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ABSTRACT: We occasionally found that several self-
assembling peptides containing D-amino acids would be
preferentially enriched in cellular membranes at self-assembled
stages while distributed evenly in the cytoplasma of cells at
unassembled stages. Self-assembling peptides containing only
L-amino acids distributed evenly in cytoplasma of cells at both
self-assembled and unassembled stages. The self-assembling
peptides containing D-amino acids could therefore be applied
for engineering cell surface with peptides. More importantly,
by integrating a protein binding peptide (a PDZ domain
binding hexapeptide of WRESAI) with the self-assembling
peptide containing D-amino acids, protein could also be introduced to the cell surface. This study not only provided a novel
approach to engineer cell surface, but also highlighted the unusual properties and potential applications of self-assembling
peptides containing D-amino acids in regenerative medicine, drug delivery, and tissue engineering.
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■ INTRODUCTION

Self-assembling peptide-based materials have attracted intensive
research interests due to their good biocompatibility and
bioactivity, as well as their ease of design and synthesis.1−10

They have been widely used for three-dimensional (3D) cell
culture,11−13 drug delivery,14−19 analyte detection,20−26 cancer
cell inhibition,27−29 and regenerative medicine.30−32 Com-
monly, self-assembling peptide-based materials are made of L-
amino acids because nature only employs L-amino acids to
synthesize proteins in the human body. Recently, results
indicate that self-assembling D-peptides can possess unusual
properties over their L counterparts. The D-peptides can possess
improved in vivo stability due to the lack of digestion enzymes
to D-peptides in human. For instance, Xu and Zhang groups
have verified that the self-assembling nanofibers from D-
peptides can be resistant to the digestion of proteases.33−35

Besides, self-assembling materials consisting of D-amino acids
can improve the selectivity of therapeutic agents to their targets.
For example, Xu and co-workers found that the integration of
D-amino acids with a nonsteroid anti-inflammatory drug
(NSAID) can boost the selectivity of the NSAID to
cyclooxygenase-2 (COX-2) over COX-1.36 These pioneering
works highlight the unusual properties of D-peptides and offer a
novel strategy to design self-assembling peptide-based materials
with unusual bioactivities.
Recent studies also showed that self-assembling peptides

would interact with proteins or protein assemblies in cells and

could be selectively formed in certain cells, thus providing novel
strategies to manipulate the fate of cells.37−40 These studies will
also stimulate the research efforts to develop novel self-
assembling materials to achieve biological functions. On the
basis of these pioneering works, we opted to develop self-
assembling peptides with L- and D-amino acids and studied their
biological functions in cells. In this study, we occasionally find
that the utilization of D-amino acids in self-assembling peptides
will boost their cellular membrane localization. Although the
direct reasons for such observations remain elusive, these
discoveries can render many immediate applications, such as
cell surface engineering.

■ RESULTS AND DISCUSSION
In our initial design, we planned to image actin in cells by using
NBD-FFYGLKKTETQ (Scheme 1) because of the following
reasons: (1) many peptides with FF or FFY possessed excellent
self-assembly properties;4,11,41,42 (2) 4-nitro-2,1,3-benzoxadia-
zole (NBD) was an environment-sensitive fluorophore26,43 and
had been used by us as an aromatic capping group to generate
self-assembling peptides;44 and (3) the peptide of LKKTETQ
was an actin-binding domain of thymosin β-4 and β-10.45

Therefore, NBD-FFYGLKKTETQ might self-assemble into
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nanostructures that could bind to actin, resulting in the
perturbation of the dynamic of actin. To improve the stability
of the peptide in biological environments, we also designed and
synthesized the peptide of NBD-DFDFDYGLKKTETQ
(Scheme 1) containing D-amino acids.
The two pept ide s NBD-FFYGLKKTETQ and

NBD-DFDFDYGLKKTETQ were obtained by standard Fmoc
solid-phase peptide synthesis. The pure peptides were obtained
by reverse-phase high-performance liquid chromatography
(HPLC). We first tested the self-assembly properties of both
compounds. The negative-stained transmission electron mi-
croscopy (TEM) images indicated that both peptides could
form nanofibers at the concentration of 500 μM (Figure S1,
Supporting Information). They also possessed similar critical
micelle concentration (CMC) values (0.24 and 0.16 mg/mL for
NBD-FFYGLKKTETQ and NBD-DFDFDYGLKKTETQ, re-
spectively; Figure S2, Supporting Information). At higher
concentrations, both compounds would form molecular
hydrogels (Figure S3,Supporting Information). These observa-
tions suggested that they had similar self-assembly properties.
We then incubated mouse fibroblast NIH 3T3 cells with

NBD-FFYGLKKTETQ and NBD-DFDFDYGLKKTETQ at 500
μM each to investigate whether they could bind to actin or not.
Surprisingly, the confocal fluorescence microscopy images
showed a very different cellular distribution of both peptides.
As shown in Figure 1, NBD-FFYGLKKTETQ distributed
evenly in the whole cytoplasm of 3T3 cells (Figure 1A) but not
colocalized with actin filaments. This observation suggested
that the self-assembly property of the peptide would affect the
actin binding ability of LKKTETQ and it was not an ideal
candidate to image actin filaments. Surprisingly, we found that
NBD-DFDFDYGLKKTETQ preferentially localized on the cell
membrane (Figure 1B) at 4 h, suggesting that D-amino acid
might drive the membrane enrichment of the self-assembling
peptide. Furthermore, we observed similar phenomenon in
three other cell lines (in Figure 1, HepG2 cells in panels D and

E; HeLa cells in panels G and H; and AD293 cells in panels J
and K). These observations indicated that the membrane
localization of NBD-DFDFDYGLKKTETQ was not specific to a
certain kind of cell line. We therefore switched our project to
understand the phenomenon of different cellular distributions
of self-assembling peptides.
To rule out the role of actin binding peptide LKKTETQ, we

also synthesized NBD-DFDFDYGDLDKDKDTDEDTDQ with
whole D-amino acids. NBD-DFDFDYGDLDKDKDTDEDTDQ had
a similar self-assembly property to the aforementioned two
peptides (Figures S1−S3, Supporting Information). The images
in Figure 1C,F,I,L showed that the peptide with whole D-amino
acids was also enriched on the membranes of 3T3, HepG2,
HeLa, and AD293 cells, respectively. These observations
suggested that peptides containing D-amino acids could be
enriched on cell membranes. The MTT assay showed low
cytotoxicities of the three peptides at 500 μM to 3T3, HepG2,
HeLa, and AD293 cells, respectively (Figure S5, Supporting
Information). The membrane localization of peptides with D-
amino acids was quite stable. For instance, 3T3 cells treated
with 500 μM of NBD-DFDFDYGLKKTETQ also exhibited
bright yellow fluorescence on their membranes at 12 h (Figure
S6, Supporting Information).
We also studied the cellular distributions of the three

peptides at a concentration (100 μM) lower than their CMC
values. As shown in Figure S7, Supporting Information, the
results indicated that three peptides mainly localized in the
cytoplasma of both 3T3 and HeLa cells. These observations
indicated that the peptides of NBD-DFDFDYGLKKTETQ and
NBD-DFDFDYGDLDKDKDTDEDTDQ could be enriched on
cellular membranes only at their assembled stages. The results
in Figure S8 (Supporting Information) indicated that the
uptake of peptides were very different for the three peptides,
and there were no correlations between cellular uptake and
cellular distributions. We also changed the fluorescent aromatic
capping group of NBD to Rhodamine B to produce Rho-

Scheme 1. Chemical Structures of NBD-FFYLKKTETQ, NBD-DFDFDYLKKTETQ, and NBD-DFDFDYGDLDKDKDTDEDTDQ
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FFYGLKKTETQ, Rho -DFDFDYGLKKTETQ, and
Rho-DFDFDYGDLDKDKDTDEDTDQ (Scheme S1, Supporting
Information). The results in Figure S9 (Supporting Informa-
tion) indicated that the three peptides distributed evenly in the

cytoplasma of both 3T3 and HeLa cells at a concentration of
500 μM. Unlike NBD-capped peptides, Rho-capped ones
possessed poor self-assembly properties, and they formed
homogeneous solutions but not gels, even at a concentration of
1 wt % (5.3 mM; Figure S10, Supporting Information). These
observations further demonstrated the necessity of self-
assembled stage of the D-amino acid containing peptides to
their membrane enrichments.
To test whether the membrane enrichment of D-peptides was

ascribed from the LKKTETQ peptide sequence, we replaced
the actin binding LKKTETQ peptide with a PDZ domain
binding WRESAI peptide to afford NBD-FFYGWRESAI and
NBD-DFDFDYGWRESAI (Scheme 2). We also found that
NBD-DFDFDYGWRESAI was accumulated on the membranes
of both 3T3 (Figure 2A) and HepG2 (Figure 2D) cells, while

NBD-FFYGWRESAI was evenly distributed in the cytoplasm
of both 3T3 (Figure S11A, Supporting Information) and
HepG2 (Figure S11D, Supporting Information) cells at 4 h.

Figure 1. Confocal fluorescence images of (A−C) 3T3, (D−F)
HepG2, (G−I) HeLa, and (J−L) AD293 cells incubated with 500 μM
of (A, D, G, and J) NBD-FFYLKKTETQ, (B, E, H, and K)
NBD - D F D F D Y LKKTETQ , a n d ( C , F , I , a n d L )
NBD-DFDFDYGDLDKDKDTDEDTDQ at 4 h. Scale bars in panels A−L
represent 10 μm. Stock solution of peptide in PBS buffer (3 mM) at
pH 7.4 was diluted by DMEM to give a final concentration of 500 μM.

Scheme 2. Chemical Structures of NBD-FFYGWRESAI and NBD-DFDFDYGWRESAI

Figure 2. Co-localization of NBD-DFDFDYGWRESAI and RBITC-
Tip-1. Cells were incubated with peptide first for 4 h and then with
RBITC-Tip-1 for 10 min. (A−C) 3T3 cells and (D and E) HepG2
cells. (A and D) NBD excitated at 488 nm, (B and E) Rhodamine B
excitated at 561 nm, and (C and F) overlay images. Scale bars in
panels A−F represent 15 μm. Stock solution of peptide in PBS buffer
(3 mM) at pH 7.4 was diluted by DMEM to give a final concentration
of 500 μM.
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These observations further demonstrated that the peptides
containing D-amino acids would be enriched on cell
membranes. This property of D-amino acid containing peptides
suggested their great potential in cell surface engineering with
functional peptides. What we needed to point out was that the
membrane localization of NBD-DFDFDYGWRESAI was not as
stable as that of NBD-DFDFDYGLKKTETQ, and we observed
greater amounts of NBD-DFDFDYGWRESAI in the cytoplasm
of 3T3 cells at 12 h (Figure S12, Supporting Information).
Cell surface engineering was very important to camouflage

cells or introduce functionalities to cells.46−49 To demonstrate
the membrane localization of peptides and the accessibility of
WRESAI on cell membranea, we obtained a PDZ domain of
tax-interacting protein-1 (Tip-1) by expression of it in
Escherichia coli and labeled it with a Rhodamine B
isothiocyanate (RBITC) to yield the RBITC-Tip-1 (Figure
S13, Supporting Information). Tip-1 would bind to the hexa-
peptide WRESAI very tightly (Kd of about 6.5 nM).50 It is
noteworthy that free Tip-1 protein is difficult to penetrate into
cells. We therefore could use the RBITC-Tip-1 to demonstrate
the membrane localization and the accessibility of the hexa-
peptide of WRESAI. We pretreated 3T3 and HepG2 cells with
NBD-DFDFDYGWRESAI and incubated them with RBITC-Tip-
1. As shown in Figure 2B,E, we observed bright red
fluorescence from RBITC-Tip-1 on the membrane of both
3T3 and HepG2 cells pretreated with NBD-DFDFDYGWRESAI.
Additionally, the red fluorescence was colocalized well with the
green fluorescence from NBD (Figure 2C,F). In comparison,
upon the incubation of L-peptides (NBD-FFYGWRESAI)
pretreated 3T3 and HepG2 cells with RBITC-Tip-1,
respectively, we only observed green fluorescence from the L-
peptides in cytoplasm and nearly no red fluorescence from the
RBITC-Tip-1 (Figure S11, Supporting Information). These
observations clearly demonstrated the membrane localization of
NBD-DFDFDYGWRESAI and the accessibility of WRESAI on
the cell membrane. These observations also suggested that, by
using NBD-DFDFDYGWRESAI to first modify the cell surface
and then treating with genetically engineered recombinant
proteins based on Tip-1, we could introduce functional proteins
to the cell surface.
We proposed a possible mechanism for the membrane

enrichment of peptides containing D-amino acids (Figure 3).
The conformations of peptides containing D-amino acids were
nearly opposite to those of peptides containing only L-amino
acids (Figure S14, Supporting Information). For example, the

CD signal of NBD-DFDFDYGLKKTETQ was almost opposite
to that of NBD-FFYGLKKTETQ, while CD signals of
NBD-DFDFDYGLKKTETQ and NBD-DFDFDYGDLDKDKDT-
DEDTDQ were similar (Figure S14, Supporting Information).
Self-assembling L-peptides had been demonstrated to be able to
form a 1:1 ratio complex with their D counterparts.51 The
nanofibers of peptides containing D-amino acids in our study
might therefore interact with membrane proteins in a more
stable way because proteins were consisted of only L-amino
a c i d s . B e c au s e t h e membr ane l o c a l i z a t i on o f
NBD-DFDFDYGLKKTETQ was more stable than that of
NBD-DFDFDYGWRESAI and the former was more positively
charged than the latter, we proposed that our peptides could
also attach to negatively charged phospholipids by electrostatic
interactions. These possible interactions might lead to the
membrane enrichment of peptides containing D-amino acids.
These possible interactions led to the membrane enrichment of
peptides containing D-amino acids. However, the detailed
mechanisms for membrane enrichment, cellular distribution of
other peptides containing D-amino acids, and cellular
distribution of peptides in other cell lines need to be
investigated in future studies. There should be many factors
that would affect the cellular distributions of peptides.

■ CONCLUSIONS

Recently, Xu and co-workers showed that D-peptides can
selectively form supramolecular nanofibers and hydrogels at
pericellular spaces, thus inhibiting cancer cells.52 Stupp and co-
workers developed smart supramolecular materials to instruct
cell fates by varying the cohesive forces within nanofibers of
supramolecular materials.40 In this study, we found that self-
assembling peptides containing D-amino acids can be enriched
on cell membranes and demonstrated the possibility of using
such D-amino acid-based peptides to engineer cell surfaces with
functional peptides or proteins. These observations indicate
that many factors will affect the cellular distributions of
peptides, including the chirality of amino acids, conformation
and sequence of the peptides, net charge of the peptide, and
aromatic capping groups. We believe that we have provided a
novel and versatile strategy to engineer cell surfaces, which will
be very useful for cell therapy. Our study also highlighted the
unusual property of D-peptides, which will stimulate the
research interests to develop biomaterials of D-peptides for
tissue engineering, drug delivery, and regenerative medicine.
Our future studies will focus on the investigation of

Figure 3. Schematic illustration of the proposed mechanism for the membrane enrichment of peptides containing D-amino acids.
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mechanisms of cellular membrane enrichment of peptides
containing D-amino acids and their applications in cell therapy.

■ EXPERIMENTAL SECTION
Materials. Fmoc-OSu and other Fmoc-amino acids were obtained

from GL Biochem (Shanghai), Ltd. 2-Chlorotrityl chloride resin (1.0−
1.2 mmol/g) was obtained from Nankai University Resin Co., Ltd.
Chemical reagents and solvents were obtained from Alfa (China) and
used as received. Paraformaldehyde was obtained from Beijing
Solarbio Science & Technology Co., Ltd. Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), and penicillin/
streptomycin were purchased from Gibco Corporation.
General Methods. Compounds were characterized by 1H NMR

(Bruker ARX-400) using DMSO-d6 as the solvent. HPLC was
conducted by a LUMTECH HPLC (Germany) system using a C18 RP
column with MeOH (0.05% of TFA) and water (0.05% of TFA) as the
eluents. LC−MS was performed by an LCMS-20AD (Shimadzu)
system. HR-MS was obtained with the Agilent 6520 Q-TOF LC/MS
using ESI-L low-concentration tuning mix (Lot No. LB60116 from
Agilent Tech.).
Critical Micelle Concentration. The CMC values were determined

by dynamic light scattering (DLS). Solutions containing different
concentrations of peptides were first incubated in the tube for 12 h,
200 μL of each different concentration of compound was put into a
cuvette, and the light scattering intensity was recorded for each
concentration analyzed. DLS was performed on a laser light scattering
spectrometer (BI-200SM) equipped with a digital correlator (BI-
9000AT) at 532 nm at room temperature (22−25 °C).
Cell Culture. The 3T3, HepG2, HeLa, AD293 cells were maintained

in our lab. Cells were cultured in DMEM supplemented with 10% v
FBS and 100 U/mL penicillin/streptomycin at 37 °C in a humidified
atmosphere of 5% CO2.
Negative Staining for TEM Image. We followed these steps to

prepare samples for TEM imaging:
(1) Sample solution was placed on the grid (3 μL, sufficient to

cover the grid surface).
(2) Rinsing: about 10 s later, we placed a drop of the ddH2O on

parafilm, letting the grid touch the water drop, with the sample-loaded
surface facing the parafilm. We tilted the grid and gently absorbed
water from the edge of the grid using a filter paper sliver. (3 times)
(3) Staining (immediately after rinsing): we placed a large drop of

the uranyl acetate (UA) staining solution on parafilm, letting the grid
touch the stain solution drop, with the sample-loaded surface facing
the parafilm. We tilted the grid and gently absorbed the stain solution
from the edge of the grid using a filter paper sliver.
(4) We allowed the grid to air dry and examined the grid as soon as

possible.
Cytotoxicity Evaluation of the Compounds. The cytotoxicity of

different compounds was measured by MTT cell viability test. The
cells were seeded in 96-well plates at a density of 5000 cells per well
with a total medium volume of 100 μL and incubated for 24 h. Then,
the solution was removed, and we added 100 μL of DMEM medium
containing 500 μM compounds. Twenty-four hours later, we replaced
the medium with fresh medium supplemented with 15 μL of MTT
reagent (5 mg/mL). Four hours later, the medium containing MTT
was removed, and DMSO (100 μL/well) was added to dissolve the
formazan crystals. The optical density of the solution was measured at
490 nm using a microplate reader (Bio-RAD iMark, Hercules, CA).
Cells without the treatment of the compounds were used as the
control. The experiment was repeated three times.
Confocal Fluorescence Images. Different cells were first placed in

24-well plates (coverslips were first put into the well plates) at a
density of 1 × 105 cells/mL and cultured in DMEM supplemented
with 10% FBS, 100 U/ml penicillin, and 100 mg/mL streptomycin for
12 h to allow cell attachment. Then, the cells were washed three times
with PBS buffer, and we added 500 μL of DMEM solution that
contained 500 μM of compound. Four hours later, we removed the
solution and washed three times with PBS buffer, fixed for 20 min in
4% PBS buffered paraformaldehyde, and then washed twice with PBS

buffer, then put coverslip carefully on the glass slide. Cell imaging tests
were conducted on Leica TSC SP8 Confocal Microscope. Images were
captured with CFI VC 40× oil immersed optics.

Preparation of RBITC-Conjugated Tip-1. RBITC contains an
ITC(NCS) group, which is a reactive group commonly used to
conjugate with the primary amines of proteins. First, Tip-1 (16 mg)
was dissolved in pH 9 K2CO3 (2 mM, 30 mL) solution, where the
target amine groups in Tip-1 were mainly unprotonated. We dissolved
3.5 mg of RBITC in 20 μL of anhydrous dimethyl sulfoxide (DMSO).
A 10 μL of freshly prepared RBITC solution was added to the as-
prepared Tip-1 solution to give a reaction ratio of 5 RBITC per each
Tip-1. The mixture was shaken at 4 °C for 8 h. The unreacted RBITC
was removed by dialysis. The products were measured by fluorescence
spectroscopy and SDS-PAGE.
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