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/Abstract: We present herein the preparation of four differ-
ent hydrogels based on the pseudopeptide gelator Fmoc-L-
Phe-p-Oxd-OH (Fmoc =fluorenylmethyloxycarbonyl), either
by changing the gelator concentration or adding graphene
oxide (GO) to the water solution. The hydrogels have been
analysed by rheological studies that demonstrated that pure
hydrogels are slightly stronger compared to GO-loaded hy-
drogels. Then the hydrogels efficiency to trap the cationic

methylene blue (MB) and anionic eosin Y (EY) dyes has been
analyzed. MB is efficiently trapped by both the pure hydro-
gel and the GO-loaded hydrogel through m—m interactions
and electrostatic interactions. In contrast, the removal of the
anionic EY is achieved in less satisfactory yields, due to the
unfavourable electrostatic interactions between the dye, the
gelator and GO.

/

Introduction

Adsorption is a very efficient and low-cost method for water
purification. Many types of materials were used as adsorbent:
carbon, silica gel,™ activated alumina® or polymeric materials.
Often these adsorbent materials suffer from low efficiencies,
high operational costs and the generation of secondary waste.
To overcome these drawbacks, polymeric hydrogels (chemical
hydrogels) have been proposed as innovative adsorbents.*
More recently the use of physical gels has been introduced, as
they usually are biocompatible,"” and may be used in medi-
cine as scaffolds or drug-delivery systems.!""'

In this paper we show the possibility to employ the peptide-
based hydrogelator Fmoc-L-Phe-p-pGlu-OH (Fmoc="fluorenyl-
methyloxycarbonyl; Figure 1) as a dye adsorbant. This mole-
cule belongs to a group of foldamers containing the 4-car-
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Figure 1. Chemical structure of the gelator Fmoc-L-Phe-p-pGlu-OH, de-
scribed in this work.
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boxy-5-methyl-oxazolidin-2-one unit (Oxd)""® or the p-glutamic

acid unit (pGlu)." These molecules cause a local constraint in
the pseudopeptide chain that favours the formation of secon-
dary structures,??? fibers'>*2* and gels.?**¥ Thus we prepared
hydrogels based on Fmoc-L-Phe-p-pGlu-OH to test them for
the adsorption of Methylene Blue (MB), a cationic dye, and
Eosin Y (EY), an anionic dye, as these molecules may be used
as model pollutants.

In addition, we prepared composite GO-hydrogels based on
Fmoc-L-Phe-b-pGlu-OH to test if the introduction of graphene
oxide (GO) could improve or reduce the capacity of these hy-
drogels to trap the dyes. Indeed graphene oxide is particularly
attractive for the doping due to its low cost, large specific sur-
face area in aqueous solutions (736.6 m’g~")*’ and its high
performance as an adsorbent in polymer/hydrogel compo-
sites.0-3%

Results and Discussion

Fmoc-L-Phe-b-pGlu-OH was synthesized by standard reac-
tions.'””? To prepare the hydrogels, we applied a new method
to avoid the use of toxic substances:®* the gelation trigger is
a pH slow variation induced by the hydrolysis of glucono-d-lac-
tone (GdL), which is a non-toxic food additive with the E575
code.

Fmoc-L-Phe-p-pGlu-OH was added to water, together with
NaOH, which is required to dissolve the peptide, as it is insolu-
ble at pH=4, while it is soluble at pH~10. Then GdL was
added to slowly decrease the solution pH. When the pK, value
of the molecule was reached, the molecule precipitated get-
ting organized into fibers that in turn trap the water mole-
cules, yielding a hydrogel.”” The composite GO-hydrogel was
obtained following the same method, but replacing water with
a GO suspension in water (1 mgmL™").

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Using this technique, we prepared four hydrogels A, B, C
and D by using Fmoc-L-Phe-p-pGlu-OH in 1 or 2% w/w con-
centration and pure water or GO/water suspension (Figure 2).
The most common diagnostic test of gelation is tube inver-
sion.*"*? |n this test, a sample tube containing the hydrogel is
turned upside down to ascertain if the sample would flow
under its own weight. A gel is assumed to be a sample that
has a yield stress that prevents it from flowing down the tube,
while a sol is taken to be a sample that flows down the tube.

Figure 2. Photographs of hydrogels A-D prepared with Fmoc-L-Phe-p-pGlu-
OH at different concentrations. From left to right: A, 1% gelator/H,0; B, 1%
gelator/GO/H,0; C, 2% gelator/H,0; D, 2% gelator/GO/H,0.

The first analysis useful to understand the strength of the
hydrogel is the measurement of its melting point (T,), which
is the range of temperatures over which the gel decomposes
(Table 1). Ty, was determined by heating the test tubes (diame-
ter: 8 mm) containing the gel with a glass ball (diameter:
5 mm, weight: 165 mg) on the top of it.

Table 1. T, of hydrogels A-D in H,0 or GO/H,0 as a function of increas-
ing amounts of gelator (expressed in % w/w).

Hydrogel Gelator conc. GO Toel

[% w/w] [1 mgmL™"] [°Cl
A 1 no 44-83%
B 1 yes 50-750
C 2 no 55-9401
D 2 yes 61-85%

[a] The gel is not thermoreversible and syneresis occurs on heating.
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At room temperature the ball is suspended atop the gel.
The T, is the range of temperatures between the point
reached when the ball starts to penetrate inside the gel and
the point reached when the ball touches the test-tube bottom,
which indicates the total hydrogel disruption. All our samples
give syneresis with water ejection after heating. Pure hydrogels
A and C show final melting points higher than the correspond-
ing GO-loaded hydrogels, while B and D have a higher initial
melting point with respect to A and C. All these data suggest
that pure hydrogels are stronger than the GO-doped ones,
which in turn are more elastic and resistant to deformation.
This property contrasts the initial ball penetration and enhan-
ces the initial melting temperatures of hydrogels B and D.
More details both on the nature and on the strength of these
gels have been obtained by rheological studies.

Strain sweep and gelation kinetics experiments have been
performed: the strength of the hydrogels A, B, C and D was
evaluated in terms of storage modulus and linear viscoelastic
region (G’ and LVE, Table 2 and Figure S1).

Table 2. Storage modulus (G), linear viscoelastic region (LVE) and gela-
tion time of hydrogels A-D.

Hydrogel G LVE Gelation
[Pa] [y %) time [min]

A 5000 1.5 450

B 4000 3 450

C 6000 1 400

D 4000 3 400

[a] The gel is not thermoreversible and syneresis occurs on heating.

Hydrogel C, obtained from the gelator at 2% w/w concen-
tration, was characterized by the highest storage modulus
among the analyzed samples, with values of almost 6000 Pa,
and LVE region of 1% (Figure 3 A, Table 2). The addition of GO
to this hydrogel (D) led to a lower storage modulus value
(around 4000 Pa) and a more extended LVE region, up to 3%
(Figure 3A, Table 2). Considering the hydrogels A and B, ob-
tained with the gelator at 1% w/w concentration either with
or without GO addition, A was characterized by a storage
modulus of 5000 Pa and LVE region of 1.5% while the GO-
loaded B by a storage modulus of 4000 Pa and LVE region of
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Figure 3. Strain-dependence of storage modulus of hydrogel obtained starting from 2% w/w (A) and 1% w/w (B) of gelator concentration loaded with GO
(@) and without GO (A). The analyses were performed about 20 hours after the gelation had begun.
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3% (Figure 3B, Table 2). Hydrogels were also characterized by
means of frequency sweep experiments (Figure S1, Supporting
Information) showing that for all the studied hydrogels both
the storage and loss moduli were almost independent from
the applied frequency, indicating the “solid-like” rheological
behaviour of the analyzed hydrogels in the range from 0.1 to
100 rads™".

Although the introduction of GO in the hydrogels is not cru-
cial for the modification of their mechanical properties, pure
hydrogels A and C are slightly stronger compared to GO-
loaded hydrogels B and D. The presence of GO might cause
a partial loss of the 3D non-covalent interactions in the gel
network, which are essential to obtain a solid and strong gel.

To further investigate this aspect, gelation kinetics experi-
ments have been performed (Figure 4). The gelation behaviour
was investigated in terms of both total gelation time and start-
ing point of the gelation process, that is, the first point at
which the storage modulus and loss modulus start to signifi-
cantly differentiate and increase. Figures 4A,B show that the
gelation kinetics always follow a one-step mechanism. Com-
paring the gelation behavior of hydrogels C and D (2% w/w
gelator concentration either with or without GO), we could
notice that the gelation mechanism is triggered earlier for hy-
drogel C than for the GO loaded sample D (around 50 and
100 min, respectively), while the total gelation time is about
400 min for both samples (Figure 4 A, Table 2). A similar behav-
iour was found for hydrogels A and B (1% w/w gelator con-
centration with and without GO), as the gelation process start-
ed earlier for hydrogel A compared to the GO-loaded hydrogel
B (around 100 and 150 min, respectively). In this case for both
hydrogels the total gelation time was about 450 min (Fig-
ure 4B, Table 2).

These results suggest that, in both cases, GO interferes with
the formation of the non-covalent interactions between dipep-
tides that lead to the gel formation, slows down the gelation
process and leads to the formation of a weaker hydrogel com-
pared to the plain one, thus confirming the results obtained
with the strain sweep experiments.

SEM images of the xerogels obtained drying a sample of
Fmoc-L-Phe-b-pGlu-OH hydrogels A and B do not show a dra-
matic difference between the two fibers network (Figure 5).

Due to the interest in the preparation of new materials able
to trap aromatic pollutants,***? we wondered if our hydrogels
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Figure 5. SEM images of the xerogels obtained drying a sample of Fmoc-L-
Phe-p-pGlu-OH hydrogels A and B at 1% concentration either without
GO (left) or with GO (right).

could be usefully applied to filter polluted water. This is only
a basic study on the behaviour and properties of the materials
that in the future could be used to build devices able to clean
water. For this reason we chose to check the ability of both hy-
drogels, even though the GO-loaded hydrogel B showed
worse mechanical properties compared with hydrogel A.
Indeed pollutant molecules can interact with GO either
through m—m interactions with the GO aromatic region or
through hydrogen bond and electrostatic interactions due to
its hydrophilic functional groups.

Thus we checked the efficiency of hydrogels A-B in trapping
MB, that is, a cationic aromatic heterocycle with strong absorp-
tion at 664 nm (Figure 6). Both Fmoc-L-Phe-b-pGlu-OH and GO
are rich in aromatic groups that, in principle, should favour the
absorption of aromatic dyes through m-m interactions. More-
over, the gelator contains two carboxylic groups, whereas GO

Moduli / Pa

5 ,

| | L | | | | | 4
t t t } } } } } } 10

0 50 100 150 200 250 300 350 400 450 500
Time / min

T + t t + + t t t + t
0 50 100 150 200 250 300 350 400 450 500 550
Time / min

Figure 4. Time-dependence of storage modulus (A, 0) and loss modulus (a, m) for hydrogel obtained starting from Fmoc-L-Phe-b-pGlu-OH at 2% w/w (A) and

1% w/w (B) of gelator concentration loaded with (m,
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Figure 6. Chemical structure of MB.

is rich in basic groups, such as epoxides, hydroxyl or carboxylic
groups: this excess of negative charges should favour the ab-
sorption of cationic MB.

We prepared hydrogels A-B in glass columns for flash chro-
matography (internal diameter 1.0 cm, equipped with a glass
frit, Figure S2, Supporting Information), so that the dye aque-
ous solution could freely flow after interaction with hydrogels.
First we allowed 0.5 mL of a water solution of gelator at 1%
w/w concentration to gelate on the bottom of the glass
column, using the GdL method. After eight hours, we added
another layer of hydrogel prepared with 1.0 mL of a water so-
lution containing 1% w/w gelator either without GO or with
GO. The gelation trigger was again the GdL methodology.
When the hydrogel was formed (16 hours) we added to the
column about 50 mL of a 0.13 mm blue solution of MB in
water. The liquid flowed slowly through hydrogels A and B,
producing transparent water, which was analysed by UV/Vis
spectroscopy to check the amount of dye present in each por-
tion of eluted solutions. The results are reported in Figure 7.

10%

9%
_8%
R7%
=% /_
%5% Vad
5 4%
3%
2%
1%
0% : : ,
0 10 20 30 40 50

Volume (mL)

Figure 7. A) Graph of the released dye by the pure hydrogel A (red) and of
the GO doped hydrogel B (blue), based on UV/Vis analysis at 664 nm.

Both hydrogels A and B clean completely the first 20 mL of
dye solution, then a very modest amount of MB is slowly re-
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prepared two solutions of MB in water at different concentra-
tions: 5 mL of a 1.26 mm solution (2 mg in 5 mL) and 10 mL of
a 0.63 mm solution (2 mg in 10 mL). We also replaced the glass
columns with medical-grade disposable hypodermic plastic sy-
ringes to avoid the presence of the glass frit. In a typical run,
we prepared 0.5 mL of a water solution of gelator at 1% w/w
concentration and allowed it to gelate on the bottom of the
syringe, using the GdL method. This layer was built to act as
a support for the next layer. After eight hours, we added an-
other layer of hydrogel prepared with 1.0 mL of a water solu-
tion containing 1 or 2% w/w gelator with or without GO. The
gelation trigger was again the GdL methodology. After
16 hours, the syringe was ready for elution of dye containing
water solutions (Figure 8).

e

e —

Figure 8. Example of MB solution in water flowing through a disposable hy-
podermic plastic syringes loaded with hydrogel: the recovered water is col-
ourless.

We made several trials, in which we changed both the MB
concentration and the hydrogel (Table 3). The results show
that both hydrogels A and B are far less efficient compared
with the results reported in Figure 6 in the presence of con-
centrated solutions, even though the moles of gelator are
always much higher that the moles of eluted MB. Interestingly,
in this case the GO-doped hydrogel B is more efficient than A,
suggesting that GO may help the trapping. Finally, excellent re-
sults have been obtained with 2% hydrogels C and D, as they
both efficiently trap all the dye.

In addition to MB, which is a cationic dye, we checked the
ability of these hydrogels to trap Eosin Y (EY), an anionic dye

leased, reaching an overall amount of 5.7% for A and 6.2% for Table 3. Adsorption of MB by hydrogels A-D.
B, respectively. This preliminary result is very interesting, as
both hydrogels A and B efficiently trap MB. The gelator Fmoc- Hydrogel ~ Gelator ~ GO mB MB Detained
L-Phe-p-Oxd-OH is the principal responsible for this effect, as it [umol] [mg]  [umol]  solution [mL]  MB [%]
holds the dye both by m-m interactions between the aromatic A 29.2 0 6.3 5 11
groups and by electrostatic interactions between the carboxyl- : izé ? Z'z 12 gg
ic groups of the gelator and the ammonium groups of MB. In B 29:2 1 6:3 10 o
contrast, the presence of GO does not show significant effects, C 486 0 6.3 5 100
as the two results are very similar. C 486 0 6.3 10 100

After these satisfactory results, we checked how these sys- D 486 ! 6.3 > 100

. . D 486 1 6.3 10 100

tems would behave with very concentrated solutions, so we
Chem. Eur. J. 2016, 22, 12106 - 12112 www.chemeurj.org 12109 © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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(Figure 9), to understand how important the electrostatic inter-
actions are compared with the m-m aromatic interactions in
the process of dye removal. Thus, we prepared two solutions
of EY in water at different concentrations: 5 mL of a 0.62 mm
solution (2 mg in 5 mL) and 10 mL of a 0.31 mm solution (2 mg
in 10 mL).

Figure 9. Chemical structure of EY.

Although a large excess of gelator compared to EY (nearly
10:1 ratio) has been used to prepare hydrogels A and B, a re-
duced efficiency is always observed for the dye removal
(Table 4). This outcome may be attributed to the unfavourable
electrostatic interactions between the gelator, EY and GO that
have all negative charges. Despite this disadvantageous effect,
satisfactory results have been obtained with hydrogels C and
D, probably thanks to the high number of mt—m aromatic inter-
actions between EY and the gelator, which is in large excess
compared to the dye (>15:1 ratio).

Table 4. Adsorption of EY by hydrogels A-D.
Hydrogel Gelator GO MB MB solution Detained
[umol] [mg] [umol] [mL] MB [%]

A 29.2 0 3.1 5 22

A 29.2 0 3.1 10 83

B 29.2 1 3.1 5 29

B 29.2 1 3.1 10 17

C 48.6 0 3.1 5 95

C 48.6 0 3.1 10 920

D 48.6 1 3.1 5 94

D 48.6 1 3.1 10 87

Conclusions

In conclusion we prepared four different hydrogels based on
the pseudopeptide Fmoc-L-Phe-b-Oxd-OH, either by changing
the gelator concentration or adding GO to the water solution.
Rheological studies have been carried out on all these hydro-
gels and demonstrated that, although the introduction of GO
in the hydrogels is not crucial for the modification of their me-
chanical properties, pure hydrogels A and C are slightly stron-
ger compared to GO-loaded hydrogels B and D, which, in turn,
are more elastic. The presence of GO might cause a partial loss
of the 3D non-covalent interactions in the gel network, which
are essential to obtain a solid and strong gel.

Chem. Eur. J. 2016, 22, 12106 - 12112 www.chemeurj.org
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Then we checked the ability of hydrogels A-D to trap the
cationic dye methylene blue (MB) and the anionic dye eosin Y
(EY). A preliminary test made on the ability of hydrogels A and
B to trap MB, showed that both hydrogels are very efficient.
Indeed both the gelator and GO are rich in aromatic groups
that favour the absorption of aromatic dyes through - inter-
actions. In addition, the gelator contains two carboxylic groups
and GO is rich in epoxides, hydroxyl and carboxylic groups: all
these groups efficiently interact with the cationic MB by elec-
trostatic interactions that enhance the material efficiency. To
further validate the importance of electrostatic interactions to
trap dyes, we tested the removal of the anionic EY. As we ex-
pected, all the trails furnished less satisfactory results, both
with pure and with GO-loaded hydrogels.

These preliminary studies on the properties and the behav-
iour of four peptide-based hydrogels towards dye adsorption
could be profitably applied to the preparation of devices able
to trap aromatic dyes.

Experimental Section
Materials

All chemicals and solvents were purchased by Sigma-Aldrich, VWR
or lIris Biotech and used as received. Acetonitrile was distilled
under an inert atmosphere before use. MilliQ water (Millipore, resis-
tivity =18.2 mQcm ") was used throughout. GO was purchased by
Cheap Tubes (thickness 0.7-1.2 nm, lateral dimensions 300-
800 nm, number of layers=1, purity >99 wt%, prepared by modi-
fied Hummers method).

Synthesis of Fmoc-L-Phe-p-pGlu-OH

To a stirred solution of Fmoc-L-Phe-OH (1 mmol, 0.39 g) and HBTU
(1.1 mmol, 0.42 g) in dry acetonitrile (10 mL) under an inert atmos-
phere, p-Oxd-OBn (1 mmol, 0.24 g) in dry acetonitrile (5 mL) was
added at room temperature, followed by a solution of triethyla-
mine (2.2 mmol, 0.30 mL). The solution was stirred for 40 min
under an inert atmosphere, then acetonitrile was removed under
reduced pressure and replaced with ethyl acetate. The mixture was
washed with brine, 1N aqueous HCl (3x30 mL) and with 5% aque-
ous NaHCO; (1x30 mL), dried over sodium sulphate and concen-
trated in vacuo. Fmoc-L-Phe-p-Oxd-OBn was obtained pure after
silica gel chromatography (cyclohexane/ethyl acetate 9:1—7:3 as
the eluent) in 60% yield (0.6 mmol, 0.36 g).

To remove the Bn protective group, Fmoc-L-Phe-p-Oxd-OBn
(0.36 g, 0.6 mmol) was dissolved in MeOH (30 mL) under nitrogen.
C/Pd (35 mg, 10% w/w) was added under nitrogen. A vacuum was
created inside the flask using the vacuum line. The flask was then
filled with hydrogen using a balloon (1 atm). The solution was
stirred for 4 h under a hydrogen atmosphere. The product was ob-
tained pure as a solid in 98% vyield (0.59 mmol, 0.30 g) after filtra-
tion through filter paper and concentration in vacuo. For the char-
acterization, see ref.[17]

Conditions for the gel formation

A portion of Fmoc-L-Phe-p-pGlu-OH (10-20 mg, depending on the
final concentration, ranging from 0.5% to 2% w/w) was placed in
a test tube (diameter: 8 mm), then MilliQ water (=~0.95 mL) and
aqueous NaOH 0.5 N (1.0 equiv) were added and the mixture was

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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stirred and sonicated in turn for about 30 min, until sample disso-
lution. Glucono-d-lactone (GdL: 1.1 equiv) was added in one por-
tion to the mixture. After a rapid mixing to allow the GdL complete
dissolution, the sample was allowed to stand quiescently until gel
formation, which occurs over a number of hours, reaching slowly
pH~5. This method may be applied also to prepare gels in syring-
es, as the gelation procedure is slow enough to transfer the mix-
ture anywhere before solidification. In the case of composite hy-
drogels, we followed the same steps using 1 mL of GO solution in
water (1 mgmL™") instead of 1 mL of MilliQ water.

Conditions for T, determination

T, was determined by heating some test tubes (diameter: 8 mm)
containing the gel and a glass ball (diameter: 5 mm, weight:
165 mg) on the top of it. When the gel is formed, the ball is sus-
pended atop. The T, is a range of temperatures in which the first
point indicates when the ball starts to penetrate inside the gel,
while the second point indicates when the ball touches the
bottom of the test tube. Some hydrogel samples melt, producing
a clear solution, while in other cases the gelator shrinks and water

is ejected, as syneresis occurs.

Rheology

Rheology experiments were carried out on an Anton Paar Rheome-
ter MCR 102 using a parallel plate configuration (25 mm diameter).
Experiments were performed at a constant temperature of 23°C
controlled by the integrated Peltier system and a Julabo AWC100
cooling system. To keep the sample hydrated a solvent trap was
used (H-PTD200). All the analyses (Frequency, Amplitude and Time
sweeps analyses) were performed with a fixed gap value of
0.5 mm on gel samples prepared directly on the upper plate of the
rheometer once the gelation reaction was completed. The samples
were prepared the day before the analysis and left overnight to
complete the gelation process (around 20 hours). Oscillatory ampli-
tude sweep experiments (y: 0.01-100%) were carried out to deter-
mine the linear viscoelastic (LVE) range at a fixed frequency of
1rads™ . Once the LVE of each hydrogel was established, frequen-
cy sweep tests were performed (w: 0.1—100 rads™') at constant
strain within the LVE region of each sample. Time-sweep oscillatory
tests were carried out at fixed frequency (1 rads™') and strain am-
plitude (within the LVE region). In this case the gelator solution
(=0.5 mL, fresh prepared) was placed in between the two parallel
plates and the dynamic moduli were monitored (1 measurement
point every 60 seconds) until a plateau was reached.

SEM analysis

Scanning electron micrographs of gold-sputtered samples were re-
corded using a Hitachi 6400 field-emission gun scanning electron
microscope.

Preparation of glass columns to trap dyes

In a typical run, we prepared 0.5 mL of a water solution of gelator
at 1% w/w concentration and allowed it to gelate on the bottom
of a glass chromatography column (1.0 cm diameter, equipped
with a glass frit), using the GdL method. This layer was built to act
as a support for the next layer. After 8 h, we added another layer
of hydrogel prepared with 1.0 mL of a water solution containing
1% w/w gelator with or without GO. The gelation trigger was
again the GdL methodology. When the hydrogel was formed (16 h)
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we added to the column a solution (50 mL) of methylene blue
(2 mg) in water.

Preparation of disposable syringes to trap dyes

In a typical run, we prepared 0.5 mL of a water solution of gelator
at 1% w/w concentration and allowed it to gelate on the bottom
of the syringe, using the GdL method. This layer was built to act as
a support for the next layer. After 8 h, we added another layer of
hydrogel prepared with 1.0 mL of a water solution containing 1 or
2% w/w gelator either with or without GO. The gelation trigger
was again the GdL methodology. After 16 h, the syringe was ready
for elution of dye-containing water solutions.

UV/Vis analysis

The kinetics of MB detaining solutions was studied by UV/Vis spec-
troscopy (Cary 300 bio) following the absorption intensity of MB at
664 nm. The amount of MB or EY found in the final solutions was
also detected by UV/Vis spectroscopy (Cary 300 bio). The absorp-
tion intensity of EY was followed at 525 nm.
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