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a b s t r a c t

A new family of open chain-pseudopeptidic compounds displaying a pendant carboxylic group have been
prepared with excellent yields. Their self-assembly has been studied under different conditions and in
different media. Some of the compounds obtained have revealed to act as very efficient hydrogelators
at low concentrations (CGC 1 mg mL�1). The resulting hydrogels show some interesting properties,
including a high thermal stability, with the hydrogels maintaining their structure at temperatures above
65 �C, and their reversible dynamic sol–gel behavior being responsive to thermal and sonochemical
inputs and to changes in the basic/acidic properties of the medium. Preliminary studies for controlled
drug delivery have been carried out using a Franz Cell and employing a skin pig membrane, confirming
that these Low Molecular Weight Gelators (LMWGs) can be appropriate vehicles for the controlled trans-
dermal delivery of small-molecule drugs.

� 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Self-assembly refers to the process of spontaneous organization
of biotic and synthetic molecules into higher order structures
involving supramolecular interactions [1–4]. In this context, gela-
tors are generally defined as chemical species that, in a given sol-
vent, self-assemble to form crosslinked networks able to
immobilize solvent molecules, giving place to the formation of a
gel. Although a variety of natural and synthetic polymers are
known to act as efficient gelators, low-molecular weight gelators
(LMWGs) present some interesting features. These include their
well-defined molecular weights, their easy modification, or the
accessibility of a large abundance of structural functionalities [5–
8].

As in other instances, self-assembly of LMWGs to form gels rely
on supramolecular forces like hydrogen bonding, electrostatic, p-p
or hydrophobic interactions [5–14]. Hydrogels, those formed in
aqueous systems, are of special biological relevance and display a
wide variety of potential applications like tissue engineering [15–
16], controlled drug delivery [17–19], or even nanoscale electron-
ics [20]. Some of them behave as stimuli-responsive materials
[21–24], with properties, including their formation and disruption,
controlled by stimuli ranging from changes in temperature, which
is the more obvious input, to pH changes [18,25–27], irradiation at
a variety of wavelengths [28–30], or through the presence of a vari-
ety of substances including biomolecules [31–32].

Gels with tunable, reversible, and dynamic gel-sol transitions
become especially desirable for applications in fields like smart
materials and on-demand release [33–35]. Thus, for instance,
polypeptide based thermosensitive hydrogels have been reported
to provide targeted and controlled delivery of drugs to tumor
microenvironments [36], while a variety of injectable hydrogels
have been used to encapsulate substrates in vivo [37–39]. Further-
more, transdermal drug delivery systems based on hydrogels have
been widely used [40].

In this context, hydrogelators based on amino acids, their
derivatives and peptides are very attractive because of the modular
character of the amino acid fragments, their natural origin and,
accordingly, their potential for biocompatibility and biodegradabil-
ity [41–44].

Minimalistic pseudopeptides, combining structural elements
from amino acids and simple abiotic fragments, are attractive for
this purpose [45]. In this regard, carbamate protected amino acids
and derivatives have been reported as very effective hydrogelators
[46–48], while C2-symmetry pseudopeptidic compounds display-
ing apolar spacers have shown a remarkable organogelating behav-
ior [49], with the presence of urea fragments increasing
significantly the stability of the resulting gels [50]. Thus, tripodal
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trisurea pseudopeptidic organogelators were able to gel essential
oils from natural flavors and fragrances and modulate their con-
trolled release [51]. Including polar functionalities in the spacer,
like secondary amino groups, in these C2-symmetry pseudopep-
tides led to hydrogelators with self-assembly properties controlled
by pH changes [52].

Taking this into account, here we report on the preparation of
open chain C2-symmetry pseudopeptides containing a carboxylic
pendant group in the spacer that can be used to generate stable
hydrogels possessing responsiveness to different stimuli, including
temperature and pH, and are promising materials for transdermal
controlled delivery of small-molecule drugs.
2. Materials and methods

2.1. Materials

Reagents and solvents were purchased from commercial suppli-
ers and used without further purification. The C2-symmetrical N-
protected bis(amidoamines) 1 were prepared as previously
described [22]. Deionized water was obtained from a MilliQ�

equipment (Burlington, MA, USA).

2.2. Electron microscopy

Scanning Electron Microscopy was performed either in a LEO
440I or in a JEOL 7001F microscope with a digital camera. Samples
were obtained by slow evaporation of a solution of the compound
(5 mgmL�1) directly onto the sample holder, and were convention-
ally coated previous to the measurement.

2.3. NMR spectroscopy

NMR experiments were carried out on a Varian INOVA 500
spectrometer (500 MHz for 1H and 125 MHz for 13C) or on a Varian
UNITY 400 (400 MHz for 1H and 101 MHz for 13C). Chemical shifts
are reported in parts per million using the solvent residual peak as
the reference.
2.4. Infrared spectroscopy

ATR FT-IR spectra were acquired on a JASCO 6200 equipment
having a MIRacle Single Reflection ATR Diamond/ZnSe accessory.
Samples in solution, in the gel state or in solid state were directly
deposited onto the ATR sample holder, and the FT-IR spectra were
collected. The raw IR data were processed with the JASCO spectral
manager software.
2.5. UV–vis spectroscopy

UV–vis absorption measurements used a Hewlett-Packard 8453
spectrophotometer, having a controlled temperature system.
2.6. Preparation of buffer solutions

- Phosphate buffers: Buffers were prepared by dissolving the cor-
responding amount of KH2PO4 and K2HPO4 in 100 mL of miliQ�

water. The pH was then adjusted with small additions of 1 M
HCl and/or 1 M NaOH.

- Acetate buffers: Buffers were prepared using the corresponding
amount of AcOH 10 mM and NaAcO 10 mM in miliQ� water.
The pH was then adjusted with small additions of AcOH or
NaAcO 10 mM.
2

2.7. Gelation experiments

In a typical experiment, a weighted amount of LMWG was
mixed with 2 mL of the selected solvent in a 12 mL glass vial, ultra-
sonicated for 1 min and left resting at rt for 24 h. Gelation was
defined when a homogeneous mixture was obtained exhibiting
no gravitational flow upon inversion of the vial. For organic/water
solvent mixtures, the LMWG was first dissolved in the correspond-
ing amount of the organic solvent (DMSO or EtOH) and later miliQ�

water or the appropriate aqueous buffer was added. Samples with
clear gel formation can show some gel particles on the glass wall,
these particles do not correspond to partly flowing gels but to the
splashes produced during sonication.
2.8. Rheological characterization

The different gels were characterized using a controlled stress
AR-2000 rheometer from TA Instruments. A Peltier holder with a
plate geometry (60 mm diameter, 500 lm gap) was used for all
samples. Frequency sweeps were performed in the angular fre-
quency range 0.1–100 rad s�1 with the instrument in oscillatory
mode at 25 �C. Strain sweeps were performed using a frequency
of 1 rad s�1 in an amplitude sweep range of 0.01% � 80% with
the instrument in oscillatory mode at 25 �C.
2.9. Release studies

The appropriate amounts of gelator and drug were weighted
and mixed with the corresponding solvent mixture to obtain the
desired gels as described before. The experiments were conducted
in a Franz Diffusion Cell where the gel was formed in situ on the
donor compartment cell. The acceptor compartment was filled
with 5 mL of phosphate buffer (10 mM, pH = 7.3) maintaining a
mild magnetic stirring, and the porcine skin was placed in the dif-
fusion area. The system was closed to avoid solvent evaporation.
The experiments were conducted in duplicate or triplicate, at
35 �C for up to 24 h. Aliquots (100 lL) from the acceptor compart-
ment were taken at different times and evaluated using a Hewlett-
Packard 8453 spectrophotometer (UV–vis spectroscopy) equipped
with a control temperature system to determine the amount of caf-
feine or (S)-Naproxen released. For this purpose, the corresponding
aliquot was diluted with 1 mL of phosphate buffer (10 mM,
pH = 7.3).
2.10. Data analysis

The cumulative amount (Q, lg/cm2) of caffeine and (S)-
Naproxen penetrating through an area of 1.3 cm2 was plotted
against time (t). The steady-state flux JSS (g/cm2h) was determined
from the slope of the linear portion of the cumulative amount (Q
lg/cm2) versus time (t) plot.

The diffusion coefficients through the gel were calculated based
on a non-steady-state diffusion model with the equation for the
early-time being Mt/Mo = 4(DE*(t-l)/h2 p)1/2 and the one for the
late-time being: Mt/Mo = 1 – 8/ p 2(exp - p 2DL(t-l)/h2), where Mt

is the total amount of molecules released during the measurement,
Mo is the total amount of molecules loaded on the hydrogel matrix,
h represents the hydrogel thickness, t is the time of measurement,
and D is the diffusion constant of the molecule,

In order to study the drug transport mechanisms from the
hydrogels, the empirical equation used to analyze the Fickian and
the non-Fickian release of drug is: Mt/M/ = k(t-l)n, where, Mt/M/
is the fraction of drug released at time t, l is the lag time and n is
a diffusional exponent indicating the mechanism of drug transport.
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This equation can be used to analyze only the first 60% of release,
regardless of geometric shapes.

Five diffusion models were considered to which the experimen-
tal data were fitted:

Higuchi equation: Mt/M/ = k t1/2, where Mt/M/ is the fraction of
drug released, k is a kinetic constant, and t is the release time.

Ritger–Peppas equation: Mt/M/ = ktn, where Mt/M/ is the frac-
tion of drug released, k is a kinetic constant, n represents the diffu-
sional exponent indicating the mechanism of transport of drug,
and t is the release time.

Peppas–Sahlin equation: Mt/M/ = k1 tn + k2 t2n, where Mt/M/ is
the fraction of drug released, the first term of the equation repre-
sents the contribution of the Fickian diffusion, and the second term
refers to the macromolecular relaxation contribution on the overall
release mechanism.

Alfrey equation: Mt/M/ = k1 t0.5 + k2 t, described also by the Pep-
pas–Sahlin equation, but with the exponent n fixed to 0.5.

Zero order equation: Mt/M/ = kt, where Mt/M/ is the fraction of
drug released, k represents the constant for zero order release and t
is the release time.

For cylindrical systems and when 0.45 < n < 0.89, more than one
mechanism controls the release; for n < 0.45 the Fickian diffusion
controls the release and for n � 1 anomalous transport occurs. k
is a kinetic constant (having units of t-n) incorporating structural
and geometric characteristics of the delivery system.

2.11. General synthesis for compounds 2a-c

The corresponding pseudopeptidic N-protected bis(aminoa-
mide) precursor 1a-c (4 mmoles), 4-(dimethylamino)pyridine
(0.8 mmoles) and succinic anhydride (8 mmol) were dissolved in
Et3N-THF 1:1 (50 mL). The reaction mixture was stirred and heated
at 70 �C for 24 h. The solvent was vacuum evaporated, the crude
was dissolved in acidic water and extracted with CH2Cl2 (3x), the
organic layer was washed with water and then dried with anhy-
drous MgSO4. The organic solvent was vacuum evaporated and
the white solid obtained purified by column chromatography (CH2-
Cl2:MeOH, 10:1).

2a. White solid. 70% Yield. m.p. = 114 �C, [a]D25 = � 6.24 deg cm3

g�1 dm�1 (c = 0.005 g cm�3, CH3OH). 1H NMR (400 MHz, CD3OD, d):
7.42–7.21 (m, 10H), 5.16–5.03 (m, 4H), 3.89 (t, J = 9.3 Hz, 2H),
3.55–3.32 (m, 8H), 2.68–2.56 (m, 4H), 2.12–1.95 (m, 2H), 0.92
(dd, J = 10.6, 6.8 Hz, 12H); ESI+, m/z (%): 670.7 [M + H]+, 692.7
[M + Na]+; 708.7 [M + K]+. ESI-, m/z (%): 668.7 [M – H]-, 704.7 [M
– H + 2H2O]-; 13C NMR (126 MHz, CD3OD, d): 173.4, 173.1, 157.2,
136.8, 128.1, 127.6, 127.5, 66.4, 60.9, 45.0, 37.3, 37.1, 30.3, 28.9,
27.6, 18.4, 17.0; DEPT (101 MHz, CDCl3, d): 175.53, 174.66, 172.4,
171.9, 157.4, 156.5, 136.3, 136.1, 128.5, 128.2, 128.0, 67.3, 67.0,
60.2, 49.0, 45.7, 40.0, 38.6, 32.0, 31.0, 29.4, 27.9, 19.3, 17.8, 17.4;
FT-IR (ATR) (cm�1): 3290, 3202, 3105, 2968, 1709, 1648, 1528,
1237, 1022; Anal. Calcd. for C34H47N5O9. 1.5 H2O: C, 58.2; H, 7.3;
N, 10.0. found: C, 57.9, H, 6.9, N, 10.2.

2b. White solid, 85% yield. m.p. = 117 �C, [a]D25 = � 4.93 deg cm3

g�1 dm�1 (c = 0.005 g cm�3, CH3OH). 1H-RMN (500 MHz, CD3OD,
d): 7.27–7.41 (m, 10H), 5.03–5.18 (m, 4H), 3.94 (dd, J = 10.5,
7.2 Hz, 2H), 3.56–3.27 (m, 8H), 2.54–2.72 (m, 4H), 1.83 (s, 2H),
1.51 (s, 2H), 1.1–1.25 (m, 2H), 0.87–0.95 (m, 12H); 1H NMR
(500 MHz, CDCl3, d): 7.26 (s, 10H), 6.71 (s, NH), 5.79 (s, NH), 5.35
(s, NH), 5.20–4.85 (m, 4H), 4.19 – 3.86 (m, 3H), 3.67 (s, 2H),
3.29–3.10 (m, 3H), 2.94 (s, 1H), 2.78 (s, 2H), 2.51–2.43 (m, 1H),
2.24 (s, 1H), 1.85–1.57 (s, 3H), 1.38 (s, 2H), 1.18 (s, 1H), 1.00 (s,
2H), 0.80 (s, 12H); ESI+, m/z(%): 698.8 [M + H]+; 720.7 [M + Na]+,
736.6 [M + K]+; ESI-, m/z (%): 696.8 [M�H]-, 732.7 [M�H + 2H2O]-;
13C NMR (101 MHz, CDCl3, d): 175.4, 174.9, 172.4, 171.7, 157.3,
156.4, 136.3, 136.0, 128.5, 128.15, 128.0, 67.3, 67.0, 59.6, 59.5,
49.2, 45.7, 40.3, 38.7, 37.3, 29.5, 27.9, 24.7, 24.51, 15.5, 11.5,
3

11.3; Anal. Calcd. for C36H51N5O9�H2O: C, 60.4; H, 7.5; N, 9.8. found:
C, 60.6, H, 7.2, N, 9.7.

2c. White solid, yield 59%. m.p. = 108 �C, [a]D25 = � 2.10 deg cm3

g�1 dm�1 (c = 0.008 g cm�3, CH3OH). 1H-RMN (101 MHz, CD3OD,
d): 7.37–7.14 (m, 20H), 5.20–4.90 (m, 4H), 4.42–4.25 (m, 2H),
3.50–3.25 (m, 8H), 3.25–3.03 (m, 2H), 2.96–2.75 (m, 2H), 2.65 (s,
4H); ESI+ m/z (%): 766.7 [M + H]+ , 788.7 [M + Na]+, 804.5
[M + K]+; ESI- m/z (%): 764.6 [M – H]-, 800.7 [M – H + 2H2O];
13C-RMN (101 MHz, CD3OD /CDCl3, d): 175.4, 173.4, 172.7, 172.5,
156.5, 136.7, 136.3, 129.1, 128.3, 127.9, 127.6, 126.7, 66.7, 56.4,
47.1, 45.2, 38.2, 37.7, 29.0, 27.6; DEPT (101 MHz, CD3OD, d): d
173.5, 173.1, 172.9, 156.8, 137.3, 137.2, 128.9, 128.1, 127.5,
127.3, 126.4, 66.2, 45.1, 37.7, 37.4, 37.3, 28.7, 27.6.; IR (ATR)
(cm�1): 3313, 3282, 2952, 2361, 2338, 1731, 1690, 1652, 1532,
1452, 1429, 1383, 1287, 1260, 1241,1179, 1141, 1053; Anal. Calcd.
for C42H47N5O9: C, 60.4; H, 6.3; N, 8.9, found: C, 60.0; H, 6.2; N, 9.1.
3. Results and discussion

3.1. Synthesis of pseudopeptidic compounds as LMWGs

The procedure for the synthesis of the C2-symmetry pseudopep-
tides 2a-c is shown in Scheme 1. Compounds 1a-c were obtained
following the previously reported general synthetic procedure
[53]. The corresponding compound 1 was then reacted with suc-
cinic anhydride in THF : Et3N (1:1) in the presence of 4-
(dimethylamino)pyridine [54]. After acidification of the reaction
crude, the desired compounds 2a-c were obtained as white solids
in good yields. The presence of the additional amide group and
the carboxylic fragment were expected to increase the polarity of
the spacer, with the acidic group allowing a pH regulated control
of the properties.

Pseudopeptides 2a-c were assayed as LMWGs. Supramolecular
interactions leading to gel formation depend on structural factors,
solvent type, pH, temperature and other variables [21–35,49,52].
Thus, their gelation properties were studied in water, in different
aqueous mixtures, and in some organic solvents (Table S1).

None of the compounds formed gels (5.5 mg mL�1) in tradi-
tional organic solvents like DMSO, EtOH or CHCl3 (entries 5–7,
Table S1) and only 2a formed a hydrogel in pure water (entry 1,
Table S1). However, 2a and 2b formed gels in hydroalcoholic mix-
tures and in water : DMSOmixtures (entries 2–4, Table S1). Finally,
2a and 2b also formed a gel in glycerol using a different protocol
involving the heating of the mixture at 80 �C and a resting period
of 42 h (entry 8, Table S1). The more stable hydrogels were formed
by 2a. These results highlight the importance of the hydrophobic /
hydrophylic balance in the properties of LMWGs, with changes in
the side chain of the amino acid providing important perturbations
of their self-assembly behavior [55]. Hydrogels at this concentra-
tion (5.5 mg mL�1) were slightly turbid while glycerol organogels
were translucid (Fig. S13). Compound 2a formed homogeneous
and stable gels, for hydroalcoholic mixtures, in the 1–10 mg mL�1

concentration range, the hydrogels being translucid at the lower
LMWG concentrations (Fig. S13b).
3.2. Thermal stability of the Hydrogels

Initial assessment of the stability of the hydrogels was carried
out using the vial inversion test, and the same was used for a first
analysis of their thermal stability [56]. Increasing the concentra-
tion of the gelator is known to increase the thermal stability of
the gel, leading to higher Tgel (gelation temperature) values [57].
This was also observed for hydrogels formed by 2a (Table 1) dis-
playing Tgel values in H2O/EtOH (9:1, v/v) ranging from 33 �C
(2.5 mg mL�1) to 65 �C (9.2 mg mL�1). Above these temperatures



Scheme 1. Synthesis of LMWGs 2a-c.

Table 1
Gelation properties of 2a as a function of gelator content (mg mL�1) in water/EtOH
(9:1, v/v).

Entry w/v (mg/mL) Tgel (oC)a

1 1 wG –
2 2.5 G 33
3 5.1 G 52
4 7.1 G 60
5 9.2 G 65
6 15 wG –
7 5.5 Gb 54
8 5.5 Gc 60 (55e)
9 5.5 Gd 69

aTemperature of gel disassembly obtained with the inverted vial test. bH2O/EtOH
(8:2, v/v). cGlycerol as solvent. dH2O/DMSO (9:1, v/v) as solvent. ethe value in
brackets corresponds to 2b.
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the gel started to flow and changed to a solution. At concentrations
of 1 and 15 mg mL�1, 2a formed weaker and / or less homogeneous
hydrogels in the same medium, precluding an accurate determina-
tion of Tgel values. Higher LMWG concentrations were always
accompanied by a slight increase in turbidity (Fig. S13b).

The EtOH content of the medium essentially did not affect the
observed Tgel value (entries 3 and 7, Table 1), while the substitution
of EtOH by DMSO produced an appreciable increase (entry 9,
Table 1) for a ca. 5 mg mL�1 concentration of 2a. The steric hin-
drance of the amino acid side chain seems to produce a decrease
in the melting temperature of the organogel, associated to a less
efficient self-assembly, as suggested by the comparison of Tgel val-
ues for 2a and 2b in glycerol (entry 8, Table 1).

The thermal stability of the hydrogels was also investigated by
1H NMR spectroscopy (Fig. S14). The 1H NMR spectra of the 2a-
hydrogel (5.5 mg mL�1, D2O/CD3OD 9:1 v/v) in the 30–40 �C region
did not allow to observe any signal assignable to 2a, which is in
agreement with a polymeric self-associated structure, while in
the 50–60 �C region two broad peaks at 0.9 and 7.4 ppm start to
be observed, corresponding to the methyl groups and the aromatic
protons of 2a as corresponds to the disassembly of the polymeric
structure. The process is fully reversible, and the gel was com-
pletely reformed after 10 min when cooling back the sample to
30 �C.

Data presented in Table 1 allowed to assign a critical gelator
concentration (CGC) of 1 mg/mL for 2a. This is the minimum
amount of gelator required to gelate 1 mL of solvent at a given
temperature [19]. Such a value that compares well with those
reported for other amino acid derived hydrogelators [58–59].

As hydrogel formation is based in establishing appropriate
supramolecular interactions, both changes in the pH of the med-
ium and the presence of additional species can be key in determin-
ing hydrogel properties. Thus, the effect of pH on hydrogel
formation was studied using different buffers (phosphate or acet-
4

ate 10 mM) to cover a wide range of pH values (from 4.0 to 8.0)
and initially using 2.5 mg mL�1 of 2a, a value relatively close to
the CGC. Results obtained with the phosphate buffers can be of
particular interest given the biological relevance of related media.

Results summarized in Table 2 indicate that hydrogel formation
is always favored at pH < 7. While at pH = 6.7, a strong hydrogel
was formed at a higher gelator content (6 mg mL�1, entry 4,
Table 2), [61] no gel was formed at pH = 7 (entries 5 and 6, Table 2).
As the pKa of 2a is predicted to be around 4–5 [53], an essentially
full deprotonation of the carboxylic group in 2a must take place at
pH � 7, which seems to inhibit the self-assembly, most likely by
significantly increasing the solubility in water. The comparison of
entries 1 and 2 in Table 2 shows that no significant effect was
observed when reducing the concentration of the buffer.

In the same way, no appreciable differences were observed
when the phosphate buffer was substituted by an acetate buffer
(10 mM) allowing to study gel formation in the 4–6 pH region (en-
tries 8–10, Table 2). At acidic pH values, gel disassembly tempera-
tures (2.5 mg mL�1) were essentially constant (44 ± 1 �C, vial
inversion test) irrespective of the buffer nature and pH. An almost
direct lineal correlation between the gelator content and Tgel, was
observed using the phosphate buffer at pH = 5.8 in H2O/EtOH
(9/1, v/v), as shown in Fig. 1.

Thus, the presence of the carboxylic group can provide a pH reg-
ulated behavior. In the case of related compounds containing an
amine group in the spacer [52], the gels are formed in basic media,
while, in the present case, the most stable gels are obtained in
slightly acidic media. Thus, the easy preparation of both kinds of
functionalities allows developing gels suitable either for acidic or
basic conditions.

Gels from 2a were stable for weeks under unchanged condi-
tions. However, a change in the pH of the medium led to an almost
instantaneous disassembly of the gel. It must be noted, also, that
the chemical structure of the LMWG is very stable and is not
expected to degrade under the assayed conditions. Under biologi-
cal conditions, however, this kind of compounds have been
observed to be degraded by proteases which represents an inter-
esting feature in terms of their biodegradability [60].

UV–vis spectroscopy was also used to study Tgel was also stud-
ied by for a 2.5 mg mL�1 gelator content at pH 5.8 (phosphate buf-
fer, 10 mM, (Fig. 2a), as the formation of the gel is accompanied by
changes in the absorption at 600 nm, with the absorbance at this
wavelength decreasing as the gel is broken. This allowed estimat-
ing a temperature of ca. 40 �C for the sol–gel transition [62]. The
appreciable enhancement in thermal stability when the gelator
content was increased to 5 mg mL�1 in the same medium
(pH = 5.8) was also confirmed, with the disassembly of the gel tak-
ing place at ca. 60 �C (Fig. 2b).

It must be noted that when using H2O/EtOH (9/1, v/v) with a
10 mM phosphate buffer (pH = 5.8) the CGC value determined
was as low as 1 mg mL�1 (ESI, Table S2), though the resulting gel



Table 2
Gelation properties as a function of pH and buffer in water/EtOH (9:1) for 2aa.

Entry pH Bufferb 2a Tgel (oC)f

1 5.8 KH2PO4/K2HPO4 G 43 (40)
2 5.8 KH2PO4/K2HPO4

c G 44
3 6.7 KH2PO4/K2HPO4 S —
4 6.7 KH2PO4/K2HPO4

d G 55
5 7.0 KH2PO4/K2HPO4 S –
6 7.0 KH2PO4/K2HPO4

e S –
7 8.0 KH2PO4/K2HPO4 S –
8 4.2 AcOH/AcONa G 45
9 5.0 AcOH/AcONa G 45
10 5.6 AcOH/AcONa G 44

a2.5 mg/mL gelator unless otherwise stated. b 10 mM. c 5 mM. [d] 6 mg/mL gelator concentration. e 7 mg/mL gelator concentration. f Gel disassembly temperature obtained in
the vial inversion test; in brackets Tgel obtained from UV experiments (600 nm).

Fig. 1. Variation of the Tgel values as a function of the concentration of 2a in H2O :
EtOH (9/1, v/v) using a 10 mM phosphate buffer (pH 5.8).
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was a weak material, barely stable to vial inversion. Thus, the CGC
values were very similar in pure H2O/EtOH (9/1, v/v) and in the
buffered medium, with the thermal stability of the gel formed in
the buffered medium being always higher (entry 2, Table S2 and
entry 2, Table 1).

SEM experiments provided additional insights into the
microstructure of the self-assemblies formed by 2a and 2b. SEM
Fig. 2. UV absorption at 600 nm at different temperatures for 2a at a) 2.5 mg mL�1 gelato
content in the same medium.

5

images for the dried gels obtained from H2O/EtOH (9:1, v/v)
allowed to observe the presence of a well-defined interpenetrated
network of regular nanofibers displaying diameters of ca. 35 nm
(Fig. 3b for 2a and S18a for 2b).). It is worth mentioning that
although 2a is fully soluble in EtOH in the concentrations consid-
ered here, solvent evaporation also allowed to observe a tendency
to form small nanofibrils (ca. 25 nm diameter, Fig. 3a) visible on
rather amorphous regions [63–64]. In the presence of phosphate
buffer (H2O/EtOH, 9:1, v/v; pH = 5.8, gel formation), bundles of
fibers exhibiting diameters higher than 1 lm can be observed
(Fig. 3d for 2a). In this last case, SEM pictures can be more complex
to interpret, as the gelator and the buffer are at almost the same
concentration, but control experiments in the absence of the gela-
tor afforded SEM images with very different patterns (Fig. S19).

3.3. 1H NMR and FT-IR spectroscopic studies

To obtain information on the supramolecular interactions pre-
sent in these systems, a series of 1H NMR and FT-IR experiments
were carried out. In this regard, the comparison of the 1H NMR
spectra of 2a (4 mM) in CD3OD and CDCl3 is illustrative. As shown
in Fig. S14, in CD3OD the aliphatic region of the spectrum displays a
relatively simple set of signals confirming the presence of a C2-
symmetry and a high conformational flexibility. However, in CDCl3
the spectrum indicates a complete loss of the C2-symmetry with
the observation, for instance, of two different signals for the proton
at the stereogenic center (Hf) and for the signal of the methine of
the isopropyl group (Hg). More relevant, even, is the observation
of the loss of equivalence for the two protons of different methy-
lene groups and amide and carbamate N-H signals (Fig. S4). This
r content in phosphate buffer 10 mM (pH 5.8)/EtOH (9/1, v/v); b) 5 mg mL�1 gelator



Fig. 3. a) Vial pictures (bottom) and SEM images of the corresponding dried solids (top) for the EtOH solution of 2a. b) The gel formed in H2O/EtOH (9:1, v/v, 5 mg mL�1 in 2a).
c) The sol formed in H2O/EtOH (9:1, v/v, 5 mg mL�1 in 2a) using a 10 mM phosphate buffer at pH = 8. d) The gel formed in H2O/EtOH (9:1, v/v, 5 mgmL�1 in 2a) using a 10 mM
phosphate buffer at pH = 5.8.
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suggests the prevalence of rigid conformations associated to the
participation of intramolecular hydrogen bonding interactions that
could be associated to the cis/trans isomerization of the Cbz carba-
mate bond or to the interaction of the central arm with one of the
pseudopeptidic fragments. The use of a polar protic solvent like
CD3OD precludes the formation of such intramolecular hydrogen
bonds (ESI, Fig. S15a). When aggregation studies were run in CDCl3
(from 30 to 2 mM) some chemical shift changes with concentration
were observed (ESI, Fig. S15b) particularly relevant for the amide
and carbamate N-H signals. Organogels are not formed in such
non-protic organic solvents at the low concentrations of relevance,
but some nanofibers can be observed by SEM upon drying a solu-
tion from CHCl3 (ESI, Fig. S18b).

The formation of gels in water / alcohol mixtures is accompa-
nied by minor changes in the chemical shifts of the signals for 2a
and, more significantly, by a general broadening and lack of resolu-
tion of the signal with an important decrease in their intensity. A
weak gel was obtained using a 5 mg mL�1 of 2a in D2O/CD3OD
7:3 v/v in the NMR tube. After adding 2 equivalents of NaOH, the
6

1H NMR signal for the methylene group next to the carboxyl group
(Hd) shifts slightly to higher fields, indicating the formation of the
carboxylate group, and, simultaneously, the intensity of all the sig-
nals increase as corresponds to the growth in the percentage of
molecules present in solution and not in the polymeric self-
assemblies (ESI, Fig. S16).

The comparison between the IR spectra of 2a samples in the
crystalline state and in the xerogel obtained by drying the hydrogel
highlights the rather different assemblies present in both states
(Fig. S17a). In the fibrillar hydrogel structure, both C = Ost bands
shift to lower wavenumbers. Significant changes are also observed
in the position and intensity of the bands corresponding to amide
III and C-Ost for the carboxyl and carbamate groups (1200–
1300 cm�1). This indicates the presence of important differences
between both samples in terms of hydrogen bonding and confor-
mational preferences [65–66]. The FT-IR spectra for the hydrogel,
after subtraction the contribution of the solvent (Fig. S17b), also
contained relevant differences with the xerogel, in particular in
the C-Ost regions and in the intensity of the bands in the amide II
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region. This can be attributed to the additional hydrogen bonding
with the protic solvents of molecules in the outer shell of the fib-
rils. The study by FT-IR of the hydrogels at different temperatures
also confirms the disassembly taking place at around 60 �C, in
agreement with results from other techniques.

3.4. Rheological measurements

Mechanical properties of the hydrogels were studied through
rheological measurements [67]. A typical LMWG presents a storage
and a loss modulus (Ǵ and Ǵ́, respectively), which are frequency
independent, and will break at relatively low strain [67]. Moreover,
from the rheological data, the effect of temperature and concentra-
tion can be seen directly. It is generally expected that increasing
the concentration will lead to the formation of more self-
assembled structures with a higher cross-linking. Therefore,
increasing the concentration of LMWG should lead to an increase
in the rheological properties.

Fig. 4 displays the rheological results for the gel obtained from
2a (5 mg mL�1), using phosphate buffer (pH 5.8, 10 mM)/DMSO
(9/1 v/v) as the medium. The storage modulus (G’) of the gel was
much higher than the loss modulus (G”) over the whole range of
frequency swept, which is characteristic of gelation. The strain
sweep measurement (inset in Fig. 4a) showed that both the storage
and loss moduli of the gel stayed constant up to 1% strain, the so-
called linear viscoelastic region (LVER); beyond this region, the
storage modulus began to plunge down as the strain increased.
No significant differences were observed when EtOH was used as
Fig. 4. Rheological measurements for the hydrogel from 2a (5 mg mL�1) in
phosphate buffer (pH 5.8, 10 mM)/DMSO (9/1 v/v). a) Frequency sweeps with 0.1%
strain and 1 Hz amplitude sweeps at 25 �C. b) Dependence of storage and loss
modulus with the temperature using a heating rate of 0.1 �C /min and a constant
frequency of 1 Hz and 0.1% strain.
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co-solvent instead of DMF for hydrogels containing 5 and
2.5 mg mL�1 of gelator (ESI, Fig. S20). Moreover, the storage mod-
ulus (G’) obtained for the gel at 5 mg mL�1 was higher than the one
for the gel at 2.5 mg mL�1. However, the organogel obtained in
glycerol displayed lower Ǵ and Ǵ́ parameters than the correspond-
ing hydrogels and at frequencies higher than 50 Hz the organogel
properties were lost (Fig. S21). Furthermore, the rheological prop-
erties of the gels were studied as a function of temperature, though
for the hydrogel formed in phosphate buffer (pH 5.8, 10 mM)/EtOH
(9/1 v/v) no reliable data could be obtained, due to EtOH evapora-
tion during the measurement. Fig. 4b presents the results for the
gel obtained in phosphate buffer (pH 5.8, 10 mM)/DMSO (9/1 v/
v) allowing a larger temperature range. The temperature was var-
ied from 25 to 80 �C at a frequency of 1 Hz and 0.1% strain.

The values for Ǵ decreased with the increase in temperature,
allowing to determine a gelation temperature of 75 �C (transition
temperature at which Ǵ is equal to Ǵ́). A similar behavior was
obtained for the organogel in glycerol, with the gelation tempera-
ture being 60 �C. It must be noted that the storage modulus started
to decrease after 40 �C and the oscillation strain was maintained
constant up to ca. 40 �C, increasing significantly after this temper-
ature (ESI, Fig. S22).
3.5. Stimuli-responsiveness

Spectroscopic studies revealed the presence of dynamic equilib-
ria in the hydrogels formed by 2a. This opens the way to potential
stimuli-responsive and self-healing behaviors. Thus, starting from
the gel formed using 5 mg mL�1 of 2a in H2O/EtOH (9:1, v/v) the
addition on the top of gel of 2 equiv. of NaOH from a 1 M solution,
led to its gradual transformation into a fluid solution. Further addi-
tion of 2 equiv. of HCl from a 1 M solution led to the rapid conver-
sion (<10 min) of this solution back into a stable gel (Fig. 5). This
fully reversible gel-sol transition was observed for at least four
cycles involving successive additions of equimolecular amounts
of NaOH and HCl (ESI, Fig. S23).

As is common in gels, the reversible sol–gel transition for the
hydrogels prepared from 2a was also triggered by temperature
and stable gels could be obtained after several cycles of heating
above Tgel and further cooling. More remarkable was their respon-
siveness to ultrasounds that can allow for a self-healing behavior
[68]. Thus, under sonication the gel changed into solution immedi-
ately with the gel reformed again in<10 min after suppression of
this input.
3.6. Drug delivery studies

As mentioned above, the controlled delivery of active sub-
stances in the biomedical realm, represents one key application
of hydrogels [16–24]. Such materials seem particularly well suited
for transdermal drug delivery, for which the use of viscous matri-
ces (i.e., ionic liquids or DESs) have been shown to provide interest-
ing features [69–70]. In this regard, the potential of the hydrogel
matrices based on 2a for drug release was explored selecting (S)-
Naproxen and caffeine as low molecular weight model drugs pre-
senting very different chemical features (ESI, Fig. S24). While (S)-
Naproxen is a carboxylic acid (hydrogen bond donor, HBD) with
low solubility in water, caffeine presents some solubility in both
water and alcohol, is weakly basic and contains several functional
groups able to participate in supramolecular interactions as hydro-
gen bond acceptors (HBA). Moreover, both drugs are used in topical
formulations [71–72]. The loaded hydrogel was prepared by mix-
ing 2a and the drug, dissolving the mixture in 0.2 mL of DMSO
and adding then 1.8 mL of phosphate buffer (10 mM, pH = 5.8).
The mixture was sonicated and left for 24 h to obtain a stable



Fig. 5. a) Reversible pH-responsive gel-sol transition (2a 5 mgmL�1 in H2O/EtOH (9:1 v/v)) and the corresponding optical microscopic morphology, b) Reversible sol-hydrogel
transition triggered by temperature, pH and sonication.

Fig. 6. a) Drug release profile in the absence and presence of gelator. Data points represent averages of two samples in the absence of LMWG and three samples in the
presence of 2a. b) Image of the Franz Cell and the pig skin membrane.
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hydrogel containing 5 mg mL�1 of 2a and 0.16 mg mL�1 of the
active substance (ca. 0.4 mM for caffeine, for instance).

In vitro transdermal drug release studies were performed using
a Franz diffusion Cell having a permeation orifice of 10 mm and a
8

receiver chamber volume of 5 mL. A skin ear pig membrane of
1 mm thickness was used (Fig. 6b). This skin membrane was pre-
pared following a protocol previously reported [73–74], then
hydrated with miliQ� water and the receiver volume filled with



Table 3
Caffeine and (S)-Naproxen kinetic release parameters obtained by fitting to the different models selected using the hydrogel as the sourcea.

Model

(S)-Naproxenb Caffeinec

k (k2) n r2

(AICc)
k (k2) n r2

(AICc)

Zero-order 13.78E-4 ± 1.64E-4 1 0.813 15.06E-5 ± 0.23E-5 1 0.985
Higuchi 0.071 ± 0.012 0.5 �0.067 0.003 ± 0.001 0.5 �0.067
Alfrey 0.001 ± 1.701E-4

(0.01)
0.5 0.799 15.06E-4 ± 0.26E-5

(0.01)
0.5 0.945

(�17)
Peppas-Shalin 0.084 ± 0.015

(-0.001 ± 1.35E-3)
0.37 ± 0.07 0.963

(111)
22.84E-3 ± 2.46E-3

(1.853E-4 ± 4.238E-4)
0.49 ± 0.14 0.997

(42)
Ritger-Peppas 0.115 ± 0.021 0.3 ± 0.03 0.976

(107)
1.494E-4 ± 0.388E-4 1.01 ± 0.04 0.997

(�31)

aHydrogel composition: Phosphate buffer (pH 5.8, 10 mM)/DMSO (9/1, v/v), k and k2 represent kinetic constants and n is a diffusional exponent. b 0.31 mM. c 0.33 mM.
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5 mL of a biocompatible phosphate buffer (10 mM, pH = 7.3). Drug
release was monitored during ca. 24 h with the receptor compart-
ment containing phosphate buffer (pH 7.3) immersed in a water
bath at 35 ± 0.5 �C. Over this period, neither shrinkage, swelling
or degradation of the gel was perceptible.

The release was analyzed in the receiving phase following the
increase in the UV–visible absorption bands associated to the drugs
(ESI, Fig. S25 and S26). For comparison, drug release profiles were
also obtained for similar solutions of the drug, in the same solvent
mixture, but in the absence of the LMWG 2a. As shown in Fig. 6a,
drug molecules were released from the hydrogel in a slow and con-
tinuous manner without any burst release up to 8 h. In the case of
(S)-Naproxen, this release pattern was maintained after 24 h,
although for caffeine an increased release was observe at this time,
most likely associated to the partial loss observed for the proper-
ties of this gel (Fig. S27).

The presence of the hydrogel matrix significantly reduces the
release of both drugs in comparison with the use of the similar
solution as the source. This was particularly important in the case
of caffeine. After the first hour, the release of (S)-Naproxen from
the hydrogel was ca. half of that released from the solution and a
Fig. 7. Schematic representation of the differences in
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similar ratio was observed after 2 h, while the release of caffeine
from the hydrogel was about 20 times smaller than that from the
solution, becoming ca. 40 times smaller when a period of 2 h
was considered. The caffeine release from the solution was also
slightly slower than that of (S)-Naproxen. When the drugs were
entrapped in the hydrogel matrix the release after 8 h reached
ca. 10% for caffeine and ca. 70 % for (S)-Naproxen. After 24 h, the
drug content in both the gel and the membrane was also deter-
mined. The membrane was sonicated in the corresponding solution
(phosphate buffer 10 mM pH = 8 for Naproxen and pH = 5.8 for caf-
feine) to determine the drug retained. In the presence of hydrogel,
the drug retained inside the membrane was 23% and 13% for caf-
feine and (S)-Naproxen, and 31% and 0% the drug remained in
the hydrogel respectively. The sum of the drug released, retained
in the membrane and in the hydrogel matrix accounted for 94–
95% of the total amount of drug used.

Different drug transport mechanisms have been reported and
evaluated using the kinetics observed experimentally [75–78]. In
the present case, the zero-order, Higuchi [79–81], Alfrey [82],
Ritger-Peppas [83–86], and Peppas-Shalin [87–90] models were
used after linearization to obtain additional information on the
the controlled release of caffeine and ibuprofen.
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mechanisms of drug release involved [91–92]. The r2 and Akaike
Information Criterion (AICc) [93–95] values were used as goodness
of fit parameters as they are indicators of the model suitability for a
given data set. From them, the Ritger-Peppas model provided the
best fitting (Tables S3 and 4; ESI, Fig. S28).

Data in Table S3 indicate that the mechanism of (S)-Naproxen
release from the phosphate buffer (pH 5.8, 10 mM)/DMSO (9/1,
v/v) solution was controlled by both Fickian and non-Fickian
diffusion (n = 0.66), whilst for caffeine the transport mechanism
observed was anomalous (n = 1.88) In the case of the hydrogels,
data in Table 3 show that the release was controlled by the Fickian
diffusion (n = 0.3) for (S)-Naproxen and by an anomalous drug
transport mechanism in the case of caffeine, leading to a zero-
order release (n � 1) [96–97].

Using a non-steady-state diffusion model, with the equation for
the early-time being Mt/Mo = 4(DE*(t-l)/h2 p)1/2 and the one for the
late-time being Mt/Mo = 1 – 8/ p 2(exp - p 2DL(t-l)/h2), the relative
diffusion coefficients of the drug molecules through the gel could
be calculated [98–99]. Considering constant the amount of drug
entrapped inside the membrane after a saturation period l (lag
time 24 min and 21 min for caffeine and Naproxen respectively),
the diffusion coefficient values determined were DE = 3.06 10-8

m2/s (r2 = 0.976) for (S)-Naproxen and DL = 1.64 10-10 m2/s
(r2 = 0.908) for caffeine. Thus, caffeine was held more tightly by
the gel resulting in their slower release [99]. This is likely to be
due to the presence of electrostatic and hydrophilic interactions
between the drug and gel matrix that will be particularly prevalent
in the case of caffeine containing hydrogen bond acceptor func-
tionalities complementary of the hydrogen bond donor sites in
the molecule of the LMWG [100]. As schematically represented
in Fig. 7, the higher basicity of caffeine allows developing a stron-
ger network of hydrogen bonding interactions with the acidic frag-
ments of the gelator, reducing the release rate. On the contrary, the
weaker hydrogen bonding interactions of the acidic ibuprofen pro-
vide access to a faster release into the receiving phase. D values are
comparable to those of small model drugs in other LMW gelling
systems [97–98,101].

To analyze the contribution to the different release of both
drugs from their interaction with the membrane, the drug flux at
steady state (Jss, lg cm2/h) across the membrane was calculated,
in the absence of gelator, from the slope of the linear portion of
the cumulative drug permeation through the membrane per unit
of area versus time. The Jss values determined were 291 and
77 lg cm2/h for (S)-Naproxen and caffeine respectively. This indi-
cates that caffeine also interacts stronger with the membrane than
(S)-Naproxen affording a reduced flux, although, according to the
data presented in Fig. 7, the main factor affecting the slower
release of caffeine must be associated to the supramolecular inter-
actions between this drug and the hydrogel matrix.
4. Conclusion

In conclusion, a series of novel pseudopeptidic hydrogelators
showing a rapid and reversible, ultrasound, pH and thermal
responsiveness and displaying self-healing properties have been
prepared and studied. Results demonstrate that an optimum
lipophilicity of the amino acid residue is needed for an efficient
gelation process. Thus, gelator 2a was able to form stable gels in
a wide range of solvents with a CGC value of 1 mg mL�1 in H2O :
EtOH (9:1, v/v), while compound 2c, in which the aliphatic side
chain was substituted by an aromatic one, was unable to form gels
in any solvent studied at 5 mg mL�1. An intermediate situation was
found for 2b differing from 2a just by the presence of an additional
methylene group in the side chain, forming much weaker gels than
2a. The hydrogel formed by 2a (0.5 mg mL�1) in H2O/EtOH (9:1, v/
10
v) displayed thermal stability up to 60 �C while the hydrogel
formed in H2O/DMSO (9:1, v/v) was stable up to 70 �C. Stable
hydrogels were also obtained in H2O/EtOH (9:1, v/v) in the pres-
ence of a variety of buffers, including biologically relevant phos-
phate buffers, but were unstable in basic conditions. Preliminary
drug delivery studies, using a Franz Diffusion Cell with a pig skin
membrane, were carried out with caffeine and (S)-Naproxen as
model drugs with very different features for supramolecular inter-
actions. The results have revealed that the hydrogels allow for a
continuous and significantly slower release of the drugs, which is
particularly relevant for caffeine. The release process could be fit-
ted to different mechanism models, with the best fitting achieved
for the Ritger-Peppas model. The results from this model, in com-
bination with the observation of quite different diffusion coeffi-
cients, drug fluxes at steady state and release rates, defined the
presence of different drug release mechanisms for both drugs
entrapped in the hydrogel matrix. The significantly slower release
rate for caffeine when using the hydrogel as the source phase must
be assigned to the higher complementarity, in terms of
supramolecular interactions, between the drug and the LMWG,
highlighting the potential of this complementarity as a design vec-
tor for the development of specific LMWGs for the focused and
controlled release of active substances and drugs. Given the chem-
ical structure of the LMWG in this work, the resulting hydrogels
have both HBD and HBA capacities and, accordingly, provide
potential for the interaction with a large variety of active sub-
stances, controlling their release. It must be noted that best prop-
erties are achieved under acidic pH, which can also define the
range of drugs for application (stable and soluble under relatively
acidic conditions). This also opens the way to control the release
through small changes in pH. This is exemplified in the drug deliv-
ery studies carried out where the pH of the receiving phase was
slightly different from the pH of the gel.
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