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Abstract: Inspired by the knowledge that most antibodies
recognize a conformational epitope because of the epitope’s
specific three-dimensional shape rather than its linear structure,
we combined scaffold-based peptide design and surface
molecular imprinting to fabricate a novel nanocarrier harbor-
ing stable binding sites that captures a membrane protein. In
this study, a disulfide-linked a-helix-containing peptide,
apamin, was used to mimic the extracellular, structured N-
terminal part of the protein p32 and then serve as an imprinting
template for generating a sub-40 nm-sized polymeric nano-
particle that potently binds to the target protein, recognizes
p32-positive tumor cells, and successfully mediates targeted
photodynamic therapy in vivo. This could provide a promising
alternative for currently used peptide-modified nanocarriers
and may have a broad impact on the development of polymeric
nanoparticle-based therapies for a wide range of human
diseases.

Active tumor/cancer-targeting drug delivery is a tumor-
treatment strategy that improves tumor-cell-specific uptake
of drug molecules with enhanced therapeutic efficacy. This
strategy entails specific recognition of the surface marker of
a tumor cell by a ligand either directly conjugated to the drug
molecule or fabricated on a vehicle containing it.)! The
targeting ligands can be small molecules as well as macro-
molecules such as peptides and proteins.! Unlike a small-
molecule ligand, a peptide or protein ligand enjoys superior
specificity and high affinity for tumor markers; however, it
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often suffers poor in vivo stability, immunogenicity, and high
costs of production.”’! Novel chemistries are needed to design
therapeutically viable ligands for anticancer drug delivery
that share the best features of both small molecules and
macromolecules.

Molecular imprinting refers to a technology that embeds
a template molecule in polymer matrices, thereby creating
cavities. After template dissociation, the shape of the
template is not only retained, but the polymer also specifically
recognizes it. This technology has been successfully used for
constructing various polymer materials that bind specifically
to peptide and protein templates, providing a promising tool
for molecular design, drug discovery, and drug delivery.*”
The early practitioners of molecular imprinting techniques
focus primarily on the use of short linear peptides as template
molecules, limiting their applications to the few biological
systems in which the recognition of linear epitopes prevails. It
has been challenging to develop imprinted polymer materials
that recognize the conformational epitope of a protein—the
mode of recognition that predominates in biology. Here, we
report the design of a novel magic bullet that specifically
recognizes the tumor cell membrane protein targets as a result
of the combination of surface molecular imprinting and
scaffold-based peptide design (Scheme 1).

The membrane protein p32, which is also named gC1qR
or HABP1, was recently shown to be overexpressed on the
surface of a variety of tumor cells and, therefore, to be
capable of mediating targeted drug delivery to tumor sites.”!
The extracellular domain of mature p32, which harbors an N-
terminal o-helix, served as the binding site for a specific
ligand that recognized p32 and even entire tumor cells
expressing p32." Previously, we and others successfully used
an o-helix-containing disulfide-bridged peptide derived from
bee venom, apamin, as a scaffold for designing novel peptides
that mimic other functional protein domains featuring similar
structures.”™ In this study, the dispersed residues located in the
N-terminal a-helix of p32 (including D, ¥ A, F, ¥V, ¥F, %L,
and ¥S) were grafted into the corresponding site of apamin
(including L, A, R, “R, %Q, Q, and '®H); the original
apamin residues were replaced with topologically equivalent
residues from p32, but the ninth alanine that exhibits the
highest a-helix propensity and two cysteines were retained.
The produced peptide, HAPPE (hybrid apamin-p32 polypep-
tide), possessed the novel integrated sequence CNCKAPET-
ADCAFVCFLS, with seven residues being identical to the
corresponding residues of p32, which meets the requirement
for epitope imprinting,”! and the peptide almost maintained
the exact featured structure stabilized by two disulfide bonds
(see the Supporting Information, Figure S1). A palmitic acid
was conjugated to the free amino group of the fourth lysine in
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Scheme 1. Molecularly imprinted polymeric nanoparticles designed for
specifically recognizing a membrane protein.

case the imprinted a-helix domain localized at the developing
water—polymer interface during polymerization.'”! Acryl-
amide (AAm) and N,N'-methylenebisacrylamide (BIS) were
used as functional monomers and the molecularly imprinted
polymeric nanoparticles (MIPNPs) were synthesized using
inverse microemulsion polymerization as described.'”! The
obtained nanoparticles exhibited a uniform particle size of
approximately 37 nm and a narrow size distribution (Fig-
ure S2).

We used the fluorescence polarization (FP) technique to
quantify the interaction of MIPNPs with recombinant
p32.11121 Both direct titration and competitive binding
assays have demonstrated that MIPNPs bind strongly to p32
protein (Figures 1 A,B and S3A). The results of other experi-
ments showed that as compared with NIPNPs, MIPNPs
exhibited no specific binding to phospholipase A2, which
possesses an N-terminal a-helix, or to other proteins such as
mouse nerve growth factor (NGF; Figure S3B).[* In a further
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Figure 1. A) Fluorescence polarization experiment used for examining
direct binding between MIPNPs and p32. A MIPNPs; and m NIPNPs
(non-imprinted nanoparticles). B) Competitive binding assays. The 1Cs,
of free p32 was calculated to be 340 nm.
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step, we incubated MIPNPs encapsulating 6-aminofluorescein
(FAM, a fluorescence probe) with two p32-positive cancer
cells, 4T1 murine breast cancer cells and BxpC-3 human
pancreatic cancer cells, and maintained the cells at 37°C for
a predetermined time.'*! The results of flow cytometry assays
showed that both types of cancer cells exhibited substantially
higher uptake of MIPNPs than of NIPNPs (Figure 2 A,B).
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Figure 2. Flow cytometric measurement of the cellular uptake of FAM-
loaded NPs by target cells. A) 4T1 cells; B) BxPC-3 cells. Green curves:
free FAM; black curves: the cells alone.

After incubation for 2h, the fluorescence intensity of
MIPNP-treated 4T1 cancer cells was nearly three times
higher than that of NIPNP-treated cells. Moreover, no clear
decrease in cellular uptake of MIPNPs was detected when the
nanoparticles were preincubated with serum for 1 h and then
incubated with target cells (Figure S4), which suggests
a stable, cancer-specific targeting of the nanoparticles in
a complex environment.

Furthermore, we established a xenograft mouse model of
cancer to evaluate the targeting capability of MIPNPs in vivo.
Our results showed that intravenous administration of nano-
particles encapsulating a near-infrared fluorophore (IR-783
dye) led to considerably higher accumulation in tumors of
MIPNPs than of NIPNPs in the mouse xenograft 4T1 tumor
model (Figure 3 A-C). More importantly, the distribution in
tumor sites of MIPNPs was greatly diminished following
a 30 min pre-injection in the peritumor region of Lyp-1,
a peptide ligand that by phage-display screening was shown to
bind to the N-terminal domain of p32; this result indicates
that specific interactions between MIPNPs and p32 were
mainly responsible for the active tumor targeting of the
nanoparticles (Figure 3A). A similar positive trend was
observed in the case of the poorly permeable BxPC-3
pancreatic xenograft model (Figure S5)."! Lastly, an even
more promising finding was that in brain tissues infiltrated by
intracranially implanted p32-positive breast cancer cells,
MIPNPs accumulated more effectively than did the non-
imprinted nanoparticles (Figure S6). These in vivo imaging
studies strongly suggested that this sub-40 nm-sized, surface
molecularly imprinted nanoparticle could serve as an efficient
magic bullet for tracking p32-positive tumors in vivo and for
efficiently penetrating physiological barriers.

In recent years, polyacrylamide nanoparticles (PAA-NPs)
have been reported to function as effective carriers of
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Figure 3. In vivo distribution of nanoparticles in 4T1-tumor-bearing
mice. A) The 4T1-tumor-bearing KM mice were intravenously injected
with various nanoparticles. B) The organs and tumors were examined
at 24 h. C) Semiquantitative results obtained using fluorescence imag-
ing for ex vivo hearts (1), lungs (2), livers (3), spleens (4), kidneys (5),
and tumors (6); nanoparticles: a) MIPNPs, b) Lyp-1-+ MIPNPs,

c) NIPNPs.

photosensitive agents and thus serve as useful drug-delivery
vehicles in photodynamic therapy.'! Notably, hydrophilic
photosensitive agents can be loaded into PAA-NPs through
inverse microemulsion polymerization, a step similar to the
step used for generating imprinted PAA-NPs. Thus, we tested
whether the surface-molecular-imprinting and drug-loading
steps could be combined and used concurrently, and our
results demonstrated that this was possible. We prepared
MIPNPs (1 mgmL™") loaded with the photosensitizer meth-
ylene blue (MB, 3 um) in a manner identical to blank
nanoparticles except that we added MB into the water
phase before polymerization.'”’ As per our expectation,
photodynamic treatment (PDT) performed subsequently
showed that MB-encapsulating MIPNPs more potently
inhibited cancer in the 4T1 subcutaneous xenografts than
did the nonimprinted nanoparticles. These results agreed well
with the results of cellular ROS (reactive oxygen species)
production assays (Figures4 and S7B). Furthermore, the
results of both cell toxicity assays and pathological analysis of
tissue sections demonstrated high biocompatibility of the
prepared PAA-NPs (Figures STA and S8).

Recently, we developed apamin-modified nanomicelles
for active targeted therapy of spinal cord injury by using its
unique avidity toward the central neural system, especially
the spinal cord.'¥ Before designing HAPPE, we explored
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Figure 4. A) In vivo antitumor effect of PDT performed using distinct
nanoparticle formulations. All injections were performed once at t=0.
Tumor volumes were measured every other day for one week;
*P<0.05, **P<0.01, ***P<0.005. B) Images of mice treated with
NIPNPs (a) and MIPNPs (b). Scale bar=5 mm.

whether apamin itself could be used as the imprinting
template. The synthesized polymeric nanoparticles strongly
bound to apamin (Figure S9), and the specificity of this
recognition of apamin by the nanoparticles invivo was
demonstrated by the neutralization of apamin by the nano-
particles. In spinal cord tissues, we observed a markedly
reduced distribution of FITC-labeled apamin following either
intravenous administration of a preincubated mixture of the
nanoparticles and apamin or sequential injection of nano-
particles and apamin (Figure S10). Moreover, the imprinted
nanoparticles functioned as a “defense system” and neutral-
ized the “launched” apamin-modified micelles in vivo,
regardless of whether the micelles were administered before
or after the nanoparticles (Figures S11 and S12). Notably,
synthetic polymeric nanoparticles that were prepared using
a linear analogue of apamin (in which four cysteines were
changed to alanines) as the imprinting template exhibited an
extremely low response to apamin as compared with the
nanoparticles prepared using apamin as the template. Sim-
ilarly, synthetic polymeric nanoparticles generated using
a linear analogue of HAPPE (four cysteines replaced with
alanines) as the imprinting template were poorly taken up by
p32-positive cancer cells. They were accumulated at low levels
in subcutaneously implanted tumors and were only slightly
different from the nonimprinted controls (Figure S13). These
results indicated that consistency in the secondary structure
between the imprinted template and the target peptide is
more critical than consistency in the primary sequence for
achieving potent binding between a molecularly imprinted
polymer and its corresponding target.

Biomedical application has served for decades as one of
the major research areas in which molecular imprinting
technology has been used.” With regard to drug delivery in
particular, early efforts using the drug itself as an imprinting
template led to the successful design of novel controlled-
release delivery systems.”” The next step was to construct
specified delivery systems to achieve selective drug targeting
through molecular imprinting. Not unexpectedly, membrane
proteins were considered as the main targets because they
represent a major class of disease biomarkers that are located
on the surface of target cells. The epitope-imprinting strategy
has provided a highly favorable starting point to achieve the
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capture of partially exposed transmembrane proteins. The
next key point in fabricating antibody-like nanoparticles
directed against membrane proteins is the selection of
suitable “epitopes”, because most antibodies recognize and
potently bind to conformational epitopes as a result of the
specific three-dimensional shape of the epitopes rather than
their linear structure.

In this study, we developed a novel strategy named
conformational epitope imprinting, in which the central focus
is on the selection of specific structured regions of target
proteins combined with the mimicking of structures by using
peptide scaffolds. This conformational epitope imprinting
method could have great potential for further use in the
recognition of other proteins, especially proteins that possess
conformational epitopes composed of noncontiguous sequen-
ces. Moreover, the ability to functionalize imprinted nano-
particles®! will likely lead to the creation of additional
“smart” nanocarriers for biomedical applications in which
conformational epitope imprinting is coupled with the use of
synthetic polymeric nanoparticles. Other new ideas that could
be investigated in future studies involve the design of
“polymeric drugs” or drug-free polymeric therapeutics in
which the nanoparticles themselves antagonize specific
ligand-receptor interactions.

In conclusion, we have presented a conformational epi-
tope imprinting strategy to construct a novel tumor-targeted
drug-delivery system; in this strategy, the functional peptide
has mediated tumor targeting in a totally different way than
the currently used peptide-modified nanocarriers. This work
may have a broad impact on the development of polymeric
nanoparticle-based targeted diagnoses and therapies used for
a great variety of human diseases.

Keywords: conformational epitopes - drug delivery - imprinting -
photodynamic therapy - tumor targeting
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