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ABSTRACT: Chiral nanostructure, such as the double helix
of DNA and a-helix of protein, plays an important role in
biochemistry and material sciences. In the organism system,
the biological entities always exhibit homochirality and show
preference toward one specific enantiomer. How the opposite
enantiomers will affect the chirality of the supramolecular
nanostructures and their interactions with the biological
molecules remains an important issue. In this study, two
gelators bearing amphiphilic L-glutamide and D- or L-
pantolactone (abbreviated as DPLG and LPLG) were
designed, and their self-assembly behavior and interactions
with proteins were investigated. It was found that both of the gelators could form gels in the mixed solvent of ethanol and water,
and the corresponding gels were characterized with UV—vis spectroscopy, circular dichroism, Fourier transform infrared
spectroscopy, X-ray diffraction, and atomic force microscopy. Although both gels formed nanofiber structures and showed many
similar properties, their supramolecular chiralities were opposite, which was determined by the chirality of the terminal group.
The chirality of the nanofibrous structure is found to influence the protein adhesion significantly. Quartz crystal microbalance
technique was used to investigate the adsorption of human serum albumin on the nanofibrous structures. It was revealed that
supramolecular nanostructure of DPLG exhibited stronger adhesive ability than that of LPLG, while there is no clear difference at
a molecular level. This suggested that slightly different interactions between D and L substances with the biological molecules
could be amplified when they formed chiral nanostructures. Molecular dynamic simulations were performed to verify the
interaction between the two gelators and protein molecules. A possible model was proposed to explain the interaction between
the nanofibers and the proteins.
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B INTRODUCTION

which is due to the

Chirality or chiral nanostructure is one of the most fascinating
and ubiquitous features commonly found in nature and plays an
important role both in biological and material sciences.' ™ It is
well-known that the proteins are composed of L-amino acid but
not p-amino acid, while DNA is composed of p-sugar. Such
homochirality in the biological system made it vitally important
for the construction of the biointerface with certain chirality.
When the chiral artificial materials come in contact with
biological systems, they interact with each other through such
interfaces, and protein adsorption on the biointerface is usually
the first event that occurs.'” Therefore, the functionalized
interface with certain chirality and its interactions with the
chiral biomolecules has become an important issue."'™'* In
particular, if the materials contain opposite enantiomers or the
nanostructures have the opposite chirality, will they influence
the properties of the biointerface? So far, several chiral surfaces
were constructed through the self-assembled monolayers
(SAMs), and their interactions with the biological molecules
have been investigated."” >* Chiral polymer films have also
been proved to be a good platform to realize the protein
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selective adhesion on the surface,
polymer films having the advantages of easily tailored chemical
compositions, properties, and functions.>* ™" However, there is
still rarely a report of the protein adhesion on the chiral
nanostructures and the control of the chiral surface, which
could be very important in the application of the nanomaterials
in the biological systems.**™>

Supramolecular gel, in which small organic molecules self-
assembled into entangled nanostructures to immobilize the
solvents, has received increasing attention over the last few
decades due to many advantages in constructing biocompatible
materials or interfaces.**">* One advantage of the gel systems is
its easiness to fabricate the chiral nanostructures because many
chiral gelators are apt to form gels. The simple gelators were
known to form chiral nanostructures, which were controlled by
the chirality of the component molecules. Considering the fact
that biological molecules usually contain more than one chiral
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center, a question emerges as to which chiral center determines
the chirality of the whole nanostructures if opposite chiral
centers were introduced into the molecules.***” Then, how will
the formed nanostructures affect the protein adhesion?
Previously, we found that L-glutamide amphiphile is a good
gelator.**~** Moreover, when other moiety was introduced into
the structures of the L-glutamide, it can easily form gels. In this
study, enantiomeric pantolactone molecules were attached to L-
glutamide amphiphile as the terminal groups, and their self-
assembly and the chirality of the nanostructures were
investigated. It was found that the supramolecular chirality of
the formed gel nanofiber was controlled by the terminal group.
Then, the effect of the chirality of the nanofiber on the protein
adhesion was further investigated.

Various techniques have been used to observe the adhesion
and aggregation of biomolecules on the artificial surfaces.
Among them, quartz crystal microbalance (QCM) has been
widely exploited in the field of chemical and biological sensors
because of its many advantages, including intrinsic high
sensitivity, low cost, easy installation, and inherent ability to
monitor analysis in real time and at ambient temperature.*' ~*
With the merits of QCM, it can monitor the small mass
changes in real time on a sensor surface. It has the capacity of
providing unique information on liposome deposition and fate
on various surfaces, so it can record the differences between
two chiral enantiomers. Therefore, in recent years, QCM
technique has been widely applied in chiral sensing and
molecular recognition.'” By QCM, the adhesion of human
serum albumin (HSA) on the chiral nanostructures was
investigated. Other techniques such as atomic force micros-
copies (AFM), circular dichroism (CD) spectra, Fourier
transform infrared (FT-IR) spectra, and X-ray diffraction
(XRD) were all performed to characterize the basic chiral
nanostructures and their interactions with HSA. Finally,
molecular dynamics (MD) simulations of the interaction
between the gelator and protein molecules were used to
generate molecular structures consistent with the results from
the QCM experiments. These results offer an important
understanding of interactions between the chiral nanostructures
and biological entities.

B EXPERIMENTAL SECTION

Materials. Compounds p-pantolactone and L-pantolactone were
purchased from TCI and used as received. Solvents were purified and
dried according to standard methods. 'H NMR spectra were recorded
on a Bruker AV400 spectrometer in chloroform (CDCl;) using Me,Si
as internal standard. Mass spectra were determined with BEFLEXIII
for the matrix-assisted laser desorption ionization time-of-flight
(MALDI-TOF) mass spectrometry (MS) measurements. Elemental
analyses were performed on a Carlo-Erba-1106 instrument.

Synthesis of Gelator D(L)PLG. The synthesis of N,N’-bis-
(octadecyl)-L-glutamic diamide (LGAm) was reported previously.*®
The gelator molecules of DPLG and LPLG were synthesized as
follows.

Gelator DPLG. p-Pantolactone (0.15g, 1.15S mmol) and LGAm
(0.650g, 1.0 mmol) were mixed in a 25 mL flask. The mixture was
stirred at 95 °C for ~6 h. After that, the crude product was dissolved in
ethanol (10 mL) and poured into an aqueous saturated solution of
NaCl (300 mL). After filtration, the product was purified by
recrystallization in ethanol to give a white solid (0.68g, 89.2%). 'H
NMR (400 MHz, CDCLy, ppm): § = 7.60—7.63 (d, 1H), 6.85 (s, 1H),
5.72—5.90 (t, 1H), 4.38—4.43 (m, 1H), 3.99 (s, 1H), 3.45-3.55 (q,
2H), 3.20—3.26 (q, 4H), 1.99—2.40 (m, 4H), 1.49—1.60 (d, 4H), 1.25
(br, 60H), 0.98—1.04 (m, 6H), 0.86—0.89 (t, 6H). MALDL-TOF-MS
Calcd for C,;Hg3N;O5: 779.7. Found: 802.7 [M + Na]*. Anal. Calcd

for C,7Hy3N,O5: C 72.35, H 12.01, N 5.39. Found: C 71.71, H 11.64,
N 5.28%.

Gelator LPLG. ir-Pantolactone (0.15g, 1.15 mmol) and LGAm
(0.650g, 1.0 mmol) were mixed in a 25 mL flask. The mixture was
stirred at 95 °C for ~6 h. After that, the crude product was dissolved in
ethanol (10 mL) and poured into an aqueous saturated solution of
NaCl (300 mL). After filtration, the product was purified by
recrystallization in ethanol to give a white solid (0.65g, 85.3%). 'H
NMR (400 MHz, CDCl,, ppm): & = 7.81—7.84 (d, 1H), 6.82 (s, 1H),
5.87-5.92 (t, 1H), 4.38—4.45 (m, 1H), 4.01 (s, 1H), 3.49-3.51 (g,
2H), 3.22—3.24 (q, 4H), 2.10—2.38 (m, 4H), 1.49—1.60 (d, 4H), 1.2§
(br, 60H), 0.98—1.05 (m, 6H), 0.86—0.89 (t, 6H). MALDI-TOF-MS
Calcd for C,;Hg3N;O5: 779.7. Found: 802.7 [M + Na]*. Anal. Calcd
for C4;HysN;O4: C 7235, H 12,01, N $.39. Found: C 71.91, H 11.83,
N 5.30%.

Characterization. The gel formation and their properties were
characterized by a series of methods such as AFM; AFM images of the
samples were performed in ScanAsyst mode (Dimension FastScan
AFM equipped with a fast-scan scanner, Bruker). All the AFM images
are shown in height mode without any image processing except
flattening. Fourier transform infrared (FT-IR) spectra were recorded
on a Bruker Tensor 27 FT-IR spectrometer at room temperature. The
single-crystal silica plates were used for FT-IR spectral measurements.
UV—vis spectra were measured on a Hitachi U-3900 UV-—vis
spectrophotometer. The CD spectra were performed on a JASCO-
81S spectrometer. The 0.1 mm quartz cells were used for UV—vis and
CD measurements. XRD was conducted on a PANalytivcal Empyrean
with Cu Ke radiation (4 = 1.5406 A), which was operated at 40 kV, 40
mA.

QCM Experiment. A cleaned QCM resonator was immersed in a
gel of D(L)PLG (6 mg) in the mixed solvent (2 mL, Veganol/Viro =
9:1) for 2 h to produce a thin film on gold substrate. After that, it was
rinsed with deionized water sufficiently, dried by infrared lights, and
then immersed in a solution of HSA (0.5 mg/mL). The resonator was
taken out after 10 min and rinsed with deionized water to remove all
the possible impurities that were not adhered to the thin gelator film.
We repeated the above process every 10 min and continued for 1 h
and collected six data points. We recorded the increased weight every
time. As reference, we immersed the QCM resonator into D(L)PLG
(1.5 mg) ethanol solution (2.0 mL) to investigate the protein adhesion
on molecular surface.

MD Simulations. A 10 ns MD simulation of the complex was
carried out with the GROMACS 4.0 package using the GROMOS96
43al force field*”~* The topology parameters of HSA were created
using the GROMACS program. The topology parameters of gelator
molecule PLG were built by the Dundee PRODRG2.5 server (beta)
and revised. Then the complex was immersed in a cubic box of
extended simple point charge (SPC) water molecules. The solvated
system was neutralized by adding sodium ions in the simulation, and
the entire system was composed of 5882 atoms of HSA, 10 PLG
molecules, 14 Na* counterions, and different solvent atoms in DPLG
and LPLG systems.

B RESULTS AND DISCUSSION

Gel Formation. The gelation was performed in the mixed
solvents of EtOH/H,0 (v/v = 9:1) and confirmed by the
“stable to the inversion of a test tube” method. The
concentration of the gel was 3.9 mM. The gel can be fabricated
by two methods. One is by adding the gelator and mixed
solvents in a screw-capped sample tube and then heating to a
transparent solution. After the transparent solution was cooled
to room temperature, the gel was formed and confirmed by the
inverted test tube method, as shown in Figure 1B. In the other
method, we can first dissolve the gelator molecules into the
EtOH. The addition of water into the solution caused an
instant gelation.50 Because diffusion of the water into the
solvent in the instant gelation can cause some inhomogeneity,
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Figure 1. Molecular structure of the gelator D(L)PLG and two
different ways to get the gelation. Method A: The gelator molecules
were dissolved in the EtOH first (A;), and then the addition of water
into the solution caused an instant gelation (A,). Method B: The
gelator molecules were dissolved in the mixed solvents by heating, and
then the gel was formed after the transparent solution cooled to room
temperature.

we used the heating and cooling cycle to fabricate the gel in the
following experiments.

The morphology of the gels of DPLG and LPLG in EtOH/
H,O0 was investigated by AFM, as shown in Figure 2.

600.0 nm Height Sensor

Height Sensor

Figure 2. AFM images of (A) DPLG and (B) LPLG xerogels from
EtOH/H,0 (v/v = 9:1).

Disordered fibers were obtained for both DPLG and LPLG
xerogels. The nanofiber structures with a width of 110—150 nm
and a length of several micrometers were found for the DPLG
xerogels obtained from EtOH/H,O system, while the LPLG
has little differences with the nanofiber width of 70—100 nm.
Both of these two nanofibers were very slender, and some of
the fibers bundled together to form thick structures, which can
be seen from the AFM images.

To gain further insight into the structures of these two self-
assemblies, we performed XRD measurements. Figure 3A
shows the XRD patterns of the xerogels obtained from EtOH/
H,O. There were two diffraction peaks corresponding to the d
spacings of 3.68 and 1.84 nm. The d spacing ratio of 1:0.5 was
consistent with a lamellar structure. The length of 3.68 nm was
larger than the extended molecular length of D(L)PLG (3.2 nm
estimated from the CPK molecular model) but smaller than
twice the length, thus suggesting that the gelator molecules self-
assembled into a bilayer structure with interdigitated aliphatic
tails, in which the amide moieties organized into a well-defined
arrangement through strong hydrogen-bonding interactions,
and the head-groups exhibited intermolecular hydrogen-
bonding interactions with neighboring molecules, as illustrated
in Figure 3B.

>

Intensity / a.u.

Figure 3. (A) XRD patterns of DPLG and LPLG xerogels and (B) the
model for the gelator arrangements in the EtOH/H,O gel with an
interdigitated bilayer structure. The dashed line represents the
hydrogen bond.

Supramolecular Chirality of the Nanofibers. Because
these gelators have two chiral centers, we measured the CD
spectra to see if there is any difference in the chirality of the
gels, as shown in Figure 4. In solution, these compounds did
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Figure 4. CD and UV—vis spectra of (a) DPLG gel and (b) LPLG gel
in EtOH/H,0 (v/v = 9:1).

not show any CD signals (Figure S1, Supporting Information)
because the gelators did not form chiral supramolecular
structures. For the DPLG gel, a positive Cotton effect at 240
nm and a negative band at 226 nm with a crossover at 235 nm
were observed. For the LPLG gel, there was one negative
Cotton effect at 238 nm but with a broad band. This clearly
indicated that the terminal groups affect the chirality of the gels.
In the case of DPLG organogels, a positive supramolecular
chirality with exciton coupling was found, while the negative
one was observed at LPLG. Taking into account the
configuration of the DPLG or LPLG, the obvious difference
in supramolecular chirality was speculated as coming from the
terminal group of gelators. Moreover, a notable exciton
coupling of CD signals for DPLG indicated that the
intermolecular arrangement and interactions between DPLG
molecules were different from those of LPLG.

Protein Adsorption on the Gel Nanofibers. To gain the
insight of the formed chiral nanofibers on the protein adhesion,
QCM measurements were performed to detect the protein
adsorption. A series of surfaces with supramolecular architec-
tures were prepared, as illustrated in Figure S2 (Supporting
Information). The detailed steps were described in the
Experimental Section.

Figure S shows the time-dependent curves of AF on LPLG
and DPLG resonators using a flow of HSA solution (0.5 mg/
mL). Interestingly, a significant difference in HSA adsorption
on PLG supramolecular structures was observed. For the LPLG
nanofibers (Figure SA, curve b), an adsorption terrace appears
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Figure S. Time-dependent curves of frequency change in QCM experiments. (A) HSA molecules interacted with supramolecular assembly structure
(a, DPLG; b, LPLG) and (B) HSA molecules interacted with gelator molecules (c, DPLG; d, LPLG). (Inset) The adsorption model for the HSA

with (A) fibrous structure and (B) the gelator molecules.

at about 20 min, but for the DPLG system, there is no
adsorption terrace appearing after 20 min. On the contrary, the
adsorption continues to increase as time goes on. It clearly
shows that HSA exhibits a stronger adsorption on the DPLG
supramolecular structure than that on the LPLG, indicating that
the supramolecular chirality strongly influences the protein
adsorption dynamics. Compared with the supramolecular
structure (gel state), the same experiment was done with the
gelator molecules (solution state). As can be seen from the
curves in Figure S, there is an obvious difference between
supramolecular nanostructures and molecular systems. The
nanostructures of DPLG exhibit a stronger adsorption. The
network structure might provide more acting sides for HSA
molecules, as shown in the inset of Figure SA. There is almost
no obvious difference for protein adsorption on DPLG or
LPLG monomer surface (Figure SB), further supporting that
the supramolecular structure has a distinct effect on protein
adsorption.

Characterization of the Cogel System: Gelator and
HSA. To investigate the interaction between the gel
nanostructure and HSA, we followed various characterization
methods. Figure S3 (Supporting Information) shows the
corresponding AFM images of the Cogel. Compared to the
DPLG and LPLG in EtOH/H,O (Figure 2), the fibers in the
Cogel systems were very tenuous and aggregated together to
form a wide band. This indicated that the HSA can interact
with the gelator molecules and form the Cogel in EtOH/H,O0.
The belt formed in DPLG + HSA is a little wider than that in
LPLG + HSA, which is in agreement with the data of the QCM
part.

The FT-IR spectra were performed to investigate the
interaction between the HSA and the gelator molecules, as
shown in Figure 6. First, both the gels of DPLG and LPLG
showed strong vibration bands at 3293, 1642, and 1559 cm™,
which could be ascribed to the N—H vibrations of amide I and
amide II, respectively. This showed that the gelator molecules
form the gels with strong H-bond interactions. Upon reacting
with the protein HSA, there are slight changes and differences
in the FT-IR spectra. After interaction with the HSA, a broad
shoulder peak around 3500 cm™' was found in the DPLG—
HSA and LPLG—HSA assemblies, which can be also ascribed
to the H-bond formation between the HSA and gelator
molecules. This explicitly indicated that the HSA molecules can
be adhered to the gelator molecules with the help of H-bond.
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Figure 6. FT-IR spectra of the xerogels of (top to bottom) LPLG +
HSA, LPLG, DPLG + HSA, and DPLG.

For the LPLG, it displays a narrow spectral profile with a full
width half-maximum (fwhm) of ~250 cm™, and after
adsorption the HSA molecules, the fwhm changed to ~430
cm ™. In comparison, the fwhm of DPLG show ~285 and ~580
cm™! before and after adsorpted the HSA molecules,
respectively. These changes indicate that HSA molecules
interacted with gelators via the formation of H-bonds, leading
to the broadening of vibration band. In addition, a broadening
of the amide I peak was observed for DPLG—HSA, indicating
the DPLG nanostructure has good adsorption ability to the
HSA molecules. These results are in good accordance with the
QCM experiments.

The CD spectra of the supramolecular nanostructure after
protein adsorption were also taken (Figure 7). After the
xerogels of DPLG and LPLG immersed into the HSA solution
for 60 h, the adsorption peak at 220 nm increased more for
DPLG than that for LPLG xerogels. These results are in good
agreement with the QCM data shown above, and prove that the
DPLG supramolecular structure exhibited stronger adsorption
ability than LPLG.

B DISCUSSION

From the results above, we can conclude that the chiral
supramolecular structures exhibit enantioselective adhesion to
HSA molecules. The possible scheme of the enantioselective
recognition of nanostructures to HSA is shown in Figure 8A.
The gelator LPLG and DPLG molecules can self-assemble into
fiber structures in the mixed ethanol and H,O with a volume
ratio 9:1. During the formation of the fiber structure, the
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Figure 7. CD spectra of the xerogel of (A) LPLG and (B) DPLG (a)
before and (b) after immersion into the HSA solution for 60 h.
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Figure 8. (A) Different adhesion abilities of nanomaterials based on
HSA and gelator molecule interactions. (B) The final simulation
conformations of the HSA and gelator molecules (a) LPLG and (b)
DPLG. (Pictures generated with VMD,*! gelator molecules as CPK
model, and HSA as NewCartoon; (light blue) gelator molecules, (red
spheres) oxygen atoms in gelator molecules, and (yellow) HSA
molecules.)

intermolecular hydrogen-bonding interactions between the
amide group and hydroxyl group and the hydrophobic
interactions played important roles in bringing the gelator
molecules to align together. The XRD analysis of the
supramolecular gels showed that the gelator molecules self-
assembled into a bilayer structure with interdigitated aliphatic
tails. These supramolecular structures with different chirality
exhibited chiral recognition performance on the protein
adsorption process. This process can be verified by the QCM
experiments. With the help of hydrogen bonding and
hydrophobic interactions between the gelator and protein
molecules, the proteins exhibit a stronger adsorption on the
DPLG supramolecular structure than that of the LPLG.
Supramolecular chirality of the organogels is the chirality of
assembled aggregates transferred from molecular chirality. It is
related to the assembly model of gelator molecules. Therefore,
chirality is intrinsically present in gelator structure at both the
molecular and supramolecular levels, and it plays a decisive role
in the interaction with other biochemical species. To further
investigate and understand the interaction between the gelator
and HSA molecules, we further used molecular dynamics

calculations to simulate the molecular configurations of gelator
molecules and HSA molecules in an aqueous environment, in
which the GROMACS program was selected for the simulation.
Figure 8B shows the final simulation conformations of the HSA
and gelator molecules. In the LPLG/HSA system, after 10 ns
MD simulation, the gelator molecules can self-assemble into
some small clusters and re-adhere to the periphery of the HSA
molecule (Figure 8B,a). On the contrary, the DPLG molecules
can penetrate into the protein molecules. From Figure 8B,b we
can see some of the DPLG molecules can work closely together
with HSA molecule through the long chain entanglement. At a
molecular level, the chiral molecules showed slightly different
interactions with protein molecules. But such slight a difference
could not be detected in an ordinary way at a molecular level.
However, when they formed chiral nanostructures, such a
difference was significantly amplified, and we could detect them
clearly from CD spectra and QCM experiments. Because the
DPLG molecules have better ability to interact with HSA
molecules compared with LPLG, the supramolecular structures
of DPLG molecules could achieve more quality molecular
adsorption of HSA.

B CONCLUSION

In conclusion, two amphiphilic gelators bearing two chiral
centers were found to form organogels in the mixed solvents of
ethanol and water. They formed chiral nanofibers with the
opposite supramolecular chirality, in which the terminal group
determined the whole chirality of the nanofiber. The chiral
nanofibers showed different adhesion abilities of the protein,
and DPLG nanofiber exhibited stronger adsorption ability than
LPLG, which can be verified by QCM detection, CD spectral
measurements, and the molecular dynamics simulation. This
study demonstrated that enantiomers with different chirality
may show different interactions with the biological molecules,
and this difference can be significantly amplified upon forming
the chiral nanostructures with opposite chirality.

B ASSOCIATED CONTENT
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CD spectra of DPLG and LPLG solutions, preparation scheme
of QCM experiments, and AFM images of DPLG + HSA and
LPLG + HSA xerogels. This material is available free of charge
via the Internet at http://pubs.acs.org.
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