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Abstract: In the three-dimensional (3D) extracellular matrix
(ECM), the influence of nanofiber chirality on cell behavior is
very important; the helical nanofibrous structure is closely
related to the relevant biological events. Herein, we describe the
use of the two enantiomers of a 1,4-benzenedicarboxamide
phenylalanine derivative as supramolecular gelators to inves-
tigate the influence of the chirality of nanofibers on cell
adhesion and proliferation in three dimensions. It was found
that left-handed helical nanofibers can increase cell adhesion
and proliferation, whereas right-handed nanofibers have the
opposite effect. These effects are ascribed to the mediation of
the stereospecific interaction between chiral nanofibers and
fibronectin. The results stress the crucial role of the chirality of
nanofibers on cell-adhesion and cell-proliferation behavior in
3D environments.

Chirality is one of the most distinctive biochemical signa-
tures of life and has great influence on many biological events,
for example, the maintenance of normal functions of living
cells.[1] Pioneering research has revealed that cells can sense
surface chiral molecules and show differential behavior on
enantiomorphous surfaces.[2] Although of great significance in
biomaterial and relevant biological studies, these studies have
mainly been confined to the important role of molecular
chirality on a two-dimensional (2D) surface, and a lot of
questions remain.[3] Among them, how nanofibrous chirality
influences cell behavior in the three-dimensional (3D)
extracellular matrix (ECM) is especially important, since
only the 3D ECM nanofibrous structure can really mimic the
necessary biophysical environment for tissue engineering, and
the helical nanofibrous structure is closely related to the
relevant biological events;[1,2, 4] however, this research area
has not yet been explored.

Hydrogels have been widely used as a scaffold to provide
3D environments that are biophysically similar to the human
ECM, which cannot be modeled by a conventional 2D
matrix.[5] In this study, by employing the two enantiomers of
a 1,4-benzenedicarboxamide phenylalanine derivative (d-PH

and l-PH; Scheme 1) as supramolecular gelators, a novel
hydrogel system with chiral nanofibrous structures was
developed for cell culture (l-PH: left-handed nanofibers
assembled from l-PH; d-PH: right-handed nanofibers assem-
bled from d-PH). We show that a specific chirality of
nanofibrous hydrogels can greatly enhance the cell adhesion
and proliferation densities in a 3D environment. The cell
densities of fibroblast cells (mouse embryonic fibroblast cell
line, NIH 3T3) and endothelial cells (human umbilical vein
endothelial cells, HUVECs) in the l-PH hydrogels were about
twice as high as those in the d-type hydrogels, although the
other physical and chemical properties of the d/l-PH hydro-
gels were similar. More interestingly, effective cell clusters
could only form in l-PH hydrogels; this typical cell-growth
character in three dimensions is crucially important for cell
proliferation and differentiation in tissue engineering. An
enzyme-linked immunosorbent assay (ELISA) study indi-
cated that such differential cell behavior is largely mediated
by the stereospecific interaction between chiral nanofibers of
hydrogels and fibronectin (FN). This effect provides novel
insight into the problem of controllable cell adhesion and
proliferation in a 3D chiral environment, which is still a big
challenge in tissue engineering and regenerative medicine.

A simple way to encapsulate cells into 3D hydrogels was
developed by mixing the Dulbecco modified Eagle medium
(DMEM) and cells into a concentrated solution of the gelator
in dimethyl sulfoxide (DMSO; final DMSO concentration:
3.3%). In this way, self-supporting hydrogels were formed
within several minutes (Scheme 1). With the merits of
straightforward preparation, culture-medium response, and
directional noncovalent interactions between gelators, the
hydrogels exhibited unique properties superior to those of
conventional polymeric hydrogels.[6] Circular dichroism (CD)
and scanning electron microscopy (SEM) demonstrated that
the d/l-PH hydrogels were constructed by opposite chiral
nanofibers. However, the d/l-PH hydrogels presented almost
the same chemical and physical properties, including the
thickness and helical pitch of the nanofibers, pore size, and
the stiffness of the hydrogels. Interestingly, cells cultured in d/
l-PH gels showed significantly different behavior. The chir-
ality of the nanofibers, and not the molecular chirality
alone,[2a,g] is clearly responsible for these phenomena and
plays a crucial role in the behavior of cells in the hydrogels.

The d/l-PH enantiomers were synthesized by a conven-
tional liquid-phase reaction in high yield (see Scheme S1 and
Figures S1 and S2 in the Supporting Information). The CD
signals (Figure 1A) and optical-rotation values (see Table S1
in the Supporting Information) of the d-PH and l-PH
enantiomers were equal in intensity and opposite in sign.
The CD bands with lmax values at 218 and 237 nm were due to
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the amide carbonyl groups and phenyl group in the 1,4-
benzenedicarboxamide, respectively.[7] The d/l-PH hydrogels
showed significantly increased intensity (as compared with
that of the D/L-PH enantiomers) and a perfect mirror-image
relationship of the CD signals (Figure 1 A; see also Fig-
ure S3a). Moreover, the spectral peaks for both gels shifted to
226 and 268 nm. No CD signals existed for a gel (r-PH)
consisting of a racemic mixture of d-PH and l-PH gelators

with a molar ratio of 1:1 (see
Figure S3 a). In this study,
the effective concentration
of the gelators in methanol
(solution state) and in phos-
phate-buffered saline (PBS;
gel state) were kept con-
stant, as confirmed by UV/
Vis spectra (Figure 1 A; see
also Figure S3a). In varia-
ble-temperature CD spectra
of d/l-PH, the signal inten-
sity decreased upon the
transformation of the
sample from a gel into a so-
lution upon heating (Fig-
ure 1 B). CD spectra (see
Figure S3 b) demonstrated
that the self-assembly of
d/l-PH reached equilibrium
after about 1 h. All results
revealed that the chirality of
the gels was due to self-
assembled aggregates or
nanofibers and not individ-
ual gelator molecules.[8]

The morphology of the d/l-PH and r-PH hydrogels was
characterized by SEM. The diameters of the pores in the
hydrogels were found to lie in the range of tens of micro-
meters (Figure 2A,B; see also Figure S4 b). The d-PH enan-
tiomers self-assembled into right-handed helical nanofibers,
and l-PH formed left-handed helical nanofibers (Fig-
ure 2C,D). The right-handed and left-handed helical nano-
fibers had similar diameters ((50� 10) nm) and helical pitch
((480� 40) nm). Intertwined and twisted d-PH and l-PH
fibers with opposite helical morphology were also shown by
transmission electron microscopy (TEM; see Figure S5) and
atomic force microscopy (AFM; see Figure S6). Figure 2a–d
and Figure 2e–h show photographic images of the free-
standing hydrogels d-PH and l-PH, respectively, in PBS (see
Figure S7 for all three types of hydrogels, including r-PH).
When DMEM was added to the top of these hydrogels,
dynamic exchange between DMEM and PBS occurred until
the hydrogels became a homogeneous pink color. The
lifetime of the stable hydrogels under these conditions was
at least 20 days (Figure 2 a–h; see also Figure S7). The stiff-
ness of all hydrogels was also quite similar (storage modulus
G’� 7.4 � 103 Pa; loss modulus G’’� 3.2 � 103 Pa), as mea-
sured with a rheometer.

To understand how the chirality of the 3D environment
influences cell adhesion and proliferation, we prepared the
l-PH, d-PH, and r-PH hydrogels with encapsulated NIH 3T3
cells and HUVECs. It was found that numerous HUVEC and
NIH 3T3 cell clusters were evenly distributed in the l-PH
hydrogel after culture for 3 days (Figure 3A, b,d). This result
showed that the clusters formed as a result of cell prolifer-
ation rather than cell migration.[9] Interestingly, NIH 3T3 cells
developed the typical elongated polygonal cobblestone
morphology throughout the l-PH hydrogel (Figure 3A, d),

Scheme 1. Schematic representation of the culture of NIH 3T3 cells or HUVECs in supramolecular hydrogels
and the different cell-adhesion and cell-proliferation behavior in the enantiomeric nanofibrous hydrogels (d :
right-handed helical nanofibers; l : left-handed helical nanofibers). The molecular structure of the gelator
enantiomers is shown.

Figure 1. A) CD spectra (solid lines) of d-PH (green) and l-PH (blue)
enantiomers in methanol and d-PH (black) and l-PH (red) hydrogels
(2.0 mg mL�1) in PBS, and the simultaneous UV/Vis spectra (symbols)
of the enantiomers and hydrogels. B) Temperature-dependent CD
spectra of d-PH (red solid line) and l-PH (black dotted line) hydrogels
(1.0 mg mL�1) with increasing temperature from 25 to 75 8C.
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which indicated 3D proliferation behavior of the cells and
a favorable interaction between the cells and l-type nano-
fibers.[10,11a] In contrast, only a small amount of cells were
separately distributed in the d-PH hydrogels, and no poly-
gonal cobblestone morphology was observed (Figures 3A, a,c
and 3B). An intermediate adhesion and proliferation density
was observed for the cells in r-PH hydrogels (see Figure S8 a).
The proliferation densities in the l-PH hydrogels were
calculated and found to be about double those in the d-PH
hydrogels (Figure 3C; see also Figure S8 c) throughout the
culture period. The results demonstrate that cells cultured in
3D hydrogels constructed by d/l-PH chiral nanofibers showed
different adhesion and proliferation behavior. High cell
growth and proliferation density was observed in l-PH
hydrogels, but not in d-PH hydrogels.

To prove that the different cell-adhesion and cell-prolif-
eration behavior in the 3D environment is closely related to
the chirality of the nanofibers, we seeded NIH 3T3 cells
separately (ca. 2500 cells per well) on d-PH, l-PH, and r-PH
hydrogel films and a polystyrene (PS) surface.[11] After
incubation for 4 h, the quantity of adhered live cells on the
l-PH nanofibrous films was 2.2 times as high as that on the
d-PH films (see Table S2) and 1.3 times as high as that on r-
PH films. After culture for 3 days, the cell-growth density was
found to be proportional to the original adhesion density for

each film (Figure 4 B; see also Figures S9 and S10), which
suggested that a high adhesion density is crucial for achieving
a high cell-proliferation density. Furthermore, most of the
proliferated cells on l-PH films showed the elongated
morphology, whereas cells on d-PH films mainly had
a round morphology (Figure 4A, a,b). To further prove the
importance of the chirality of the nanofibers, we cultured cells
on nonchiral PS films (see Figure S10). Both cell-adhesion
and cell-growth density were found to be much lower than on
l-PH films, but higher than on d-PH. Thus, the chirality of the
nanofibers played an important role in regulating the
interactions of the cells with the nanofibers. The good
cytocompatibility of the nanofibers was also proved by
a live–dead staining assay (see Figure S11).[9]

To examine whether the chirality effect was unique to the
NIH 3T3 cell type, we seeded HUVECs on the different films
(ca. 2000 cells per well). The results were similar to those
observed with the NIH 3T3 cells: Both the cell-adhesion and
cell-proliferation density on l-PH films was double that on
d-PH films (see Table S3 and Figures S12 and S13). After
culture for 5 days, many cells on l-PH films showed the
elongated morphology, and most cells had a round shape on
d-PH films (Figure 4). The results show that both types of cell
behavior are greatly influenced by the chirality of the
nanofibers. The l-PH nanofibers can increase cell adhesion
and proliferation, whereas the d-PH nanofibers have the
opposite effect. Thus, the different cell-adhesion and cell-
proliferation behavior in 3D chiral hydrogels was mainly

Figure 2. A,B) SEM images of d-PH (A) and l-PH (B) hydrogels after
freeze-drying. C,D) SEM images of a d-PH xerogel with right-handed
helical nanofibers (C) and an l-PH xerogel with left-handed helical
nanofibers (D). Models of the helical nanofibers are also shown in
(C,D). a–h) Photographic images of the free-standing d-PH (a–d) and
l-PH (e–h) hydrogels in PBS before (a, e) and 0 min (b, f), 30 min
(c,g), and 20 days (d,h) after the addition of an equal volume of
DMEM on top of the hydrogel.

Figure 3. A) Fluorescence microscopy images of HUVECs (a, b) and
NIH 3T3 cells (c,d) in d-PH and l-PH hydrogels after incubation for
3 days. Scale bar: 50 mm. B) Schematic representation of different cell-
adhesion behaviors in the enantiomeric nanofibrous hydrogels.
C) Quantitative data for HUVECs cultured in d-PH and l-PH hydrogels
until day 9. N = 3; *, **, *** data show significant differences
(ANOVA: *p�0.05, ** p�0.005, *** p�0.001).
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regulated by the chiral nanofibers, which could be recognized
and differentiated by the cells.

The stereospecific interaction between cells and enantio-
meric nanofibers was further studied by using fibronectin
(FN), a well-known protein that promotes cell adhesion.[12]

The adsorption behavior of FN on d-PH, l-PH, and r-PH
nanofibrous films was analyzed by an ELISA assay. Fig-
ure 5A shows time-dependent curves of the amount of
adsorbed FN on the films (see Figure S15a). After 40 min,
the adsorption reached a plateau, and the amount of FN
adsorbed on l-PH, r-PH, and d-PH films was calculated to be
0.114, 0.107, 0.093 ng cm�2, respectively. A linear fit of the
amount of FN versus time in the first 40 min is shown in

Figure 5B (see also Figure S15b). The slope of the line
represents the association constant of FN. The calculated
constants were 0.1123 on the l-PH film, 0.0866 on the r-PH
film, and 0.0527 on the d-PH film. These values suggest a fast
adsorption rate of FN on l-PH films as a result of high
selectivity of FN for the enantiomeric fibers. This assumption
was further proved by investigating the adsorbed amount of
FN on each of the enantiomeric matrices (see Figure S16).
Thus, it can reasonably be speculated that the chirality of the
nanofibers is recognized by the cells through stereospecific
interactions between the chiral fibers and FN in three
dimensions. Interactions with different fibers (l-PH or d-
PH) may release different signals to the cells and result in
different cell/substrate interactions.[1b, 13]

As discussed above, the stereospecific interaction
between the cells and the chiral nanofibers is not a unique
but a common effect that should be applicable to different cell
types. Cells have a stronger interaction with l-type nanofibers
through stereospecific recognition between cells and nano-
fibers. It is thus considered that the design of enantiomor-
phous environments may be a novel advantageous direction
for biomaterials design. This approach is complementary to
existing strategies to control cell density for tissue engineer-
ing.

In conclusion, the chirality of nanofibrous structures has
great influence on cell adhesion and proliferation in the 3D
ECM. The cells were found to adhere and grow significantly
more densely in l-type than in d-type 3D microenvironments.
Further study on the interaction between FN and the
enantiomeric nanofibers provided evidence for a protein-
mediated process to explain this effect. These results provide
important insight for the development of a new generation of
3D matrices to control cell-adhesion and cell-proliferation
density. They stress the key role of the chirality of nano-
structures for materials design and offer a novel way to
achieve high-density cell growth in the 3D ECM. Owing to its
generality, it can reasonably be anticipated that the use of this
effect, in combination with other properties of materials, for
example, stiffness, may lead to the appearance of some new
applications, such as therapeutic uses of stem cells.[14]

Experimental Section
Materials and characterization: d/l-phenylalanine methyl ester
hydrochloride, 1,4-benzenedicarbonyl dichloride, and diglycol were
purchased from Aladdin Chemicals. The detailed synthesis of gelators
d/l-PH is shown in Scheme S1. NMR spectroscopic experiments were
performed by using a Bruker Advance III 400 instrument operated at
400 MHz. FABMS spectra were obtained with a JEOL JMS 700 mass
spectrometer. CD kinetic spectra were collected on a JASCO J-815
CD spectrometer with a bandwidth of 1.0 nm. Variable-temperature
CD spectroscopy was carried out by increasing the temperature in
steps of 5 8C. The nanofibrous hydrogels were characterized by SEM
with a FEI Quanta 250 microscope, by TEM with a Tecnai G2 Spirit
BioTWIN microscope (FEI, USA), and by AFM with an E-Sweep
microscope (Seiko, Japan). The cells were quantified by using the
program Image J.

Hydrogel preparation: DMSO (500 mL) was added to a vial
containing the gelator (30 mg). DMEM (15 mL) was added to the
resulting solution to form a hydrogel (gelator concentration:
2.0 mgmL�1). The critical gel concentration (CGC) of d/l-PH was

Figure 4. A) Fluorescence microscopy images of NIH 3T3 cells after
culture for 3 days (a, b) and HUVECs after culture for 5 days (c,d) on
d-PH and l-PH nanofibers. Scale bar: 100 mm. B,C) Quantitative data
for NIH 3T3 cells (B) and HUVECs (C) on d-PH and l-PH films after
incubation for 4 h, 1 day, 2 days, 3 days, 5 days, and 7 days. N = 6;
*, **, *** data show significant differences (ANOVA: *p�0.05, **
p�0.005, *** p�0.001).

Figure 5. A) Time-dependent adsorption of FN on d-PH (squares) and
l-PH (triangles) nanofibrous films. The y axis shows the amount (ng)
of FN adsorbed per square centimeter of film. Inset: Adsorption of FN
on d/l-PH nanofibrous films from 0 to 10 min. B) Linearization of the
amount of FN on d-PH and l-PH films according to pseudo-first-order
kinetics.
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0.5 mgmL�1, and the CGC of a 1:1 mixture of the two enantiomers (r-
PH gel) was 1.0 mgmL�1.

Cell culture: The HUVEC cell strain was originally purchased
from American Type Culture Collection (ATCC, Rockville, MD,
USA); NIH 3T3 was a gift from the School of Biomedical Engineer-
ing of SJTU. For 2D and 3D cell culture, see the Supporting
Information.

Live–dead staining assay and CCK8: A fluorescence live–dead
staining assay (Invitrogen) was used to visualize the proportion of
viable and nonviable cells. The CCK8 assay was carried out with 10%
(v/v) WTS-8, and the absorbance was measured by ELISA (Infinite
M200 PRO, Tecan) at 450 nm (see the Supporting Information).

FN adsorption: FN measurements (absorbance at 450 nm) were
carried out by ELISA. A quantity of 100 mL of a standard solution of
FN (400 pgmL�1) was added to each well coated with hydrogels, and
the plates were incubated at 37 8C in an atmosphere containing 5%
CO2.
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