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a b s t r a c t   

Proteomic mapping of cell surfaces is an invaluable tool for drug development and clinical diagnostics. This 
work describes a new ‘snapshot imprinting’ method designed to obtain proteomic maps of cell surfaces, 
with the aim of identifying cell surface markers and epitopes for diagnostic and therapeutic applications. 
The analysis of two cancer cell lines, HN5 and MDA-MB-468, is described herein as a proof of concept, along 
with the selective targeting of three identified epitopes of epidermal growth factor receptor using mole
cularly imprinted polymer nanoparticles. 438 proteins were identified using this technique, with 283 
considered to be transmembrane or extracellular proteins. The major advantage of the molecular imprinting 
approach developed here is the ability to analyse cell surface proteins without tedious fractionation, affinity 
separation or labelling. We believe that this system of protein analysis may provide a basic molecular 
diagnostics toolbox for precise, personalised treatment of cancer and other diseases. 

© 2021 The Authors. Published by Elsevier Ltd. 
CC_BY_4.0   

Introduction 

The exposure of proteins and their spatial organisation on the cell 
surface is a highly complex phenomenon, influenced by protein 
expression, protein stability, and the micro and extracellular en
vironment. Protein complexes on cell membranes are constantly 
being formed and resolved, and proteins are constantly shuttling 
between subcellular and extracellular locations to execute biological 
processes. These molecules are involved in signal transduction, 
transmembrane transport, cell-cell communication, cell adhesion to 
the extracellular matrix, and many other processes [1]. Their im
portance is underscored by the fact that membrane proteins are the 
targets of at least half of all currently approved drugs [2]. Identifi
cation of membrane proteins, however, is a challenging task due to 
their hydrophobicity and often low expression levels [3]. 

There are a number of established methods available to monitor 
the expression of membrane proteins, which can be used to inter
rogate the cell surface-associated proteins. Commonly used ex
amples include biotinylation of surface amine residues followed by 
proteolysis and affinity purification of labelled extracellular peptides  
[4,5], ‘shaving’ approaches based on controlled proteolysis of live 
cells to collect surface proteins [6], and filter-aided sample pre
paration (FASP) methods, compatible with both of the above [7,8]. 
These protocols are highly useful for drug development, particularly 
for the development of immunotherapies. They can be supple
mented with phenotypic screening of cell interactions with anti
bodies, for example using hybridoma technology or phage display  
[9]. However, these approaches do not identify peptides based on 
their immunogenic properties, but rather, on their susceptibility to 
trypsinisation. As a result, these peptides are not necessarily ap
propriate targets for antibodies and other binding agents. 

Recently, we described a new approach using molecular im
printing to identify exposed peptide sequences on protein surfaces  
[10]. Molecularly imprinted polymers (MIPs) are synthetic receptors 
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generated by forming polymers in the presence of templates such as 
small molecules, proteins or cells. Removal of the templates results 
in cavities which are structurally and electrostatically com
plementary for their template [11–13]. 

The protocol described herein, dubbed ‘snapshot imprinting’, 
expands upon the concept of MIP-based protein mapping by syn
thesising imprinted polymer nanoparticles, or nanoMIPs, in the 
presence of whole cells. This is followed by partial proteolysis of the 
protein bound to the polymer, and subsequent sequencing of pep
tides that were bound to the MIPs (Fig. 1, Fig. S1). This requires the 
following key steps:  

1. Growth of the cell culture.  
2. Addition of monomer mixture to the cell culture, initiation of 

polymerisation and synthesis of polymer nanoparticles in the 
presence of adherent cells. 

3. Removal of non-imprinted polymers, monomers and extra
cellular proteins.  

4. Trypsinisation and collection of nanoMIPs.  
5. Filtering of nanoMIPs from cell fragments.  
6. Elution of peptide templates.  
7. Sequencing of eluted peptides and analysis of MS data. 

The central concept behind this protocol relies on the assumption 
that MIPs synthesised in the presence of cells would only bind to 
exposed epitopes of surface proteins, and would be able to protect 
the imprinted peptide sequences from proteolysis. This approach 
provides the possibility of locating regions of the protein surface 
which have not yet been identified as epitopes, but which may offer 
improved affinity for natural and synthetic receptors such as anti
bodies, MIPs and aptamers. 

Here we use this approach for the characterisation of two cancer 
cell lines: HN5 (squamous cell carcinoma of the tongue) and MDA- 
MB-468 (adenocarcinoma of the breast). These cancer subtypes are 
aggressive and often have few treatment options, demonstrating the 
need for the identification of new biomarkers and the development 
of new therapeutic agents [14,15]. 

Materials and methods 

Materials 

All reagents used in this project were obtained from Sigma- 
Aldrich Company Ltd (Poole, UK), Fisher Scientific Ltd 

(Loughborough, UK), or Waters Corporation (Milford, USA) unless 
otherwise stated. Peptides were synthesised by ZheJiang Ontores 
Biotechnologies Co. Ltd. (Hangzhou, China). 

MDA-MB-468 cells were provided by Dr Larissa Lezina at the 
Department of Genetics and Genome Biology, University of Leicester. 
HN5 cells were provided by the Division of Radiotherapy and 
Imaging & Cancer Therapeutics at the Institute of Cancer Research 
(ICR). MDA-MB-468 cells were grown in Roswell Park Memorial 
Institute (RPMI) 1640 medium supplemented with 10% Foetal Bovine 
Serum (FBS) (GIBCO) and 50 units mL−1 of penicillin-streptomycin 
(GIBCO) and cultured in a 37 °C humidified incubator with 5% CO2. 
HN5 cells were grown in Dulbecco's Modified Eagle Medium 
(DMEM) supplemented with 10% Foetal Bovine Serum (FBS) (GIBCO) 
and 50 units mL−1 of penicillin-streptomycin (GIBCO) and cultured in 
a 37 °C humidified incubator with 5% CO2. 

Snapshot imprinting 

The growth media was carefully decanted from the flasks con
taining MDA-MB-468 and HN5 cells. The cells were then washed 
with phosphate buffered saline (PBS, pH 7.4, 10 mM) (4 ×20 mL) 
followed by the addition of 20 mL of monomeric mixture in PBS. The 
monomeric mixture consisted of N-isopropylacrylamide (NIPAm) 
(19.5 mg, 0.18 mmol), N,N′-methylene-bis-acrylamide (MBAA) (3 mg, 
19.5 µmol), N-tert-butylacrylamide (TBAm) (15 mg, 0.12 mmol) dis
solved in 200 µL of ethanol, acrylic acid (1.1 µL, 16.0 µmol), N-(3- 
aminopropyl)methacrylamide hydrochloride (3 mg, 16.8 µmol) dis
solved in 50 mL of PBS. Before addition to the cells the monomeric 
mixture was briefly sonicated in an ultrasonic bath and purged with 
nitrogen for 20 min. Polymerisation was initiated via the addition of 
potassium persulfate (KPS) (12 mg, 44.4 µmol) and N,N,N′,N′-tetra
methylethylenediamine (TEMED) (6 µL, 40.3 µmol) dissolved in PBS 
(400 µL). The polymerisation was carried out for 1 h at 20 °C. 

After polymerisation the liquid was carefully removed from the 
flasks. The flask surface with adherent cells was washed with PBS 
(4 ×20 mL) in order to remove the unreacted monomers and un
bound polymers. Digestion of the unprotected proteins was carried 
out via addition of trypsin (0.2 mg, trypsin from porcine pancreas, 
1000–2000 BAEE units mg−1 solid, Sigma-Aldrich) in PBS (20 mL) 
and left to digest for 72 h at 20 °C. The mixtures within the flasks 
were then collected with brief shaking and transferred to 50 kDa 
centrifugal filters (Amicon®Ultra-15, Merck, UK). 

In order to remove trypsin and unbound peptides, the samples 
were filtered through these centrifugal filters for 20 min at 2355 g 

Fig. 1. Diagram depicting snapshot imprinting, wherein cell surface proteins are imprinted, the resultant nanoMIPs are collected, and the template peptides eluted and sequenced 
in order to identify novel biomarkers. 
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(3500 rpm) using a Sigma 3–16 P centrifuge (SciQuip, UK). The car
tridge was washed with HPLC-grade water (4 ×15 mL). Finally, the 
peptides bound to MIPs were eluted using hot water (95 °C, 3 × 1 mL) 
followed by centrifugation. The solution of the eluted peptide was 
frozen and sent for sequencing. 

Nano ultra performance liquid chromatography (NanoUPLC) 

Sample analysis was performed using a Waters NanoAcquity 
UPLC system (Waters Corporation, Milford, US). The peptides were 
initially loaded onto a Waters 2 G-V/M Symmetry C18 trap column 
(180 µm x 20 mm, 5 µm) to desalt and chromatographically focus the 
peptides prior to elution onto a Waters Acquity HSS T3 analytical 
UPLC column (75 µm C 250 mm, 1.8 µm). A 2 µL injection volume was 
used. Single pump trapping was used with 99.9% solvent A and 0.1% 
solvent B at flow rate of 5 µL min−1 for 3 min. Solvent A was LC-MS 
grade water containing 0.1% formic acid and solvent B was acet
onitrile containing 0.1% formic acid. The following 50 min run time 
gradient was used: 0 min:3% B, 30 min:40% B, 32 min:85% B, 
40 min:85% B, 41 min:3% B and 50 min:3% B. For the analytical 
column the flow rate was set at 0.3 µL min−1 and the temperature 
maintained at 40 °C. 

Nano electrospray ionisation mass spectrometry 

The NanoAcquity UPLC was coupled to a Waters Synapt G2 HDMS 
mass spectrometer (Waters Corporation, Milford, US). The instru
ment was operated in positive electrospray ionisation (ESI) mode. 
The capillary voltage was set at 2.40 kV and cone voltage at 30 V. 
PicoTip emitters (10 µm internal diameter, New Objective, US) were 
used for the nanostage probe. A helium gas flow of 180 mL min−1 and 
ion mobility separator nitrogen gas flow of 90 mL min−1 with a 
pressure of 2.5 mbar were used. The IMS wave velocity was set at 
650 m s−1 and the IMS wave height at 40 V. During the high-defini
tion mass spectrometry (HDMSE) acquisition, a low collision in
duced dissociation (CID) energy of 2 V was applied across the 
transfer ion guide. For the high CID energy acquisition, a ramp of 
27–50 V was applied. Argon was used as the CID gas. Lockspray 
provided mass accuracy throughout the chromatographic run using 
[Glu1]-Fibrinopeptide (GFP) with m/z 785.8427. The data were ac
quired using MassLynx 4.1. 

Peptide and protein analysis 

Peptide and protein analysis was performed using Progenesis QI 
for Proteomics version 4.2 (Nonlinear Dynamics, Manchester, UK), 
Microsoft Excel, and GraphPad Prism. Progenesis QI allowed analysis 
of LC-MS data, enabling identification of peptides and proteins 
within samples and quantitative comparison between samples. 
Progenesis QI also provides quality control metrics to give con
fidence in the experimental conditions, instrument set up and data 
analysis. The human UniProtKB database (November 2013) was 
employed in FASTA format. Strict trypsin cleavage rules were used 
and two missed cleavages were allowed. A minimum of two frag
ments per peptide, a minimum of five fragments per protein and a 
minimum of two unique peptides per protein were applied. A 
maximum rate of 1% was set for the false discovery rate (FDR) at the 
peptide and protein level. The Hi-3 relative quantitation method was 
used, in which the top three most abundant peptides for each pro
tein were employed for protein quantitation. Finally, the results 
generated from using the Progenesis QI were exported to Microsoft 
Excel for further data analysis. 

In order to analyse subcellular localisation of detected proteins, 
the proteins were analysed by accession number against UniProt’s 
database. A script was used to search for each accession number and 
record the locations as noted by both the UniProt Annotation panel 

and the UniProt Gene Ontology Project (GO). When considering 
whether a protein was extracellular, the UniProt GO listings of ob
served and predicted sublocations were used. The sublocations 
considered to be extracellular or otherwise exposed were ‘cell sur
face’, ‘plasma membrane’, ‘integral component of plasma mem
brane’, ‘extracellular region’, ‘extracellular space’, ‘extracellular 
vesicle’, and ‘extracellular exosome’. When calculating frequency of 
appearance of each sublocation within the resultant datasets, the 
majority of proteins were found in multiple sublocations and so the 
total frequency sums to over 100%. 

During analysis of MDA-MB-468 proteins previously identified 
via label-free deep proteome analysis [16], the identified proteins 
were searched by accession number against the UniProt GO database 
as described above. Proteins were only considered for analysis if they 
were found within one of the two replicates, and only if the protein 
had at least one known sublocation within the UniProt GO database. 

Synthesis of MIP nanoparticles – preparation of solid phase 

MIPs were prepared using a modified version of an existing solid- 
phase synthesis approach [12]. The immobilisation of peptides was 
performed as follows. Glass beads (60 g) were boiled in NaOH (1 M, 
200 mL) for 15 min, washed with water (5 × 200 mL), washed with 
PBS (2 × 100 mL), washed with water (2 × 200 mL), washed with 
acetone (1 × 100 mL) and allowed to dry. They were then incubated 
in 4% (v/v) (3-iodopropyl)trimethoxysilane in anhydrous toluene 
(25 mL) overnight at room temperature, protected from light. The 
beads were then washed with acetone (3 × 100 mL) and allowed to 
dry. The peptide (epitope-1, epitope-2 or epitope-3) (10 mg) was 
dissolved in borate buffer (pH 9.2, 30 mM sodium tetraborate, 
25 mL), added to the glass beads and incubated overnight, protected 
from light. The beads were then washed with water (3 × 200 mL) and 
acetone (1 × 100 mL) and allowed to dry. 

The immobilisation of biotin was performed as follows. Glass 
beads (60 g) were boiled in sodium hydroxide in water (1 M, 200 mL) 
for 15 min, washed with water (5 × 200 mL), washed with PBS 
(2 × 100 mL), washed with water (2 × 200 mL), washed with acetone 
(100 mL) and allowed to dry. They were then incubated in 4% (v/v) 
N-(6-aminohexyl)- aminomethyltriethoxysilane in anhydrous to
luene (25 mL) overnight at room temperature. The beads were then 
washed with acetone (3 × 100 mL) and allowed to dry. Biotin (10 mg, 
41 µmol, 1 eq.), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) (79 mg, 0.4 mmol, 10 eq.) and N-hydro
xysuccinimide (NHS) (71 mg, 0.6 mmol, 15 eq.) were dissolved in 
water (10 mL), incubated for 15 min, added to PBS (15 mL) and 
transferred to the amine-functionalised glass beads. This mixture 
was incubated overnight, then the beads were washed with water 
(3 × 200 mL) and acetone (1 × 100 mL), and allowed to dry. 

Synthesis of MIP nanoparticles – polymerisation 

The following monomers were dissolved in PBS (50 mL): N-iso
propyl acrylamide (200 mg, 1.8 mmol), N-tert-butylacrylamide 
(165 mg, 1.3 mmol), N,N′-methylenebis(acrylamide) (30 mg, 
0.2 mmol), N-(3-aminopropyl)methacrylamide hydrochloride 
(30 mg, 0.17 mmol) and acrylic acid (11 µL, 0.16 mmol). 60 g of 
template-functionalised glass beads were added to the monomer 
solution, which was then bubbled with nitrogen for 20 min. 
Polymerisation was initiated through the addition of ammonium 
persulfate (30 mg, 0.13 mmol) and N,N,N′,N′-tetramethyl ethylene
diamine (30 µL, 0.2 mmol) in water (500 µL). The mixture was 
shaken and incubated for 1 h before being transferred to a solid 
phase extraction cartridge fitted with a 20 µm polyethylene frit. 
Unreacted monomers and low affinity polymers were removed from 
the glass beads by washing with water (5 × 100 mL). High affinity 
polymers were collected with hot ethanol (65 °C, 2 × 25 mL), reduced 
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to 5 mL under vacuum and dialysed against water for 1 week with 
regular change of water. 

Surface plasmon resonance (SPR) 

SPR measurements were performed using a Biacore 3000 (Cytiva, 
UK) at 25 °C using phosphate-buffered saline (PBS) (10 mM phos
phate buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4) as the running buffer 
at flow rate 35 µL min−1. The self-assembled gold sensor chip was 
cleaned using plasma and placed in a solution of mercaptododeca
noic acid in ethanol (1.1 mg mL−1) where they were stored until use. 
Before assembly the sensor chip was rinsed with ethanol and water 
and dried in a stream of air. The EGFR protein (10 µg mL−1 solution in 
PBS) was immobilised on the surface of the carboxylated chip using 
EDC/NHS coupling (0.4 mg and 0.6 mg mL−1, respectively). The 
nanoMIPs prepared for different peptide template and for biotin 
using solid phase synthesis approach were diluted with PBS in the 
concentration range averaging between 0.2 nM and 0.01 nM. 
Sensorgrams were collected sequentially for all analyte concentra
tions running in KINJECT mode (injection volume 100 µL and dis
sociation time 120 s). Dissociation constants (Kd) were calculated 
from plots of the equilibrium biosensor response using the 
BiaEvaluation v4.1 software using a 1:1 binding model with drifting 
baseline fitting. 

Results 

Analysis of MDA-MB-468 and HN5 proteins 

Snapshot imprinting revealed a significant number of cell 
membrane proteins and corresponding epitopes on the surface of 
both cell lines that may serve as promising therapeutic targets, such 
as EGFR, 14–3–3 proteins, CD44 and basigin [17–20]. A total of 438 
proteins were identified across these two cell lines. 241 proteins 
were common to both cell lines, 91 were unique to HN5 cells and 
106 to MDA-MB-468 cells (Fig. 2A). These proteins may therefore 
serve as possible antigens for cell-line-specific targeting. The sub
locations of these proteins do not vary widely between the cell lines 
(Fig. 3), demonstrating the consistency of this technique and the 
similarity in the proteomes of these two cell lines. 

As a control experiment, MDA-MB-468 cells underwent this 
mapping procedure without the addition of the polymerisation in
itiator. In this case, proteins exposed on the cell surface were di
gested without the protection afforded by MIP nanoparticles. This 
experiment resembles the classical ‘shaving’ protocol used in surface 
protein analysis. 

Fewer proteins were found within the MIP-free mapping control 
experiment as compared to snapshot imprinting. 347 unique pro
teins were found during snapshot imprinting of MDA-MB-468 cells, 
compared to 115 proteins found within the non-imprinted control. 

70 proteins were common to both samples, and 45 were found in the 
control that were absent from the snapshot imprinting results 
(Fig. 2B). The number of median peptides per protein in the MIP-free 
control experiment was also smaller (6 versus 10). The reason for the 
absence of 45 proteins from the snapshot imprinting results is not 
fully understood. These proteins are amongst those with the lowest 
abundance found within the control experiment; as such it is pos
sible that they were not detected in the snapshot imprinting results 
in the presence of signals from more abundant, MIP-enriched pro
teins. Furthermore, though our selection criteria required that at 
least two unique peptides be found for a protein to be included, 9 of 
these 45 proteins were found during snapshot imprinting with only 
1 unique peptide. The sublocations of the 115 proteins found within 
the non-imprinted control do not deviate significantly from those of 
the 347 found during snapshot imprinting, indicating no particular 
sublocation was excluded or enriched (Fig. S2). As our methodology 
involved a washing step, the peptides remaining on the centrifuge 
cartridge filter in the MIP-free control likely adsorbed onto the filter 
membrane itself. It is possible that the presence of MIPs on the filter 
membrane during snapshot imprinting interferes with this adsorp
tion, resulting in the loss of some proteins from the snapshot im
printing results that were present in the MIP-free control. 

Comparison of MDA-MB-468 proteins found via snapshot imprinting to 
those found via deep proteome analysis 

The proteins identified via snapshot imprinting were sorted by 
sublocation using the UniProt database, as described within Material 
and Methods. This process was repeated for 8792 proteins of MDA- 
MB-468 found via label-free deep proteome analysis [16]. 

As shown in Fig. 4, compared to proteins found via label-free 
deep proteome analysis, a number of cellular sublocations are 
greatly over-represented within the data obtained from snapshot 
imprinting. Notably among these are the membrane, extracellular 
exosome, extracellular region, focal adhesion and extracellular space 
sublocations. Furthermore, of the 8792 MDA-MB-468 proteins de
scribed within literature, only 2380 (27%) were found within sub
locations considered to be extracellular/exposed by the criteria 
described within Material and Methods. This is in contrast to the 
results obtained via snapshot imprinting, in which 238 out of 347 
proteins (69%) were found to be extracellular/exposed. This implies a 
degree of enrichment of exposed proteins during snapshot im
printing, potentially caused by exposed proteins acting as better 
templates for MIP synthesis due to greater accessibility to mono
mers and polymer nanoparticles. This enrichment is beneficial when 
selecting proteins that can serve as targets for antibodies, MIPs or 
aptamers. Interestingly, extracellular exosomes were also highly 
represented within the snapshot imprinting results, despite the ex
pectation that exosomes will be washed away prior to collection of 
cell lysate. This may be attributed to a high degree of colocalisation 

Fig. 2. Venn diagrams showing: (A) the number of proteins discovered in HN5 (left) and MDA-MB-468 (right) cell lines using snapshot imprinting; (B) the number of proteins 
discovered in MDA-MB-486 cell line with (left) and without (right) imprinted polymers. 
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Fig. 3. Bar chart showing the frequencies of the 25 most common cellular sublocations for MDA-MB-468 proteins (blue) as compared to HN5 proteins (black) identified via 
snapshot imprinting. 

Fig. 4. Bar chart showing the frequencies of the 25 most common cellular sublocations for MDA-MB-468 proteins found via snapshot imprinting (blue) as compared to those 
found using label-free deep proteome analysis (black) [16]. 
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of exosomal proteins with membrane, focal adhesion proteins and 
other exposed sublocations. 

The discovery of non-integral membrane proteins 

A large number of proteins identified in this work, as well as in 
previous proteomics experiments, are not integral membrane pro
teins (IMPs). These are typically associated with the endoplasmic 
reticulum/Golgi apparatus, mitochondria, peroxisomes, lysosomes, 
cytoskeleton and nuclei [3]. In our study, we observed the presence 
of major cytosolic (alpha-enolase, GAPDH, glucose-6-phosphate 
isomerase), cytoskeletal (actin, tubulin) and also high-abundance 
nuclear (histones, small nuclear ribonucleoproteins) proteins. These 
same proteins were previously identified via fractionation of trans
membrane proteins [3]. The discovery of non-IMPs both in our ex
periments and by others using the classical proteolytic shaving 
approach is not fully understood. Contamination of the membrane 
fractions with intracellular proteins during trypsinisation is certainly 
possible, however this should not occur during surface protein 
analysis that relies on biotinylation as this takes place prior to cell 
lysis. The fact that intracellular proteins are detected in every pro
tocol used in cell surface protein analysis suggests that the presence 
of non-IMPs in the cell surface is genuine. The authors of the shaving 
approach explained the presence of intracellular proteins on the cell 
membrane by invoking unspecified exporting/secretory cellular 
machinery. There are a number of viable mechanisms that could be 
responsible for this phenomenon, such as canonical and non-cano
nical secretion, the integration of exosomal and ectosomal proteins, 
and adsorption of proteins released during cell death or mitosis (Fig. 
S3) [21–31]. 

Epitope mapping – a case study on EGFR 

In order to demonstrate the value of this technique in identifying 
not only surface proteins but also epitopes suitable for targeting, 
epitopes of epidermal growth factor receptor (EGFR) were in
vestigated as a case study. EGFR was selected both because of its 
clinical significance as a common cancer biomarker, and due to its 
overexpression on both investigated cell lines [32]. 

The Immune Epitope Database and Analysis Resource (https:// 
www.iedb.org/home_v3.php) has, at the time of writing, 88 epitopes 
of EGFR on record, collated from 32 sources. This includes over
lapping epitopes and both linear and conformational epitopes. A 
total of 426 amino acids are considered to contribute towards at 
least one epitope. 

During snapshot imprinting, 36 EGFR peptides were identified 
between the two cell lines. Taking into account that some peptides 
were subsections of larger peptides and that two peptides may 
overlap, 18 EGFR sequences were identified as possible epitopes, 

totalling 394 amino acids (Fig. 5). Of the 18 sequences found via 
snapshot imprinting, 13 overlapped with known epitopes of EGFR. Of 
the 394 constituent amino acids, 137 are found within known epi
topes. As is to be expected, neither known epitopes within literature 
nor the results of snapshot imprinting show epitopes sequentially 
close to the transmembrane region of EGFR (residues 646–668). 

To demonstrate the suitability of these epitopes as potential 
therapeutic targets, three peptides from the extracellular portion of 
EGFR were selected (Fig. 6, Table 1) and used as templates for 
making MIPs using a modified variant of the solid phase synthesis 
approach developed by Canfarotta et al. [12]. The binding affinity of 
these three peptides for whole EGFR was then assessed using surface 
plasmon resonance (SPR), along with MIPs made for a non-peptide 
template (biotin) as a control. 

The dissociation constant (Kd) of each MIP with whole EGFR was 
measured as listed in Table 1. All three EGFR epitope-imprinted MIPs 
showed significantly higher affinity for whole EGFR (16–48 nM) than 
a control MIP imprinted with biotin, which showed no discernible 
binding at nanomolar concentration ranges (Fig. S4). This demon
strates the utility of snapshot imprinting in the identification of 
protein epitopes suitable for generation of selective binders such as 
antibodies, MIPs and aptamers. 

Discussion and conclusion 

The process of snapshot imprinting can be presented as the 
preservation of exposed fragments of cell proteins through their 
complexation with monomers in polymeric networks. The term 
‘snapshot’ does not describe the speed of the process (which is fast 
but not instantaneous), but rather that the proteins which are im
printed are representative of all those present during imprinting. 
The monomeric mixture, comprising of various acrylamide-based 
monomers, was previously optimised for protein imprinting [33,34]. 
The synthesised nanoparticles are non-toxic to cultured cells  
[35–37], and similarly in our experiments the addition of monomer 
mixture did not appear to trigger cell lysis (Fig. S5). 

It is useful to discuss our results in relation to those obtained 
using the previously described protocols. The total number of dis
tinct proteins identified for cancer cells using a shotgun proteomics 
approach was 12,775, though of course these offer no selectivity for 
surface proteins [16]. The total number and type of cell membrane 
proteins identified in proteomic studies is highly dependent on the 
isolation technique and varies from 69 to 629 proteins depending on 
the cell line and the discovery process used (Cell Surface Protein 
Atlas- http://wlab.ethz.ch/cspa/#downloads) [38]. Accordingly, 438 
proteins were identified via snapshot imprinting for both cell lines, 
with 283 considered to be exposed or extracellular. While appre
ciating the differences in lineage, these numbers are significantly 
higher than the 188 proteins previously identified in surface protein 

Fig. 5. Extracellular region of EGFR; regions considered to be epitopes highlighted in orange, remainder in blue. Epitopes selected from: (A) label-free deep proteome analysis; (B) 
snapshot imprinting. 
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analysis of MDA-MB-231 cells [9]. Using the traditional shaving 
approach, the number of discovered membrane proteins varied from 
178 to 237; a similar number to the 115 proteins discovered within 
our similar MIP-free control group [39,40]. This snapshot imprinting 
approach can therefore compete with previously reported studies of 
cell surface proteins, which employed elaborate fractionation or af
finity purification of membrane proteins [40]. The total number of 
membrane proteins identified with either snapshot imprinting or 
the shaving approach was very low as compared with the total es
timated number of membrane proteins present [41]. The most likely 
explanation for this is the low abundance of most membrane pro
teins, and the possibility that some of these proteins are not ideal 
targets for imprinting, for example, due to poor accessibility. 

The two cell lines mapped using this technique, HN5 and MDA- 
MB-468, were originally selected for the purpose of identifying 
epitopes of epidermal growth factor receptor (EGFR) for a separate 
study on MIP-based EGFR targeting, due to their overexpression of 
EGFR. While information about the cell proteome is available for 
MDA-MB-486 cells, only genomic information can be found for HN5 
cells [42]. We have demonstrated that EGFR epitopes identified via 
snapshot imprinting can act as templates for the synthesis of mo
lecularly imprinted polymers. Further investigations can be carried 
out in the future as to whether all detected peptides are suitable 
targets, and whether peptides that were not highlighted are indeed 
worse targets. 

The strength of this approach is that it is not constrained by pre
conceived assumptions of target protein location, allowing the 
freedom to discover novel targets for drug development and diag
nostics. It is relatively simple to perform as no extraction or separation 
of membrane fractions is required. In contrast to antibody staining, 
which assesses the presence or absence of proteins, our approach 
provides sensitive and precise quantitation over a broad range of 
membrane-associated proteins for which commercial antibodies do 
not exist. The additional benefits of snapshot imprinting lie in its 
ability to link sequences of identified peptides with their ability to 
generate MIP nanoparticles as binders. In contrast, established proto
cols such as the shaving approach can provide information about ex
posed peptides and protein structures, but due to a lack of correlation 

between the abundance of proteins and their immunogenicity the 
identified peptides cannot necessarily be used to make corresponding 
antibodies. As a result, snapshot imprinting represents a new all-in- 
one system for mapping surface proteins whilst screening their pep
tides for the ability to serve as epitopes for targeting. 

In summary, a new method was developed for identifying cancer 
cell surface proteins and epitopes via synthesis of molecularly im
printed polymers in the presence of cells, followed by trypsinisation 
and sequencing of imprinted peptides. This technique screens pep
tides for their ability to act as targets for molecular imprinting, al
lowing the selection of epitopes for diagnostic and therapeutic 
applications. As a proof of concept, two cancer cell lines (MDA-MB- 
468 and HN5) were mapped, identifying 438 proteins and over 5000 
peptides. Molecularly imprinted polymers (MIPs) were successfully 
generated for three epitopes of epidermal growth factor receptor 
(EGFR) found via mapping, demonstrating the ability of this tech
nique to identify epitopes suitable for targeting. 
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