distri-
bution is probably a result of equilibrium between 
droplet fragmentation and droplet re-coalescence that 
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occurs due to variation in experimental conditions 
[11,12,48]. Indeed, a higher value of negative zeta poten-
tial (−30 mV, the value should be high irrespective of the 
charge) indicated the presence of system stability. This 
negative charge might be due to the presence of car-
boxylates, as well as the surfactant coating around the 
hydrophobic core [11,12]. Since the size of the particles 
were less than 200 nm, we hypothesised that our 
designed HNPS would release a greater percentage of 
the drugs compared to the reported analogue and con-
trol hydrogelators (normal hydrogel, without forming 
nanoparticles) for prolonged period of time (Table 2).

To test this hypothesis, we chose three different 
drugs: 5-FU, curcumin and doxorubicin, which had vary-
ing properties, structures (structures shown in Figure 7 
(b)) and chemotherapeutic efficacy [11–13,40-42,49].

Figure 9 represents the release kinetics of the drugs 
over a stipulated period of time, which showed a marked 
difference with variation in their respective molecular 
weights. As evident from the figure, about 30% of the 
5-FU content, from both hydrogelators were released 
after a 50-h incubation period. In contrast, it took 70 
and 88 hours for the release of 30% of the curcumin 
content from Hydrogelator I and II, respectively. The 
release of 30% of the doxorubicin took 112 hours from 
the matrix of Hydrogeltor I and 72 hours from that of 
Hydrogelator II.

To account for the differential behaviour in release 
mechanism, we performed computation analysis to inves-
tigate the interactions of the drugs with the hydrogelators.

As revealed from Figure 10, initially two molecules of 
the energy optimised hydrogelators could be imagined 
to be oriented in the form of a clip, such that Fmoc 
moieties lie on one end and Phe-Phe rings on the 
other. Now the 5-FU, containing 30% aromatic character, 
apart from H-bonding donors and acceptors, inorder to 
maximise π-π interactions with the Fmoc units, remains 
at the mouth of the clip [50]. So its release from the 
matrix of both the hydrogelators becomes easier and 
faster (Figure 10(a-b)). Although curcumin/doxorubicin 
possessed both H-bond donors and acceptors along 
with aromatic units, here the drug–matrix interaction 
occurs mainly by hydrophobic and π-π interactions 
(Figure 10(c-d)). For curcumin, we observe that in case 
of hydrogelator II, the drug becomes sandwiched 
between the Fmoc moieties of the clip, in an organised 
fashion, stabilised by π-π interactions, unlike hydrogela-
tor I (sandwiched in a disordered manner), which might 
be the cause of its slower release from the hydrogel 
matrix. Again for Doxorubicin, we observe that for both 
the hydrogelators, the drug stabilises itself by entering 
deep into the pin pocket, utilising non-covalent 

interactions. This stabilisation might be greater in case 
of hydrogelator I, than II. Henceforth, the release of the 
former gets drastically slowered (Figure 10(e-f)). Taken 
together these results, we attribute the entire mechan-
ism of release pattern, to the variation in position of 
fluorine in the aromatic ring of diphenylalanine and 
physicochemical properties of the drugs. Actually, 
these two scaffolds (drug and hydrogelators) interact 
with each other in different extents, leading to overall 
stabilisation of the motifs, resulting in faster/delayed 
release response in different cases.

Conclusions

In summary in this report, we have successfully designed 
and developed a set of fluorinated peptides that dis-
played excellent hydrogelation phenomena in aqueous 
medium.

Our experimental observations backed by computa-
tional calculations, additionally revealed that fluorine 
substitution in the aromatic ring in phenylalanine ring 
(hydrogelator I and II) definitely enhanced the gelation 
aptitude in comparison to the unsubstituted analogue. 
Indeed, the hydrogelators showed significant mechan-
ical strength and biocompatibility, ample enough to be 
used for drug delivery applications. So we devised for-
mulation to synthesise hydrogel nanoparticle with the 
biocompatible hydrogelators. We believe that mere link-
age of vitamin E-TPGS at the surface could convert the 
nature of the nanoparticle from hydrophobic to hydro-
philic, thereby increasing the blood retention time. 
Importantly the synthesised hydrogel nanoparticles 
exhibit particle size less than 200 nm, thereby account-
ing for their accentuated efficacy to release the antineo-
plastic drugs at physiological conditions. Overall this 
study illustrates that through fine-tuning the particle 
size and appropriate surface modification, we might be 
capable to develop better transport system efficient 
enough to deliver drugs for prolonged period with less 
frequent dosing (sustained release) along with greater 
precision and penetration in tissues difficult to access.
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