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The use of peptide amphiphiles (PAs) is becoming increasingly popular, not only because of their unique
self-assembly properties but also due to the versatility of designs, allowing biological responsiveness,
biocompatibility, and easy synthesis, which could potentially contribute to new drug design and disease
treatment concepts. Oligonucleotides, another major functional bio-macromolecule class, have been
introduced recently as new functional building blocks into PAs, further enriching the tools available for
the fabrication of bio-functional PAs. Taking advantage of this, in the present work, two nucleic base-
linked (adenine, A and thymine, T) RGD-rich peptide amphiphiles (NPAs) containing the fluorophores
naphthalimide and rhodamine (Nph-A and Rh-T) were designed and synthesized. The two NPAs exhibit
distinctive assembly behaviours with spherical (Rh-T) and fibrous (Nph-A) morphologies, and mixing
Nph-A with Rh-T leads to a densely crosslinked colloidal network (Nph-A/Rh-T) via mutually promoted
supramolecular polymerization via nucleation-growth assembly. Because of the RGD-rich sequences in
the crosslinked network, further research on in situ targeted cancer cell (MDA-MB-231) encapsulation via
RGD-integrin recognition was performed, and the modulation of cell behaviours (e.g., cell viability and
migration) was demonstrated using both confocal laser scanning microscopy (CLSM) imaging and

rsc.li/chemical-science a scratch wound healing assay.

Introduction

Peptide amphiphiles (PAs) are remarkably versatile and useful
as building blocks for the construction of complex supramo-
lecular structures using a bottom-up model.* To date, diversi-
fied supramolecular assembly strategies have been reported*
and proven to be promising and powerful methods for
biomedical materials with applications as antimicrobial
agents,® in cancer therapy,” and in regenerative medicine.’
Among the available assembly methods, the nucleation-growth
mechanism is considered as one of the most promising strat-
egies, because it allows the control of the self-assembly shape
and the function of the peptides. In 2012, two PAs were
designed to explore the growth mechanism of peptide amphi-
philes in the presence of early formed spherical micelles.® More
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recently, Cui et al. took advantage of a small hydrophobic
molecule, paclitaxel (PTX), as an effective promoter to induce
nanofibre formation and elongation of a peptide-PTX conju-
gate.” Based on this mechanism, many attempts have been
made to design stimuli-responsive peptide sequences and
expand the scope of PA self-assembly in bio-applications. For
example, peptides can be modified with enzyme-activated
substrates that can perform spontaneous intracellular self-
assembly upon interaction with specific enzymes, thus
leading to cyto- or organelle-dysfunction.®® This in situ nano-
drug preparation strategy is now widely used as an efficient,
targeted theranostic approach for cancer cells,’ and can be
applied to other tumour-related stimuli like micro-
environments (e.g., hypoxia, pH)™" and small molecule
metabolites (e.g., ATP)." Moreover, the enzyme-activated intra-
cellular colloidal formation can also act as a “nanoreactor” to
facilitate in situ drug release and overcome the obstacle of
inefficient dosing due to the relatively low concentration of drug
uptake.*

Recently, nucleic bases have been introduced as new func-
tional building blocks into the PAs,® due to their diverse
stimuli-responsiveness (e.g., high affinity with oligonucleo-
tides,” multiple hydrogen bonding in duplexes/triplexes,'®
metal ion coordination,' pH/photo-responsiveness®’) as well as
good biocompatibility and biodegradability.”* The design and
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fabrication of nucleic based tethered PAs are thus enriched.
Inspired by this, herein two nucleic base-linked (adenine, A and
thymine, T) peptide amphiphiles (NPAs) containing the
integrin-targeted RGD sequences were designed and synthe-
sized (Fig. 1a). The two NPAs self-assemble into either spherical
or fibrous nanostructures, whereas the mixture of these two
NPAs (1:1) leads to a distinctive, mutually promoted supra-
molecular polymerization by a nucleation-growth assembly,
resulting in the formation of a well-structured, densely cross-
linked colloidal network. Taking advantages of the crosslinking
peptide network and the integrin-targeted feature of the RGD
sequences, an in situ “bottom-up” encapsulation of the targeted
cancer cells (e.g., MDA-MB-231, a triple negative breast cancer
cell line that overexpresses integrin receptors) upon easy mixing
of NPAs is achieved in this work (Fig. 1b). Different from the
previously mentioned intracellular self-assembly approach, the
NPA “capsule” directly interacts with receptors on the targeted
MDA-MB-231 cytomembrane and may disturb the cellular mass
and signal exchanges (e.g., nutrient, metabolite or waste)
between the cell and the surrounding micro-environment, thus
imposing a negative effect on the cell stability and activity.”* As
a result, the viability and migration capability of the MDA-MB-
231 cell line used are significantly affected by the crosslinked
NPAs co-assembled on the cytomembrane, and thus, providing
a new strategy for targeted cancer therapy.

Results and discussion

Molecular design

The two NPAs, adenine-RGDFFK-Nph (Nph-A) and thymine-
RGDFFK-Rh (Rh-T), were designed and contained three
regions. Region 1 is the nucleic base (A or T), which can
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enhance the intermolecular interactions with the help of
hydrogen bonding. Region 2 is a short peptide (RGDFF), of
which the RGD sequence is expected to increase the uptake of
the peptides by the cancer cells vie a mutual recognition
mechanism with the integrin receptor. The diphenylalanine
peptide (.-Phe-1-Phe, FF) is generally considered as the simplest
peptide building block for self-assembly, and which has been
demonstrated to self-assemble into well-ordered tubular struc-
tures with a long persistence length (~100 pm) by a combina-
tion of hydrogen bonding and m-m stacking of the aromatic
residues.”® Region 3 is the fluorophore of naphthalimide or
rhodamine (Nph/Rh) with the lysine (K) link. The different
geometry and m-7 stacking interactions of the fluorophores
together with the hydrogen-bonding of the peptide sequence FF
determine the self-assembly types of the peptide amphiphiles
Nph-A and Rh-T (Fig. 1a and S1-S3, ESI}).** According to the
reported general procedure, both peptides, Nph-A and Rh-T,
were synthesized using a manual Fmoc solid-phase peptide
synthesis (SPPS) method, and were isolated by preparative
HPLC on a reversed-phase C18 column with a 98.3%, and 98.5%
purity and a 19.8%, and 20.6% in yield, respectively. The
structures of both compounds were confirmed by analytical
HPLC and mass spectrometry (Fig. S4-S6, ESIT).

Self-assembly of Nph-A and Rh-T

To investigate the self-assembly behaviour of the designed
NPAs, Nph-A and Rh-T were all pre-treated in hexa-
fluoroisopropanol (HFIP) to eliminate any pre-existing aggre-
gates.”> All HFIP treated samples were vacuum dried using
a rotary evaporator, followed by addition of a Tris buffered
saline buffer solution (TBS) to promote the formation of
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discrete nanostructures. After 2 h of incubation, all the assem-
bled nanostructures were imaged by transmission electron
microscopy (TEM) to characterize their morphologies and
dimensions. As shown in Fig. S7a (ESIf), Nph-A revealed
a fibrous structure with uniform diameters of 10-15 nm
(Fig. S8a, ESIT) and lengths reaching the micrometer-scale. In
contrast, peptide Rh-T showed a spherical shaped aggregation
with diameters of 20-40 nm (Fig. S7b and S8b, ESIt). The self-
assembly behaviours of the peptides were further examined by
dynamic light scattering (DLS, Fig. S9a, ESIT). The Nph-A and
Rh-T formed different sized aggregations with diameters of
426 nm and 58 nm in a monomodal size distribution in TBS
(50 mM Tris, pH 7.4, 25 °C), respectively. The differences in
diameters and assembly structures might be due to the different
hydrophobic groups/fluorophores (Region 3) linked to the
peptide sequences. According to a molecular simulation study
by Velichko®® and Manandhar,” the assembly of a classic B-
sheet-containing peptide amphiphile in aqueous solution can
undergo two distinct pathways for the formation of supramo-
lecular polymers, depending on the strength of hydrogen
bonding relative to the interactions between the hydrophobic
units. In the regime where hydrophobic interactions dominate,
micellar aggregates are first formed, followed by the formation
of hydrogen bonding in the periphery that eventually results in
supramolecular polymeric growth. Thus, the extended 7 system
and rigid planar structures of the 1,8-naphthalimide derivatives
were beneficial to forming a co-facial structure, which leads to
the nanostructure of the nanofibers. However, rhodamine's
nonplanar configuration resulted in a different assembly
morphology of the nanosphere.?®

The secondary structures of the Nph-A and Rh-T assemblies
were further characterized using circular dichroism (CD) and
Fourier transform infrared (FTIR) spectroscopies. The CD
spectrum of Nph-A showed a maximum peak at 200 nm and
a minimum peak at 217 nm in TBS, which was characteristic of
the formation of a twisted B-sheet structure (Fig. 1c).>>*°
Whereas the spherical Rh-T assembly did not display charac-
teristic signals on the CD spectra, indicating its isotropic
feature. The FTIR spectrum of Nph-A showed a strong band at
1637 cm ™' and a weak signal at 1550-1600 cm ™', which are
typical signals of an antiparallel B-sheet.>* In contrast, Rh-T
showed a broad peak at 1647 cm™ "', which is due to amide I
absorption and the sharp peak at 1200-1250 cm™* indicated
a randomly coiled structure (Fig. S9b, ESI}).*

Crosslinking of Nph-A and Rh-T

Although individual Nph-A self-assembles into nanofibers and
Rh-T self-assembles into spherical form, interestingly, the
equivalent mixture of Nph-A and Rh-T (10 puM for each) unex-
pectedly led to a formation of a crosslinked fibril network with
a uniform diameter of 8 nm and lengths reaching the
micrometer-scale (Fig. S7c and S8c, ESIf). The DLS results
showed a higher degree of NPA aggregation after the mixing of
Nph-A and Rh-T. A double-modal size distribution appeared,
which was consistent with the TEM results, indicating
a possible crosslinking between Nph-A and Rh-T (Fig. S9a,
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ESIT). From the CD spectra, it can be assumed that the mixture
assembled into highly oriented chiral structures via a stronger
B-sheet formation that led to both an increased positive peak at
190 nm and a negative peak at 205 nm. The negative peak at
218 nm could be attributed to the - stacking of the aromatic
side chains FF and to the distortion of the B-sheets, which was
also much stronger than the Nph-A assembly alone (Fig. 1¢).** A
weak peak at around 260-280 nm revealed the existence of the
helical stacking of adenine and thymine. Fluorescence emission
spectroscopy was also performed to check the Forster resonance
energy transfer (FRET) between the naphthalimide in Nph-A
and the rhodamine in Rh-T. The Nph-A and Rh-T showed
remarkable fluorescence at 527 nm and 589 nm in TBS,
respectively. The fluorescence intensity of the Nph-A/Rh-T
mixture (from 4 :1 to 1:4) showed a decrease at 527 nm and
a subsequent increase at 589 nm (Fig. 1d), which demonstrated
the efficient FRET between the naphthalimide in Nph-A and the
rhodamine in Rh-T. This result provides more evidence for the
crosslinking of Nph-A and Rh-T because the efficient FRET can
be attributed to the shortened distance between the two fluo-
rophores. The freeze-dried Nph-A/Rh-T were also characterized
by scanning electron microscopy (SEM) and porous micro-
structures were observed, a typical hydrogel-like structure
previously reported for other supramolecular hydrogels
(Fig. S10, ESIf),**** demonstrating again the crosslinking
feature of Nph-A/Rh-T.

It was speculated that the peptide self-assembly as well as
hydrogen bonding from the nucleic bases might induce the
crosslinking of Nph-A/Rh-T. The two aromatic peptides were
blended to form a hydrophobic area, together with phenylala-
nine. At the same time, adenine and thymine formed an addi-
tional hydrogen bonding based on the complementary pairing,
further strengthening the crosslinking between the peptide
monomers. As previously reported, Shimada et al. observed the
formation of spherical micelles as a precursor morphology prior
to their elongation into long filamentous structures.*® In this
research, it is hypothesized that the crosslinking was promoted
by enhanced hydrogen binding between two NPAs. The
assembled Rh-T spherical micelles as the precursor morphology
promoted the extension of the assembled Nph-A, which lead to
the formation of the fiber network.

In order to investigate the role of nucleic bases in supra-
molecular self-assembly, a control peptide was further synthe-
sized with thymine replacing adenine as Nph-T (Fig. S3, ESI{).
The TEM image shows that Nph-T itself forms nanofibers with
diameters of 14-16 nm and lengths in the micron range, similar
to that of Nph-A (Fig. S7d, ESI{). Yet, no crosslinked network
was observed when mixing Nph-T with Rh-T (molar ratio of
1:1, 10 pM, Fig. S7e, ESIf). To determine the optimized
assembly ratio, a series of Nph-A/Rh-T mixtures with ratios of
4:1 to 1:2 were prepared (aged for 2 h) for examining the
crosslinking performances of these two NPAs. At all ratios, the
TEM images exhibited a long fiber network with diameters of ca.
6-8 nm. As the amount of Rh-T increased, the density of the
fiber network increased and a densely crosslinked fiber network
was observed when the ratio was increased to 1 : 1 (Fig. 2a-d).
The morphology and network density did not vary obviously
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Fig. 2 Transmission electron microscopy (TEM) images of the
assemblies of mixtures with different molar ratios of Nph-A/Rh-T: (a)

4:1,0)2:L(c)4:3,(d)1:1 (e)2:3,and (f) 1:2 (Nph-A =10 uM).
Scale bar = 100 nm.

when the amount of Rh-T was further increased (Fig. 2e and f).
Therefore, an equal ratio of the Nph-A/Rh-T mixture was
selected for further applications in in situ cell encapsulation.

Cellular uptake and encapsulation

As an important member of the integrin family, the adhesion
molecule avB3 has been widely investigated for use in tumour
imaging and therapy because of its pivotal roles in tumour
proliferation and metastasis. In particular, due to its upregu-
lated expression in proliferating tumour cells compared to
normal cells with a low avf3 expression, integrin avp3 has been
identified as an ideal therapeutic target for tumour therapy. The
peptide ligands containing the RGD motif, which shows
a strong binding affinity and selectivity to integrin avf3, have
been employed as tumour-homing ligands for integrin targeted
therapeutic applications.

In this work, it was assumed that the densely crosslinked
network of Nph-A/Rh-T together with the RGD-rich feature
might form a peptide “cocoon” that encapsulated the avf3-
overexpressed tumour cells. To verify the hypothesis, the in situ
cell encapsulation performances of the Nph-A/Rh-T network
were investigated by confocal laser scanning microscopy
(CLSM) after incubation with two cell lines of MDA-MB-231
(human breast cancer cell that overexpress the integrin avp3
(ref. 37)) and HeLa (human cervical carcinoma that has limited
integrin avB3 expression®®). After incubation with RGD-rich Rh-
T for 2.5 h, both avp3-positive MDA-MB-231 cells and avf33-
negative HeLa cell lines exhibited a red fluorescence in cyto-
plasm, which was probably due to the internationalization of
the nanoparticle-sized Rh-T assembly through the lysosomal
pathway (Fig. S11a-d and S12a-d, ESI}).* Both cell lines treated
with Nph-A showed a negligible green fluorescence, which
might be attributed to the fibrous morphology of Nph-A that
was unfavorable for cell uptake (Fig. S11e-h and S12e-h, ESIt).
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Interestingly, the MDA-MB-231 cells incubated with Nph-A/
Rh-T exhibited an obviously enhanced red fluorescence of
rhodamine along the outline of the cells rather than in the
cytoplasm (Fig. S11i-1, ESIt), when compared with use of Rh-T
alone. This might indicate the possible interactions between
the overexpressed integrin avfB3 on the cytomembrane of MDA-
MB-231 cells and the RGD-rich Nph-A/Rh-T networks that lead
to their encapsulation on the cell surface. Conversely, no
obvious sign of cell encapsulation was detected in HeLa cells, as
the red rhodamine fluorescence was mainly observed in the
cytoplasm (Fig. S12i-l, ESI}), similar to the case shown in
Fig. S12a-d (ESI}). The sharp difference of the encapsulation
performance on HeLa cells might be attributed to the limited
expression of the integrin avp3 receptor on the HeLa cell
membrane.

To further identify the Nph-A/Rh-T network with RGD
sequence formed encapsulation on the cell surface of the MDA-
MB-231 cells, the cytomembrane was stained with DiD
(DiIC;4(5), Biotium), a commercially available membrane-
staining dye, and performed the colocalization imaging of the
co-stained cell surface (Fig. 3 and S13, ESIf). As shown in
Fig. 3e-h and S13e-h (ESI}), the cells treated with Nph-A/Rh-T
exhibited red rhodamine fluorescence that overlapped well with
the fluorescence of the cytomembrane stain DiD, indicating the
formation of crosslinked peptide capsules on the cell surface.
Conversely, colocalization of fluorescence between rhodamine
and DiD was not observed when the cells were incubated with
Rh-T alone (Fig. 3a-d and S13a-d, ESIf) or non-crosslinked
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Fig. 3 Confocal fluorescence images of (a—d) MDA-MB-231 cells
incubated with Rh-T (10 uM) and stained with DiD (20 uM); and (e—h)
MDA-MB-231 cells incubated with Nph-A/Rh-T (1 : 1, Nph-A = 10 uM
and Rh-T = 10 puM) and stained with DiD (20 uM). 3D confocal images
of channel 1 (red) of the MDA-MB-231 cells incubated with (i-m) Nph-
A/Rh-T (1: 1, Nph-A =10 puM and Rh-T = 10 pM) and (n—r) Rh-T (= 20
uM). Scanned from bottom to top. Channel DiD: excitation: 640 nm,
emission collected: 663-738 nm. Channel 1 for Rh-T: excitation:
561 nm, emission collected: 570-620 nm. Scale bar: 10 um.
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Nph-T/Rh-T (Fig. S13i-1, ESIY), further proving the crucial role of
the crosslinked Nph-A/Rh-T network on the efficient cell
encapsulation.

Next, the 3D confocal imaging of MDA-MB-231 cell with Nph-
A/Rh-T was performed. The bright red circle of fluorescence,
whose diameter gradually shrank when the cell was scanned
from bottom to top, showed the spatial encapsulation of the
MDA-MB-231 cell (Fig. 3i-m). As a control experiment, cells
were cultured with Rh-T alone (Fig. 3n-1) and a bright mass of
red fluorescence with an unclear outline was observed instead.
These results demonstrated that the Nph-A/Rh-T network was
able to specifically attach onto the cell surface and it prevented
itself from being endocytosed into the cytoplasm.

Cell viability and migration assays

To examine whether the cell encapsulation with the Nph-A/Rh-T
network could affect the cell behaviours of avp3-positive MDA-
MB-231, e.g., viability and migration, the CCK-8 and scratch
wound healing assays were investigated. Firstly, as revealed by
the CCK-8 assay, the MDA-MB-231 cells cultured with Rh-T (0-
50 uM) showed good viabilities of over 90% after 24 h incuba-
tion (Fig. 4a). The MDA-MB-231 cells cultured with Nph-A (0-50
uM) also showed good viability, although a little lower than that
of Rh-T at high concentrations. This difference might be
attributed to the potential cytotoxicity of the fibrous Nph-A
assembly attached to the cytomembrane in high concentra-
tions.?” These results provide evidence that neither Rh-T or Nph-
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A would affect the cell viability. The crosslinked Nph-A/Rh-T,
however, exhibited a significant impact on the viability of the
MDA-MB-231 cells viability (45.6%) when reaching a concen-
tration of 12.5 pM. It was assumed that the encapsulation of
MDA-MB-231 cells via RGD-avf3 recognition of the crosslinking
networks composed of Nph-A/Rh-T could hamper materials
(nutrients and metabolites) and signal transportation between
the cells and the surrounding micro-environment, which leads
to the decreased cell viability. To further confirm that the RGD-
avP3 recognition is responsible for the observed cell inhibition,
the MDA-MB-231 cells were pre-treated with the avB3 inhibitor
(cilengitide, Cil) before incubation with Nph-A/Rh-T. In sharp
contrast, the cells successively treated with Cil and Nph-A/Rh-T
showed limited cell inhibition even at a high Nph-A/Rh-T
concentrations, indicating that the interaction between the
avB3 and RGD-containing peptides facilitated the cell encap-
sulation by ovB3 recognition (Fig. 4a). Moreover, control
experiments were also performed on the HeLa cell line, which
had limited avB3 expression. The CCK-8 assay exhibited similar
cell viability (80-90%) upon treatment with Rh-T, Nph-A and
Nph-A/Rh-T, in different concentrations (Fig. S14a, ESI), indi-
cating the negligible inhibition effects of the Nph-A/Rh-T
crosslinked network on the HeLa cells, on account of inefficient
encapsulation.

The inhibitory action on cell migration was further evaluated
using a scratch wound healing assay. As shown in Fig. 4b, the
scratched cell “wound” was photographed at 0 and 24 h before
and after various treatments. It was clearly seen that the control

Rh-T

Rh-T+Cil Nph-A+Cil

Nph-A/Rh-T+Cil

(a) Results of the CCK-8 assay of MDA-MB-231 cells incubated with Rh-T, Nph-A, and Nph-A/Rh-T (1 : 1) at various concentrations (0 uM,

6.25 uM, 12.5 uM, 25 uM, and 50 puM). (b) Results of the scratch wound healing assays of MDA-MB-231 cells with Rh-T (12.5 uM), Nph-A (12.5 uM),
and Nph-A/Rh-T (1: 1, 12.5 uM) with and without cilengitide (Cil, 40 pM). (c) Quantification of the migration rates of cells (%). ns = 0.05, ***p <

0.001, ****p < 0.0001.
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MDA-MB-231 cells had a nearly healed “wound” after 24 h
incubation, whereas the wound closure was inhibited by
different amounts after Rh-T, Nph-A and Nph-A/Rh-T treat-
ments for 24 h, and Nph-A/Rh-T showed the highest inhibition.
However, pre-treatment of the cells by an avp3 inhibitor (cil-
engitide, Cil) before the treatments showed similar wound
closures after 24 h, suggesting that avp3 recognition played
a crucial role in cell migration. To quantify the inhibition of cell
migration, the wound area was determined and the average
migration rate of the cells was calculated.*® As shown in Fig. 4c,
the cell migration speed of the control group was 63.0%. After
treatments for 24 h, the cell migration speed of the Rh-T, Nph-A
and Nph-A/Rh-T groups decreased to 59.0%, 51.5%, and 15.7%,
respectively, and the cells pre-treated with Cil showed no
significant difference to the control cells. The same experiments
were also carried out using HeLa cell lines (Fig. S14b and c,
ESIT). As expected, no evident inhibitory effects were discovered
when treating the HeLa cells with Rh-T (26.7%), Nph-A (26.6%)
and Nph-A/Rh-T (27.6%) for 24 h, when compared to the control
group (26.6%). These results demonstrated that the cell-
encapsulation with a RGD-rich Nph-A/Rh-T network could
inhibit the proliferation and migration of tumour cells via avB3
recognition.

Conclusions

In summary, two nucleic base-linked peptide amphiphiles
(NPAs) that displayed different assembly performances were
designed and synthesized. Peptide Nph-A with adenine as the N-
terminal aggregates into a twisted ribbon structure due to B-
sheet formation. Peptide Rh-T with thymine as the N-terminal
induces isotropic molecular packing, resulting in spherical
micelles. Interestingly, the crosslinking of Nph-A and Rh-T
leads to the formation of a densely crosslinked colloidal
network stabilized via hydrogen bonding between adenine and
thymine. Taking advantage of the RGD-rich peptide crosslinked
network, it was further applied to targeted cancer cell encap-
sulation via RGD-integrin recognition, and the manipulation of
cell behaviours (e.g., cell migration) was demonstrated. It is
expected that this design strategy will provide a general
approach for controlling/modulating the biological behaviours
and processes of targeting cells via self-assembly-facilitated cell
surface engineering, which could one day lead to diverse
applications in cancer theranostics and single cell studies.
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