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ABSTRACT: In recent years, molecularly imprinted polymer nanoparticles (nanoMIPs)
have proven to be an attractive alternative to antibodies in diagnostic and therapeutic
applications. However, several key questions remain: how suitable are intracellular epitopes
as targets for nanoMIP binding? And to what extent can protein function be modulated via
targeting specific epitopes? To investigate this, three extracellular and three intracellular
epitopes of epidermal growth factor receptor (EGFR) were used as templates for the
synthesis of nanoMIPs which were then used to treat cancer cells with different expression
levels of EGFR. It was observed that nanoMIPs imprinted with epitopes from the
intracellular kinase domain and the extracellular ligand binding domain of EGFR caused
cells to form large foci of EGFR sequestered away from the cell surface, caused a reduction
in autophosphorylation, and demonstrated effects on cell viability. Collectively, this suggests
that intracellular domain-targeting nanoMIPs can be a potential new tool for cancer therapy.
KEYWORDS: cancer, molecularly imprinted polymers, epidermal growth factor receptor, nanoparticles, epitopes

One of the main challenges involved in the development
of new cancer therapies is the identification and

validation of tractable targets. Plasma membrane proteins are
attractive targets, due to both their accessibility and the key
roles they play in the abnormal signal transduction processes
required for carcinogenesis.1 One notable and clinically
relevant example of a plasma membrane protein with roles in
the diagnosis and progression of cancer is the epidermal
growth factor receptor (EGFR). EGFR is a 180 kDa
transmembrane protein that is subdivided into three sub
domains: a highly glycosylated extracellular domain (compris-
ing amino acids 1−621), a single transmembrane domain
(amino acids 622−644), and a cytoplasmic domain (amino
acids 645−1186) which has intrinsic tyrosine kinase activity.
Activation of EGFR results from the binding of growth factors,
such as epidermal growth factor (EGF), transforming growth
factor alpha (TGF-α), and amphiregulin, which induce
receptor homo- and/or heterodimerization and stimulation
of the intrinsic receptor tyrosine kinase activity.2 This
promotes autophosphorylation of tyrosine residues within the
cytoplasmic domain of the receptor, providing docking sites for
a variety of adaptor proteins and enzymes involved in the
recruitment and activation of downstream intracellular-signal-
ing cascades, including the mitogen-activated protein kinase
(MAPK) and phosphatidylinositol-3-kinase (PI-3K) path-
ways.3 These signaling cascades can promote proliferation,
angiogenesis, and invasion and inhibit apoptosis, key
mechanisms underlying tumor growth and progression.4 This

oncogenic potential in conjunction with the aberrant
expression and/or activation of EGFR, which has been
reported in a wide range of human malignancies, provides a
strong rationale for targeting this growth factor receptor.5,6

Currently there are two distinct groups of therapeutic agents
employed for targeting EGFR in cancer treatment. These are
monoclonal antibodies (mAbs) that bind to extracellular
domains and small molecule tyrosine kinase inhibitors, such as
gefitinib and erlonitinib, that target the intracellular TK
domain.7 The response rate in clinical studies for these agents
varies from 5% to 24%.7 Commercial, highly successful anti-
EGFR monoclonal antibodies such as cetuximab (Erbitux,
C225) and panitumumab (Vectibix) bind the extracellular
ligand-binding domain III of the receptor, blocking ligand-
binding receptor activation, phosphorylation, and downstream
receptor signaling, and, to some extent, induce receptor
internalization and degradation. Tyrosine kinase inhibitors
(TKIs) are typically adenosine triphosphate (ATP) analogues,
capable of inhibiting EGFR signaling by occupying ATP
binding pockets on the intracellular catalytic kinase domain of
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the receptor. As in the case of monoclonal antibodies, they act
by preventing autophosphorylation and activation of several
downstream signaling pathways.8 In contrast to antibodies,
TKIs are less specific and have higher toxicity and a shorter
lifetime (<48 h).7 The use of monoclonal antibodies against
EGFR targets is highly successful; however it is limited in
general due to the following factors:9−13

• High production costs and poor stability
• Poor oral bioavailability
• Immunogenicity exhibited by all therapeutic mAbs

currently in clinical practice
• Resistance of certain tumors to anti-EGFR mAb therapy
• EGFR dimerization induced by mAb binding, which can

lower the threshold for ligand activation
• Significant morbidity caused by mAbs used in cancer

chemotherapy
• Ethical issues associated with the use of animals in

antibody production
Therefore, developing synthetic ligands capable of binding

to different EGFR epitopes and preventing autophosphor-
ylation and other downstream pathways would be of great
value for the treatment of drug-resistant cancers. In a previous
study, we prepared nanoMIPs with specificity for a linear
peptide of EGRF (amino acids 418−425). This peptide is
located within the extracellular domain of EGFR and overlaps
with the extracellular EGF binding region.14 In these studies,
nanoMIPs were used for the targeted delivery of doxorubicin
to EGFR-overexpressing cells (MDA-MB-468), with the
intention of triggering apoptosis. However, in contrast to
mAbs, EGFR-nanoMIPs without doxorubicin had no effect on
the survival of MDA-MB-468 cells, indicating that simply
binding nanoMIPs to EGFR was not sufficient to affect the cell
viability. Further investigation was then necessary to determine
whether targeting specific epitopes would generate nanoMIPs
with inherent antitumor properties and whether intracellular
epitopes were suitable as targets. These nanoMIPs would be
more akin to therapeutic antibodies and would not require
their conjugation with a cytotoxic agent for generating
antitumor effects.

It is a reasonable assumption that epitopes that are suitable
for mAb production might not be appropriate for nanoMIP
production, as proteins and polymers differ both in size and the
type of functional groups used in molecular recognition. We
have recently developed an experimental approach for using
molecular imprinting to identify peptide sequences on the
protein surface with potential “antigenic” properties.15 This
method involved the synthesis of MIPs in the presence of
whole protein, followed by partial proteolysis of the protein
bound to polymer and subsequent sequencing of peptides
bound to the polymer. We have previously shown the success
of this approach with targets such as KRAS and acetylcholine
esterase (AChE).16,17 This technique has been modified for the
characterization of surface proteins of whole cells, an approach
which was dubbed “snapshot imprinting”.18 In this previous
work, snapshot imprinting was performed for two cell lines,
HN5 and MDA-MB-468, generating a list of epitopes with the
potential to serve as good targets for nanoMIP binding. In the
current work, we synthesized nanoMIPs for six epitopes of
EGFR identified during snapshot imprinting. Three of these
epitopes were from the extracellular domain of EGFR, and
three were intracellular, with two epitopes belonging to the
kinase domain (responsible for phosphorylation) and one from

the epidermal growth factor (EGF) binding domain. These
nanoMIPs were characterized and tested for their ability to
induce cell apoptosis in the absence of any supplementary
chemotherapeutic agent.

During snapshot imprinting, 36 peptides belonging to EGFR
were identified among the two cell lines. Among these were
peptides from both the extracellular and intracellular domains.
No epitopes were identified from the transmembrane domain
(622−644), likely due to poor accessibility caused by the cell
membrane. Taking into account that some peptides were
subsections of larger peptides and that several peptides
overlapped, 18 EGFR sequences were identified as possible
epitopes, which were compared to EGFR epitopes listed on the
Immune Epitope Database and Analysis Resource (IEDB;
https://www.iedb.org/home_v3.php; Figure 1). Three epito-

pes belonging to the extracellular domain of EGFR were
previously synthesized and tested for their ability to bind to
their target epitope peptide and to whole EGFR, but this work
stopped short of assessing intracellular targets or cellular
response.18,19 Herein, we expand this work to include the
imprinting of both extracellular and intracellular epitopes and
characterization of downstream effects following cellular
binding. Seven EGFR peptides were selected for the
preparation of the MIPs and further testing, listed below
(Table 1). Each peptide featured a terminal cysteine for
immobilization and glycine to act as a spacer, listed below in
parentheses.

As described above, the autophosphorylation of EGFR
following ligand binding leads to a number of downstream
effects critical for cell proliferation. The effects of EGFR-
imprinted nanoMIPs on autophosphorylation were inves-
tigated via the treatment of MDA-MB-468 cells followed by
Western blot analysis. Five autophosphorylation sites have
been identified in EGFR, all of which are clustered at the

Figure 1. Extracellular region of EGFR. Regions considered to be
epitopes highlighted in orange and the remainder in blue. Epitopes
selected from (A) IEDB and (B) snapshot imprinting.18

Table 1. Epitopes of EGFR Used for the Generation of
nanoMIPs

nanoMIP template sublocation

MIP-0 (CG)TKGKLQSGF N/A (scrambled sequence)
MIP-1 (CG)KLFGTSGQK extracellular
MIP-2 (CG)GMNYLEDR intracellular (kinase domain

center)
MIP-3 (CG)GVLGSGAFGTVYK intracellular (kinase domain

edge)
MIP-4 (CG)NLQEILHGAVR extracellular
MIP-5 (CG)MHLPSPTDSNFYR intracellular
MIP-6 (CG)

LTQLGTFEDHFLSLQR
extracellular (EGF binding

domain)
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extreme carboxyl-terminus encompassing the final 194 amino
acids.20 Among these phosphorylation sites, tyrosine (Tyr)-
1068 and Tyr1173 were investigated in this work. In particular,
we focused on the possible effect of nanoMIPs on the
phosphorylation state of Tyr-1068 (Y1068), the most proximal
phosphorylated Tyr residue of the kinase domain, and Tyr-
1173 (Y1173), the most distal phosphorylated residue. Certain
nanoMIPs, specifically MIP-0, MIP-1, and MIP-4, caused an
increase in autophosphorylation in the absence of exogenous
EGF (Figure 2A). Given the high level of phosphorylation
observed following treatment with the non-EGFR specific
MIP-0, it appears likely that phosphorylation was not caused
by specific nanoMIP binding. Nonspecific interactions with

nanoparticles have been previously shown to induce
autophosphorylation of EGFR.21,22 The lowest levels of
pY1068 phosphorylation (2-fold reduction compared to the
nontreated control) were observed for MIP-2 and MIP-3
(Figure 2A, upper panel). As described in Table 1, MIP-2 and
MIP-3 were imprinted for peptides that make up part of the
kinase domain of EGFR that is responsible for autophosphor-
ylation. In contrast with pY1068 results, the same samples
stained with antibodies against phosphorylated pY1173
showed a much wider range of effects from strong attenuation
for MIP-1, -3, and -4; medium or no attenuation for MIP-2, -5,
and -6; and robust activation by nonspecific MIP-0 (Figure 2A,
lower panel). This result indicates that phosphorylation of

Figure 2. Western blot analysis demonstrating the effects of nanoMIP binding on phosphorylation of EGFR before (A) and after (B) EGF
treatment. The average values for three independent experiments are presented (mean ± SEM), with comparisons performed using a
randomization test.23 The statistical significance of differences between the control MIP nontreated sample and other MIP-treated samples is
indicated, *P < 0.05, **P < 0.01.
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EGFR at Y1173 in the absence of a stimulatory ligand can be
the consequence of nonspecific association of MIPs with the
kinase domain.

In order to observe whether MIP binding can interfere with
EGF-induced dimerization and phosphorylation, cells were
treated with MIPs and then subsequently with EGF (Figure
2B). Cells treated with MIP-1 showed a slightly reduced level
of phosphorylation in comparison to MIP-0, which did not
prevent EGF-induced phosphorylation (Figure 2B, upper
panel). The epitope used for imprinting MIP-1 was the most
abundant epitope found during snapshot imprinting and is
found on the extracellular domain of EGFR.18 It is speculated
that MIP-1 competes with EGF to bind to EGFR, reducing the
rate of phosphorylation. Two other MIPs directed against the
extracellular domain of EGFR (MIP-4 and MIP-6) showed the
opposite results: whereas MIP-4 did not prevent autophos-
phorylation on Tyr1068 and only slightly reduced the level of
pY1173, the effect of MIP-6 on EGF-induced autophosphor-
ylation of EGFR was much more pronounced, which is
consistent with the fact that MIP-6 displayed high affinity for
EGFR (a low dissociation constant (Kd) for recombinant
EGFR) during SPR analysis (Table S1). Furthermore,
treatment of MDA-468 cells (high EGFR) with MIP-6
attenuated their proliferation rate 2-fold (Figure S3). At the
same time, the proliferation of SKBR-3 cells (low EGFR) was
almost unaffected (85% of the control level). The reason why
MIP-4, another extracellular domain-directed nanoMIP, did
not affect the Y1068 autophosphorylation is likely because it
has low affinity for EGFR, i.e., high Kd in vitro (Table S1).
Variations in Kd between MIP-1, -4, and -6 may be due to
differences in the conformation of isolated, recombinant EGFR
compared to EGFR in a cellular environment. It has previously
been observed that EGFR exists as an inactivated dimer even
prior to ligand binding.24 The existence of alternative
conformations may also explain why epitopes that are
abundant during snapshot imprinting may not have strong
interactions with the isolated protein during SPR analysis.

Remarkably, when the effect on autophosphorylation at
Y1068 and Y1173 was assessed for MIPs directed against the
intracellular domain of EGFR (MIP-2, -3, and -5), we found a
strong correlation between their Kd values and the ability of
MIPs to inhibit autophosphorylation. Specifically, high affinity
MIP-2 and MIP-5 that displayed the lowest values of Kd (0.2
and 11 nM, respectively, Table S1) were able to robustly
down-regulate autophosphorylation (∼6- and 12-fold reduc-
tion compared to MIP-0) as judged by the pY1173 signal. On
the other hand, MIP-3, which has a relatively higher Kd (22
nM) failed to significantly affect EGFR autophosphorylation.
As mentioned earlier, MIP-2 and MIP-3 were imprinted for
peptides that make up part of the kinase domain of EGFR and
MIP-5 was imprinted for a peptide that is sequentially adjacent
to the phosphorylated Y1068 tyrosine residue. Although an
exact explanation of this phenomenon has yet to be
determined, we speculate that binding of MIPs to either the
kinase domain or the residue of phosphorylation prevents
phosphorylation as a result of steric interference of the
relatively large nanoMIP.

To further investigate how nanoMIP binding affects the
intracellular fate of EGFR in the absence of EGF stimulation,
MDA-MB-468 cells treated with three types of EGFR-
nanoMIP (MIP-1, MIP-2, and MIP-5) were subsequently
stained with EGFR-specific antibodies and DAPI to highlight
the nuclei. As expected, cells not treated with nanoMIPs or

EGF showed primarily surface staining with anti-EGFR
antibodies (Figure 3A). Cells treated with EGF showed

significant staining of internalized EGFR (Figure 3B). This is
to be expected, as EGF binding results in dimerization and
internalization of EGFR. Interestingly, treatment with MIP-1
failed to cause internalization of EGFR. In contrast, treatment
with MIP-2 and to a lesser extent MIP-5 results in a visible
increase in the number and size of EGFR-containing foci in the
cytoplasm (Figure 3E,F,G).

Given that these nanoMIPs were prepared using identical
monomer mixtures and differed only in their template peptide,
this difference in behavior is presumably due to differences in
their binding profile. MIP-1 is imprinted with an extracellular
sequence of EGFR, and MIP-2 and MIP-5 are imprinted with
intracellular sequences. It therefore seems likely that binding of
MIP-1 may result in competition with EGF, and so a lower
degree of dimerization and subsequent internalization. It has
been previously demonstrated that a key downstream effect of
EGFR phosphorylation is ubiquitination of EGFR on multiple
sites by ubiquitin ligase.25 This ubiquitination is necessary for
the efficient degradation of EGFR following internalization.26

It therefore seems probable that blocking of the initial

Figure 3. Confocal microscopy of MDA-MB-468 cells stained with
anti-EGFR antibody: (A) nontreated control cells; (B) cells treated
with EGF. (C−F) Cell were treated with different MIPs prior to EGF-
treatment: (C) MIP-0, (D) MIP-1, (E) MIP-2, (F) MIP-5. Scale bars
= 10 μm. (G) Morphometric analysis of the number of EGFR foci in
MDA-MD-468 cells after treatment with various types of MIPs.
Arrows indicate cytoplasmic EGFR foci. The foci of at least 100 cells
were counted for each condition; error bars depict SEM of number of
foci of different fields of view. The statistical significance of differences
between the control MIP nontreated sample and other MIP-treated
samples is indicated, *P < 0.05, **P < 0.01.
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autophosphorylation of EGFR results in a reduction in the rate
at which the kinase domain phosphorylates ubiquitin ligase,
leading to an increase in internalized EGFR in foci.
Alternatively, it is possible that other downstream pathways
are disrupted by the presence of intracellularly bound
nanoMIPs. For example, the epitope used for imprinting of
MIP-2 is adjacent to tyrosine residue Y845, the phosphor-
ylation of which plays a role in a variety of functions including
cell proliferation, cell cycle control, mitochondrial regulation of
cell metabolism, and gamete activation.27 Further work is
necessary to identify the exact cause of this behavior, including
additional phosphorylation studies at other residues and
quantification of other protein concentrations.

Finally, MIPs imprinted against the intracellular domain of
EGFR (MIP-2 and MIP-5) were assessed for their effect on
cell survival. To this end, we used two cell lines that are known
to drastically differ in their levels of EGFR expression: MDA-
MB-468 (high levels of EGFR) and MCF-7 (low levels of
EGFR).28,29 Cells were incubated with MIP-2 or MIP-5 for 12
h at various concentrations (Figure 4). Of these four samples,

MIP-2 showed the most pronounced effect on cell viability,
resulting in a ∼20% reduction in viability of MDA-MB-468
following incubation with 100 μg mL−1 of MIP-2. These
nanoMIPs had a less pronounced effect on the viability of low-
EGFR cell line MCF7 (Figure 4). This implies that MIP-2,
potentially acting on the kinase domain of EGFR, can
selectively inhibit the growth of cell lines only with high
expression levels of EGFR (Figure S4). This occurs even in the
absence of a chemotherapeutic agent, indicating that via careful
selection of epitopes, nanoMIPs may be able to act as drugs in
their own right, in the absence of a therapeutic payload. MIP-5
conversely resulted in a minor increase in viability, the reasons
for this increase are uncertain. It is possible that binding to
certain domains of the protein can affect its conformation,
resulting in greater accessibility for phosphorylation and other
post-translational modification, which can lead to enhanced
proliferation.

Collectively, careful selection of epitopes for imprinting
using the snapshot imprinting technique allowed us to generate
nanoMIPs against the intracellular kinase domain of EGFR,
and binding to these epitopes allowed us to modulate this
signaling cascade and hence cancer cell survival. Despite having
the same monomeric composition, nanoMIPs imprinted with

different epitopes showed great differences in their induced
effects following binding. This work serves to demonstrate the
potential for nanoMIPs to target the intracellular domains of
relevant biological molecules, thereby acting directly as
therapeutic agents rather than only as delivery agents. In
general, it should be possible to generate nanoMIPs with a
diverse spectrum of effects that may affect protein−protein
interactions (PPI), enzymatic activities (e.g., phosphorylation),
intracellular localization of target proteins, and more. Future in
vivo studies should define whether nanoMIPs can be used not
only as chemical probes for specific cellular processes but also
as therapeutics for precision medicine.
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