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A biocompatible method of glutathione (GSH) catalyzed disulfide bond reduction was used to form Fmoc-short peptide-
based supramolecular hydrogels. The hydrogels could form in both buffer solution and cell culture medium containing 10%
of Fetal Bovine Serum (FBS) within minutes. The hydrogel was characterized by rheology, transmission electron microscopy,
and fluorescence emission spectra. Their potential in three dimensional (3D) cell culture was evaluated and the results
indicated that the gel with a low concentration of the peptide (0.1 wt%) was suitable for 3D cell culture of 3T3 cells. This
study provides an alternative candidate of supramolecular hydrogel for 3D cell culture and cell delivery.

Citation: Shi Y, Wang J, Wang H, Hu Y, Chen X, et al. (2014) Glutathione-Triggered Formation of a Fmoc-Protected Short Peptide-Based Supramolecular

Received May 9, 2014; Accepted August 4, 2014; Published September 15, 2014

Copyright: © 2014 Shi et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its

Funding: National Natural Science Foundation of China (51373079 and 51173060). The funders had no role in study design, data collection and analysis, decision

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Supramolecular hydrogels of peptides have attracted extensive
research interests in recent years due to the ease of design and
synthesis, easy integration of bioactive ligands, and functionality
[1-9]. They have shown big potential in three dimensional (3D)
cell culture [10,11], controllable delivery of therapeutic agents
[12-15], immune boosting [16], sensing [17-20], and regenerative
medicine [21,22]. Among the reported peptide hydrogel systems,
RADAI16 and its derivatives [23,24], peptide amphiphiles [25,26],
QI1 and its derivatives [27,28], FEKS8 and its analogues [29,30],
and those based on dipeptide of FF [31-35] are the most widely
investigated. These peptide hydrogels are usually formed by ionic
strength or pH change or organic solvent assistance. For the
biomedical applications, methods to prepare peptide hydrogels in
mild and biocompatible ways will be beneficial, which is actively
explored recently [36]. Several biocompatible methodologies have
been developed such as enzyme triggeration [37,38], photo-
irradiation [39,40], redox control [41-43], and ligand-receptor
interaction promotion [44]. Recently, Nilsson group had firstly
developed a novel method of disulfide bond reduction to trigger a
supramolecular hydrogel formation [45], which was followed by us
to prepare short peptide-based hydrogels for cell culture and drug
delivery [46]. We opted to applied this method to prepare
hydrogels based on the Fmoc-FF and tested the possibility of the
formed hydrogel in 3D cell culture, which was reported in this
study.
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Results and Discussion

Syntheses and rationale of the design

Hydrogels of Fmoc-FF was firstly reported by Ulijn and Gazit
groups and the hydrogels have been applied for 3D cell culture
[47,48]. The hydrogels were initially prepared by organic solvent
(DMSO) assistance, and therefore a cell culture medium exchange
procedure was needed to assist cell growth. Ulijn and co-workers
then utilized the enzymatic reaction by a protease to prepare
hydrogels based on Fmoc-FF [49].

We recently reported on a biocompatible triggeration of
disulfide bond reduction catalyzed by glutathione (GSH) to form
hydrogels for cell culture [50]. Due to the ease of synthesis of short
peptides based on Fmoc-FF and the good properties of hydrogels
of Fmoc-FF, we therefore attempted to further apply our GSH-
triggered disulfide bond reduction method to prepare hydrogels
based on Fmoc-FF. Similar to our previous report on the design of
the pro-gelator of Nap-FFE-ss-EERGD [50], we designed and
synthesized a possible pro-gelator of Fmoc-FFE-ss-EE, which was
shown in Figure 1. We believed that the pro-gelator could be
converted by GSH to a gelator of Fmoc-FFE-s, resulting in the
hydrogel formation. Similar to the gels of Fmoc-I'F, we imaged
that the resulting hydrogel of Fmoc-FFE-s would also be suitable
for 3D cell culture. We used Fmoc-CS reported in our previous
study and Fmoc-amino acids with side chain protected for solid
phase peptide synthesis to produce the design compound. The
pure compound was obtained by reverse phase high performance
liquid chromatography (HPLC, Figures S1 and S2 in File S1).
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Figure 1. Chemical structure of the pro-gelator (Fmoc-FFE-ss-EE) and the resulting gelator (Fmoc-FFE-s) and an optical image of a
gel formed by treating a DMEM solution containing 0.3 wt% of the pro-gelator with 4 equiv. of GSH.

doi:10.1371/journal.pone.0106968.g001

Hydrogel formation

The pro-gelator could be well solubilized in phosphate buffer
saline (PBS, pH =7.4) or cell culture Dul-becco’s modified Eagle’s
medium (DMEM) medium with 10% of fetal bovine serum (FBS)
at concentrations up to 5 wt% (50 mg/mL). We therefore tested
its gelation ability by GSH conversion. As shown in Figure 1
(insert), a clear hydrogel could be obtained within 5 minutes after
the addition of 4 equiv. of GSH to the DMEM solution with 10%
of FBS of pro-gelator (0.5 wt%, 5 mg/mL). If using less amount of
GSH, hydrogels could also form but it took a longer time. For
example, for the PBS solution containing 0.5 wt% of the pro-
gelator and 1 equiv. of GSH, it took about 50 minutes for the
hydrogelation. The hydrogel was stable and would not change the
clear appearance for more than six months at room temperature.
The fast gelation kinetics, clear appearance, and good stability of
the gel suggested its big possibility for 3D cell culture.

Rheology

We used a rheometer to monitor the gelation process and
characterize the resulting hydrogel (Figures S3, S4, S5, S6 in File
S1). As shown in Figure 2A, the hydrogel formed instantly after
the addition of GSH to a DMEM solution containing 0.5 wt% of
the pro-gelator, as demonstrating by the value of elasticity (G')
dominating that of viscosity (G”). the mechanical property of the
gel reached a balance after about 3,600 s, as indicating by the
observation that both G’ and G” reached plateaus. We then
performed dynamic frequency sweep to characterize the mechan-
ical property of hydrogels formed at 3,600 s with different
concentrations of pro-gelator. As shown in Figure 2B, gels with
higher concentration of the peptide obviously possessed bigger G’
values. For example, the G’ value of gel from 0.3, 0.2, and
0.1 wt% of the pro-gelator was about 1800, 450, and 45 Pa,
respectively. The gels showed weak frequency dependences at the
frequency range from 0.1 to 100 rad/s and the G’ value was at
least 10 times bigger than its corresponding G” value, suggesting
the presence of high elastic networks in gels and the good
mechanical property of the gels.

Cryo-transmission electron microscopy (cryo-TEM)

We then obtained a cryo-transmission electron microscopy
(cryo-TEM) image to characterize the self-assembled nano-
structures in the gel. As shown in Figure 3, we observed uniform
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Figure 2. A representative rheological measurement with the
mode of dynamic sweep at the frequency of 1 rad/s and the
strain of 1% for a PBS solution containing 0.3 wt% of the pro-
gelator and 4 equiv. of GSH (A) and rheological measurements
with the mode of dynamic frequency sweep at the strain of 1%
for gels from PBS solutions containing different concentrations
of the pro-gelator (B) (filled symbols: G’ and open symbols: G,
diamonds: 0.3 wt%, triangles: 0.2 wt%, and squares: 0.1 wt%).
doi:10.1371/journal.pone.0106968.9g002

nanofibers with a width of about 8 nm in the gel. These fibers
were helical with a left-handed helicity. They were longer than
2 um and entangled with each other to form 3D networks for
hydrogel formation. The examples of helical nanofibers in
hydrogels were rare [51-55], and the helical nanofibers in this
hydrogel might be useful as templates for the preparation of helical
organic and in-organic nano-materials.

Emission spectra

In order to understand the aromatic arrangement of Fmoc in
the nanofibers, we collected emission spectra of the PBS solution of
pro-gelator and the resulting gel. As shown in Figure 4, the
solution of pro-gelator exhibited a distinct peak centered at
328 nm, suggesting that the compound aggregated in the solution
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Figure 3. A cryo-transmission electron microscopy (cryo-TEM)
image of the gel from a PBS solution containing 0.3 wt% of the
pro-gelator with 4 equiv. of GSH.
doi:10.1371/journal.pone.0106968.g003

and the Fmoc groups favored the anti-parallel packing manner
[35,56]. This peak shifted to 342 nm after the gel formation,
suggesting that the Fmoc groups overlapped in the parallel manner
in the gel [35,56]. The higher shoulder peak around 400 nm
indicated that the Fmoc groups stacked more efficiently in the gel
compared to those in the solution.

Cell culture

The gel from 0.3 wt% of the pro-gelator in PBS was stable for at
least 5 days at 37°C in the incubator (Figure S7 in File S1), we
therefore tested the possibility of resulting gels in 3D cell culture.
We choose gels at different concentrations (0.3, 0.2, and 0.1 wt%
of the pro-gelator) for 3D cell culture of NIH 3T3 cells. The cell-
gel constructs could be obtained within 5 minutes after the
addition of GSH. The volume of the gel was 50 pL in each well of
the 96-well plate and the final cell density in the gel was
1,500,000/mL. 30 minutes after the formation of the cell-gel
construct, we placed an additional 100 pL. of DMEM supple-
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Figure 4. Emission spectra of PBS solution of the pro-gelator

and the gel (excitation wavelength =265 nm).
doi:10.1371/journal.pone.0106968.g004
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mented with 10% of FBS on it. The CCK-8 assay was performed
atday 1, 3, and 5 to determine the cell proliferation rate. Figure 5
showed that the 3T3 cells kept dividing in gels during the 5 culture
days at the concentrations of 0.2 and 0.1 wt%, while they stopped
proliferation in the gel at the concentration of 0.3 wt%. The gel
from the solution of 0.1 wt% of the pro-gelator assisted the 3T3
cells the most efficiently within the three gels. The results in Figure
S8 in File Sl indicated that the 3T3 cells at day 5 was
homogeneously embedded in the gels formed by treating a
DMEM solution containing 0.3 wt% of the pro-gelator with 4
equiv. of GSH. These observations indicated that gels with weaker
mechanical properties were more suitable for the 3D culture of
3T3 cells, which was consistent with our previous results [46]. We
hypothesized that cells in gels with weak mechanical properties
could spread and divide more easily than those with strong
mechanical properties.

After three days’ culture, we observed the cell morphology in
gels by optical microscopy. As shown in Figure 6, 3T3 cells kept
the round shape in the gel at 0.3 wt%. Most of cells spread well in
the gel at 0.2 wt% and nearly total cells spread well in the gel at
0.1 wt%. These observations correlated well with the cell
proliferation rate in Figure 5 and also suggested that gels with
weaker mechanical property were more suitable for 3D cell culture
of 3T3 cells. One shortcoming of our hydrogel is that we can not
separate cells from gels post culture, and this problem may be
addressed by developing other responsive supramolecular hydro-
gels.

Conclusions

In conclusion, we have demonstrated that the disulfide bond
reduction strategy can be applied to prepare supramolecular
hydrogels based on Fmoc-FF. the resulting hydrogels are optical
transparent and stable, which are suitable for 3D cell culture. The
results show that weak gels are suitable for 3D culture of 3T3 cells.
The concentration of GSH was in the range of 1-10 mM in
biological system, and the one we used to prepare hydrogels in this
study is 0.86-2.59 mM, suggesting that our method is compatible
for 3D cell encapsulation and culture. The good versatility and
case of handle will endow its good possibility for cell culture, cell
delivery, and control release of bioactive molecules.
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Figure 5. Cell proliferation rate of 3T3 cells in gels at different
concentrations determined by the CCK-8 assay.
doi:10.1371/journal.pone.0106968.g005
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Figure 6. Optical images of cells at day 5 in gels at A) 0.3 wt%,
B) 0.2 wt%, and C) 0.1 wt% (scale bars represent 10 um).
doi:10.1371/journal.pone.0106968.g006

Materials and Methods

Materials and General methods

All the starting materials were obtained from G. L. Biochem.
(Shanghai) or Sangon Biotech. (Shanghai). Commercially available
reagents were used without further purification, unless noted
otherwise. All other chemicals were reagent grade or better. PBS
buffer (0.01 M, pH 7.4) was prepared with pills purchased from
Sangon Biotech. Co., Ltd. (Shanghai, China). Ultrapure water
(18.2 MQ. cm) was used throughout the experiment. HepG2
human liver cancer cells were supplied by the Molecular Biology
Laboratory of Anhui Medical University. High resolution ESI/MS
spectra were obtained on a GC'T premier mass spectrometer
(Waters). HPLC analyses were performed on an Agilent 1200
HPLC system equipped with a G1322A pump and in-line diode
array UV detector using a YMC-Pack ODS-AM column with
CH30H (0.1% of TFA) and water (0.1% of TFA) as the eluent.
"H-NMR spectra were obtained on a 300 MHz Bruker AV300.
Cells were routinely cultured in Dul-becco’s modified Eagle’s
medium (DMEM, Hycolon) supplemented with 10% fetal bovine
serum at 37°C, 5% COg, and humid atmosphere.

Solid phase peptide synthesis

The peptide derivative was prepared by solid phase peptide
synthesis (SPPS) using 2-chlorotrityl chloride resin and the
corresponding N-Fmoc protected amino acids with side chains
properly protected by a tert-butyl group. The first amino acid was
loaded on the resin at the C-terminal with the loading efficiency
about 0.6 mmol/g. 20% piperidine in anhydrous N,N’-dimethyl-
formamide (DMF) was used during deprotection of Fmoc group.
Then the next Fmoc protected amino acid was coupled to the free
amino group using O-(benzotriazol-1-yl)-N,N,N’ ,N'-tetramethy-
luroniumhexafluorophosphate (HBTU) as the coupling reagent
and diisopropylethylamine (DIEA) as catalysis reagent. The
growth of the peptide chain was according to the established
Fmoc SPPS protocol. After the last amino acid was coupled,
excessive reagents were removed by a single DMF wash for 5 min
(b mL per gram of resin), followed by 5 times DCM wash for
2 min (5 mL per gram of resin). The peptide was cleaved using
95% of trifluoroacetic acid (TFA) with 2.5% of trimethylsilane
(TMS) and 2.5% of HyO for 30 min. TFA was removed by a
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rotary-evaporator, then 20 mL per gram of resin of ice-cold
diethylether was added. The resulting precipitate was dissolved in
DMSO directly for HPLC separation with MeOH containing
0.1% of TFA and HyO containing 0.1% TFA as cluents.

Hydrogel formation

The stock solution of pro-gelator was prepared at the
concentration of 10 mg/mL (1 wt%), and the stock solution of
GSH was prepared at the concentration of 10.8 mg/mL. The
molar concentration of GSH stock solution was 4 times that of
pro-gelator stock solution. During the preparation of the above
two stock solutions, NayC O3 was used to adjust the final pH value
to be 7.4. Mixing two stock solutions with equal volume and with
different amounts of PBS solution resulted in solutions containing
different concentrations of the pro-gelator. Gels would form after
being kept at room temperature (22-25°C) for within 5 minutes.
The same procedure was used to prepare gels in DMEM solution,
but replacing PBS solution with the DMEM solution.

CCK-8 assay

To quantify cell proliferation inside the cell-gel constructs, a
CCK-8 assay was performed at a series of time points. A 3D
Culture standard was made by encapsulating cells into hydrogels.
Briefly, cells in culture medium with FBS, two stock solutions, and
DMEM with FBS solution with different ratios were mixed
together. The final cell density was 1,500,000/mL gel and the final
concentration of the pro-gelator was 0.1, 0.2, or 0.3 wt%. The
final solution was transferred to 96 well plates (50 uL per plate).
After about half an hour, 100 pL of additional DMEM with 10%
of FBS was added on the top of the gel. The plates were incubated
in the 5% COy incubator. To perform the CCK-8 assay, each cell-
gel construct was washed with DMEM twice, and then incubated
with 100 pL of 10% (v/v) CCK-8 in serum-free DMEM. The
plates were then incubated in the 5% COy incubator for 4 h at
37°C. The absorbance at 450 nm was determined using the
microplate reader (MultiskaniMark, Bio-Rad, USA). The exper-
iments were conducted for three times and SD was determined.
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