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ear uptake of anti-MUC1 aptamers
by dead cells: the role of cell viability monitoring in
aptamer targeting of membrane-bound protein
cancer biomarkers†

Shane Patrick Flanagan, a Ronen Fogel, a Adrienne Lesley Edkins, b

Lance St. John Ho a and Janice Limson *a

Most aptamers targeting cell-expressed antigens are intended for in vivo application, however, these

sequences are commonly generated in vitro against synthetic oligopeptide epitopes or recombinant

proteins. As these in vitro analogues frequently do not mimic the in vivo target within an endogenous

environment, the evolved aptamers are often prone to nonspecific binding. The presence of dead cells

and cellular debris further complicate aptamer targeting, due to their high nonspecific affinities to single-

stranded DNA. Despite these known limitations, assessment of cell viability and/or the removal of dead

cells is rarely applied as part of the methodology during in vivo testing of aptamer binding. Furthermore,

the extent and route(s) by which dead cells uptake existing aptamers remains to be determined in the

literature. For this purpose, the previously reported aptamer sequences 5TR1, 5TR4, 5TRG2 and S22 –

enriched against the MUC1 tumour marker of the mucin glycoprotein family – were used as model

sequences to evaluate the influence of cell viability and the presence of nontarget cell-expressed protein

on aptamer binding to the MUC1 expressing human cancer cell lines MCF-7, Hs578T, SW480, and

SW620. From fluorescence microscopy analysis, all tested aptamers demonstrated extensive nonspecific

uptake within the nuclei of dead cells with compromised membrane integrities. Using fluorescent-

activated cell sorting (FACS), the inclusion of excess double-stranded DNA as a blocking agent showed

no effect on nonspecific aptamer uptake by dead cells. Further nonspecific binding to cell-membrane

bound and intracellular protein was evident for each aptamer sequence, as assessed by southwestern

blotting and FACS. These factors likely contributed to the �120-fold greater binding response of the

5TR1 aptamer to dead MCF-7 cells over equivalent live cell populations. The identification of dead cells

and cellular debris using viability stains and the subsequent exclusion of these cells from FACS analysis

was identified as an essential requirement for the evaluation of aptamer binding specificity to live cell

populations of the cancer cell lines MCF-7, Hs578T and SW480. The research findings stress the

importance of dead cell uptake and more comprehensive cell viability screening to validate novel

aptamer sequences for diagnostic and therapeutic application.
Introduction

The mucin glycoprotein MUC1 is of clinical interest as both
a diagnostic indicator and a therapeutic target in carcinoma
and haematological malignancies.1 MUC1 expression is
restricted to the apical surface of normal epithelia, and is
present as a heterodimer of N- and C-terminal subunits.2,3

Following expression, the MUC1 heterodimer is repeatedly
iversity, Makhanda, South Africa. E-mail:

ioBRU), Department of Biochemistry and

, South Africa

tion (ESI) available. See DOI:

f Chemistry 2021
internalised and successively modied by the sequential gly-
cosyltransferase addition of N- and O-linked glycans to its
Variable Number of Tandem Repeat (VNTR) domain.4,5 Aer
MUC1's maturation to a fully glycosylated state, re-
internalisation continues until the MUC1 heterodimer is
either degraded intracellularly, or theMUC1 N-terminal subunit
is shed into the extracellular matrix.6,7

Compared to normally-expressed MUC1, cancer-associated
isoforms are characterised by their overexpression in malig-
nant tissues, polarized distribution to basolateral cell
membranes, and truncations in O-glycosylation during post-
translational modication.8,9 These aberrant features of
cancer-associated MUC1 are implicated in the survival,
progression, and metastasis of tumours.8,10–13 Epitope exposure
Anal. Methods, 2021, 13, 1191–1203 | 1191
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due to the altered O-glycosylation patterns in the extracellular
VNTR domain of cancer-associated MUC1 has allowed for the
generation of several antibodies specic to this isoform.14–21

Antibody-based detection of the MUC1 N-terminus shed into
circulation is of prognostic value, and provides an indication of
cancer occurrence, progression, and response to therapy.22–26

Similar to antibodies, aptamers represent a promising class
of targeting vectors. Aptamers consist of synthetic DNA or RNA
oligonucleotides able to fold into unique three-dimensional
conformations exhibiting high affinity and specicity to
a target ligand.27 Given the clinical utility of MUC1 as a tumour
marker, several aptamers specic to the extracellular MUC1
VNTR have been previously reported.28–31 As with antibody
generation against MUC1, the selection of MUC1-targeting
aptamers via Systematic Evolution of Ligands by EXponential
enrichment (SELEX) has relied on structural features of the
VNTR which differentiate normal and cancer-associated MUC1
glycoforms.28–31

Ferreira and colleagues rst described the isolation and
selection of single-stranded DNA (ssDNA) aptamer sequences
5TR1, 5TR4, and S22 which bound to nonglycosylated oligo-
peptides containing the immunodominant proline–aspartate–
threonine–arginine–proline (PDTRP) epitope of the MUC1
VNTR.28,29 Subsequently, ssDNA aptamers including 5TRG2
were reported to bind a VNTR peptide enzymatically O-glyco-
sylated with N-acetylgalactosamine: this target was designed to
generate aptamers specic to glycopeptide antigens exclusive to
cancer-associated MUC1.30 The ability of the former aptamers to
bind in vitro MUC1 analogues (nonglycosylated peptides of the
MUC1 VNTR) with high affinity and specicity was demon-
strated in several studies.32–35

However, unlike the uniform nature of in vitro targets,
aptamer binding to cancer-associated MUC1 in vivo presents
additional challenges. In particular, the complex O-glycosyla-
tion prole of the MUC1 VNTR results in a wide variety of gly-
coforms, many of which may prevent aptamer binding due to
steric or conformational constraints.14,15,17,19–21,36–41 Additionally,
other nontarget considerations may prevent aptamer binding
e.g. nonspecic adherence to free genomic DNA or cell-
membrane components of MUC1-expressing cells were also
identied in in vivo studies.39,42 Despite these ndings, the
capability of the aptamers S22, 5TR1 and 5TRG2 to bind
endogenous MUC1 have been proposed by aptamer internal-
isation within cancer cell lines expressing MUC1, and by their in
vivo localisation to associated cancer cell line xenogras.30,43–53

While these studies support the specic recognition of cancer-
associated MUC1, oen by comparing aptamer binding to
control cell lines lacking MUC1 expression,30,39,54,55 few reports
specically examine nonspecic aptamer uptake or nonspecic
adherence to MUC1 expressing cells.

The disconnect between the condition of a target used in
SELEX-based aptamer generation and the physiological state of
the in vivo target is not unique to aptamers enriched against
MUC1. While developments in cell-56 and crossover-SELEX57

produce aptamers with improved target binding specicity,
overcoming the complexity of cell expressed targets remains
a challenge. The vast majority of aptamers continue to be
1192 | Anal. Methods, 2021, 13, 1191–1203
produced from more conventional peptide- or recombinant
protein-based SELEX.58–60 These target analogues may differ
substantially from their physiological counterparts in their
folded conformations, post-translational modications, and
extra- or intracellular environments.61,62 Moreover, few
studies42,61,63–66 determine aptamer binding affinity and speci-
city to the physiological target following SELEX. Under these
circumstances, aptamers generated from synthetic oligopep-
tides or recombinant protein analogues may not recognise the
intended target in vivo or may non-specically adhere to
surrounding cell and extracellular components.67

The heterogeneous nature of cell cultures may further
complicate in vivo studies of aptamer binding to cell-expressed
targets. Due to their high nonspecic affinity for ssDNA, dead
cells may sequester large amounts of aptamers.68–71 While not
well-understood, the mechanism of nonspecic uptake of
aptamers by dead cells may relate to the compromised cell
membrane integrity, which allows diffusing aptamers access to
intracellular DNA-binding structures and molecules.71–73

Preparative removal of dead cells before aptamer analysis has
been proposed; methods include cell sorting by ow cytom-
etry,69 microbead removal of dead cells,70 and the addition of
blocking agents to saturate nonspecic DNA-binding sites.67

While these methods are utilised during cell-SELEX, nonspe-
cic aptamer adherence to dead cells is rarely acknowledged or
accounted for in studies that examine aptamer affinity aer
SELEX enrichment.

The failure to evaluate the physiological relevance of
aptamers can lead to inaccurate diagnoses and ineffective
therapeutic targeting, further delaying their commercialisation
and clinical use. Moreover, the use of heterogeneous cell
samples, specically those including even minor proportions of
dead cells during binding assays, is a contributing factor for
inaccurate estimates of binding affinity during aptamer-target
screening. To address the above, this report details a case
study examining the extent, route and cause of nonspecic
uptake of aptamers by dead cells. Methods reported to mini-
mise the inuence of dead cell subpopulations in targeted cell
samples were evaluated. Flow cytometry-based assays, those
common in cell–aptamer studies, were utilised to determine the
binding capabilities of aptamers to cell–membrane targets once
dead cells are considered. To achieve these outcomes, this study
evaluates previously characterised MUC1-targeting aptamers
applied to MUC1-expressing human cancer cell lines.

Materials and methods
Preparation of aptamer and control oligonucleotides

All ssDNA aptamer sequences, including the randomized RND1
control, were obtained from Integrated DNA Technologies (USA)
and sourced with HPLC purication. Oligonucleotides were
resuspended to 100 mM in TE (10mMTris, 0.1 mM EDTA) buffer
at pH 8.0, as per manufacturer instructions. All sequences were
68 nucleotides in length: each was comprised of identical
primer binding sites denoted as P1: 50-GAGACAAGAA-
TAAACGCTCAA-30 and P2: 50-TTCGACAGGAGGCTCACAACAG-30.
The binding regions of individual sequences are presented in
This journal is © The Royal Society of Chemistry 2021
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Table 1 Oligonucleotide binding region sequences of the MUC1 targeting aptamers and the RND1 control. The Gibbs free energy change (DG�)
associatedwith secondary structure formation for all the above sequences were determined using theMfold algorithm74 at a folding temperature
of 25 �C in 100 mM Na+ and 5 mM Mg2+

Aptamer Binding region sequence (50 / 30) Total GC (%) DG� (kcal mol�1)

5TR1 P1-GAAGTGAAAATGACAGAACACAACA-P2 36 �2.95
5TR4 P1-TACTGCATGCACACCACTTCAACTA-P2 44 �1.07
5TRG2 P1-GGCTATAGCACATGGGTAAAACGAC-P2 46 �4.37
S22 P1-GCAGTTGATCCTTTGGATACCCTGG-P2 52 �7.31
RND1 control P1-CAACATATCATCACACAGTATAACA-P2 32 �0.30
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Table 1.28–30 Aptamer-conjugated 50 reporter agents include
biotin, which was visualised using streptavidin-conjugated
horseradish peroxidase (streptavidin-HRP, N100, Thermo-
Fisher Scientic, USA), and the uorophores uorescein iso-
thiocyanate (FITC) and cyanine-5 (Cy5).

Before binding assays, all oligonucleotide sequences were
prepared for binding as previously reported: dissolved in
a 100 mM NaCl and 5 mM MgCl2 salt solution initially utilised
for aptamer SELEX enrichment, heated to 95 �C for 5 minutes
and thereaer gradually cooled to 25 �C.28–30 Aer heat dena-
turation and refolding, aptamer binding was evaluated at 25 �C
in a 100 mM NaCl and 5 mM MgCl2 supplemented 10 mM
sodium phosphate buffer pH 7.4 (denoted as SPB buffer) to
maintain the MUC1 binding conformation of each aptamer.

Antibodies, proteins and peptides

Three primary antibodies were used in this study: SM3, an anti-
human MUC1 N-terminal monoclonal primary antibody raised
in mouse (Ab22711); MH-1, an Armenian hamster anti-human
MUC1 C-terminal monoclonal primary antibody (Ab80952)
both sourced from Abcam (USA); and the control M5284,
a mouse IgG1 isotype control monoclonal antibody obtained
from MilliporeSigma (USA). Where indicated, the primary
antibodies were detected using species-specic uorophore-
labelled secondary antibodies: Dylight650-labelled goat anti-
mouse IgG H&L (Ab96882), Dylight488-labelled goat anti-
mouse IgG H&L (Ab96871) or FITC-labelled goat anti-
Armenian hamster IgG H&L (Ab5739), from Abcam (USA).

A synthetic oligopeptide with a sequence similar to the VNTR
regions of the MUC1 glycoprotein (hereaer referred to as the
MUC1 peptide) was sourced as a lter-sterilized 0.05 mg ml�1

stock in 1� PBS pH 7.4 (137 mM NaCl, 1 mM KH2PO4, 8 mM
Na2HPO4, and 3 mM KCl) and 0.1 mM EDTA solution (Vault
BioIndustries, ZA). This unglycosylated MUC1 peptide
comprised three 20-amino acid repeat sequences of the MUC1
N-terminal VNTR, coupled to a hexahistidine tag at the N-
terminus:

NH2-MGHHHHHHPAPGSTAPPAHGVTSAPDTRPAPG-
STAPPAHGVTSAPDTRPAPGSTAPPAHGVTSAPDTRPAPG-COOH.

Cell lines and tissue culture

Adherent human breast carcinoma cell lines: MCF-7 (ATCC:
HTB-22) and Hs578T (ATCC: HTB-126), and the human lung
carcinoma cell line A549 (ATCC: CCL-185) were sourced from
This journal is © The Royal Society of Chemistry 2021
American Type Culture Collection (ATCC, USA). The human
colon carcinoma cell lines: SW480 (ECACC: 87092801) and
SW620 (ECACC: 87051203) were obtained from the European
Collection of Authenticated Cell Cultures (ECACC, UK). MCF-7
and Hs578T cells were cultured in DMEM, supplemented with
5% v/v fetal calf serum (FCS) and 1% w/v penicillin–strepto-
mycin (P/S) within vented culture asks at 37 �C in 10% CO2.
The SW480 and SW620 cells were cultured in RPMI growth
media, supplemented with 10% v/v FCS and 1% w/v P/S in
sealed culture ask at 37 �C, in normal air without additional
CO2. Adherent cells were maintained by regular replacement of
supplemented growth media until the cultures reached 80%
conuency, at which point, the cells were subcultured to T75
tissue culture asks (75 cm2, Corning, USA). All cell culture was
carried out using aseptic technique in a class II safety cabinet
and routinely monitored by PCR for the absence of mycoplasma
infection.75
Chemical reagents

Buffer salts were obtained from MilliporeSigma (USA) and
Merck (DE), with solvent reagents from Merck (DE). Unless
specied, all other reagent grade chemicals were obtained from
MilliporeSigma (USA) and consumables from Eppendorf (DE).
Enzyme-linked oligonucleotide assays (ELONA)

ELONAs were conducted similar to previous studies.76 Briey,
the surfaces of 96-well microtiter plate wells (Greiner BioOne,
USA) were coated by applying 500 ng of the MUC1 peptide dis-
solved in 200 ml 100 mM NaHCO3 pH 8.5 to each well and
incubating the plates at 4 �C overnight. Subsequently, plates
were washed three times with Tris-Buffered Saline buffer (TBS,
25 mM Tris–HCl pH 7.4, 144 mMNaCl and 0.05% v/v Nonidet P-
40, NP-40) and blocked with 5% w/v skim milk powder in TBS
for 1 hour at 4 �C. Aer rinsing three times with TBS, plate wells
were incubated with biotin-labelled aptamers for 2 hours at
25 �C in 100 ml of 100 mM NaCl and 5 mM MgCl2 solution.
Aptamer additions of 1.5 pmol, 5 pmol, 25 pmol, 50 pmol, 100
pmol, and 150 pmol per well were tested. Wells were washed
three times with TBS and incubated with a 1 : 1000 dilution of
1 mg ml�1 streptavidin-HRP (ThermoFisher, USA) in TBS for 2
hours at 25 �C. Aer a further three washes with TBS, aptamer
binding was detected by monitoring the 450 nm absorbance of
3,30,5,50-tetramethylbenzidine (TMB, ThermoFisher, USA)
Anal. Methods, 2021, 13, 1191–1203 | 1193
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oxidation, terminating the reaction aer 15 minutes with 1 M
H2SO4.

Fluorescence microscopy

Fluorescent micrographs were acquired using a Zeiss Axiovert
A1F1 LED epiuorescent microscope (Carl Zeiss Microscopy,
DE), under 400� magnication. Sample uorescence was
visualised at emission/excitation wavelengths of 358 nm/
461 nm (samples stained with 4,6-diamidino-2-phenylindole,
DAPI) and 494 nm/518 nm (samples stained with Dylight 488-
or FITC-conjugated reporters), respectively. For the quantica-
tion of uorescent response, images were processed using ZEN
2 (Zen 2 version 2.0.0.0, Carl Zeiss Microscopy, DE) and ImageJ-
Fiji soware.77

Each cell line was cultured to �30% conuency on the
surfaces of sterile 18mm glass coverslips in 12-well microplates.
Prior to staining, the live cell samples adhered to the coverslip
surface were gently washed twice with SPB. For the preparation
of dead cell samples, cultured cells were xed to coverslips by
ice-cold methanol and air-dried.78,79 The xed cells were washed
twice with 10 mM phosphate buffer pH 7.4, supplemented with
100 mM NaCl, 5 mM MgCl2 and 0.05% w/v NP-40, denoted as
SPB-N.

FITC-labelled aptamer localisation in live and dead MUC1-
expressing cells

Both live and dead cell samples were incubated with 100 pmol
FITC-labelled aptamers, dissolved in 1 ml SPB, for 2 hours at
25 �C. Aer three washes in SPB, live and dead cells were
counterstained with 1 mg ml�1 DAPI in SPB, rinsed with SPB,
and mounted to microscopy slides containing 1 ml Fluoroshield
reagent (MilliporeSigma, USA).

SM3 antibody localisation in dead MUC1-expressing cells

For antibody staining, xed cells were rst blocked with SPB–N
containing 5% w/v BSA for 1 hour at 25 �C, washed twice with
SPB–N and incubated with 1 mg (1 : 500 dilution) of either the
SM3 or isotype control antibody for 1 hour at 25 �C in SPB–N
buffer supplemented with 0.1% w/v BSA. Cells were subse-
quently washed with 0.1% w/v BSA in SPB–N buffer before
staining with Dylight488-labelled secondary antibody for 1 hour
at 25 �C (1 : 500 dilution). The antibody-stained cells were
washed twice with SPB–N containing 0.1% w/v BSA before
counterstaining with 1 mg ml�1 DAPI and mounted on micros-
copy slides containing Fluoroshield as above.

Southwestern blotting

Conuent cell samples were washed three times with 1� PBS
pH 7.4 and detached from a T-75 culture ask by mechanical
cell scraping. These were resuspended at 4 �C in 1 ml of RIPA
buffer (50 mM Tris–HCl buffer, pH 7.6, containing 150 mM
NaCl, 1% w/v NP-40 and 2% w/v SDS) and lysed by sonication at
4 �C for ve cycles of a 30 second 60 W ultrasonication and 30
second pause. The lysed samples were centrifuged at 13 500 � g
for 15 minutes, with the entire claried supernatant retained as
1194 | Anal. Methods, 2021, 13, 1191–1203
lysate stored at �80 �C until use. Samples of 1 ml Pierce™
Prestained Protein Molecular weight marker (26612, Thermo-
Fisher Scientic, USA) and 5 ml cell line lysates (1 mg ml�1)
were heated to 95 �C for 10 minutes in Laemmli buffer, elec-
trophoresed by SDS-PAGE on 15% w/v Tris-glycine pH 8.8
polyacrylamide gels, and transferred onto nitrocellulose at
a constant current of 67 mA cooled to 4 �C for 2 hours.

Each membrane was incubated with a single biotin-labelled
aptamer, using 10 ml of 0.1 mM solutions of the aptamer in SPB.
Exposure to the aptamer solutions proceeded for 2 hours at
25 �C and rinsed three times with SPB. A membrane containing
the electro-transferred cell lysates, but untreated with an
aptamer, served as a negative control. Following exposure to the
biotinylated aptamers, membranes were subsequently blocked
with 5% w/v milk powder in SPB for 1 hour at 25 �C, washed
three times with SPB–N, incubated with streptavidin-HRP
(diluted 1 : 5000 in SPB–N) for 1 hour at 25 �C, and washed
three times with SPB–N. Aptamer staining with streptavidin-
HRP was visualized by chemiluminescence using luminol
(Western Blotting kit, Roche Applied Science, Switzerland).

Flow cytometry

Before ow cytometry assays, culture media was removed and
the adherent cells washed with 1� PBS pH 7.4. Adherent cells
were lied using 10 mM EDTA in 1� PBS for 10 minutes at
37 �C, centrifuged at 400� g for 2 minutes, and the supernatant
discarded. Detachment by EDTA over conventional enzymatic
treatment was used to preserve cell surface markers.80 The
pelleted cells were resuspended to 106 cells per 200 ml sample in
SPB. Where necessary, dead cell samples were prepared by
xing 106 cells in 1� PBS containing 0.01% v/v formaldehyde on
ice for 10 minutes. The xed cells were collected by centrifu-
gation at 1800 � g and incubated in SPB containing 0.1% w/v
Triton™-X100 at 4 �C for 15 minutes. Aer centrifugation at
1800 � g, permeabilised cells were resuspended in 200 ml SPB.

Aer aptamer or antibody staining, 200 ml of the prepared
cell suspensions in SPB were ltered through a cell strainer (35
mm pore, BD Biosciences, USA), retaining unicellular ltrates in
BD Falcon ow cytometry tubes (BD Biosciences, USA). Flow
cytometry assays were performed on a BD FACSAria II ow
cytometer using FACSDiva acquisition soware (BD Biosci-
ences, USA). Cytometric data was analysed using Flowing so-
ware 2 (version 2.5.1, Turku Centre for Biotechnology University
of Turku, Finland) and FlowJo soware (version 10.0.7r2,
Treestar Inc., USA). All cell suspensions were kept in the dark
until their analysis no later than 2 hours aer staining.

Distribution of 5TR1 aptamer binding between live and dead
MCF-7 cells

Prepared 1 � 106 MCF-7 cell suspensions were centrifuged at
400� g for 2 minutes and resuspended in 200 ml SPB containing
1 pmol, 10 pmol, 25 pmol, 50 pmol or 100 pmol additions of
either Cy5-labelled 5TR1 aptamer or RND1 control sequences
for 1 hour at 25 �C. Similarly, 1 mg of either the SM3 or IgG
control antibodies were incubated with separate MCF-7 cell
suspensions for 1 hour at 4 �C in 500 ml SPB. The primary
This journal is © The Royal Society of Chemistry 2021
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antibody stained cells were washed three times with 1 ml SPB
and incubated with 2.5 mg of the Dyl650-labelled goat anti-
mouse IgG H&L secondary antibody for 1 hour at 4 �C in 500
ml SPB. Cell suspensions were washed three times with 1 ml SPB
before data acquisition, whereby all cell events were collected
until 10 000 live cells were counted.
Blocking efficacy of salmon sperm dsDNA on 5TR1 aptamer
binding to MCF-7 cells

Salmon sperm double-stranded DNA (dsDNA, MilliporeSigma,
USA) was ultrasonicated to within the oligonucleotide length of
the MUC1-targeting aptamers,81 heat-denatured at 95 �C for 5
minutes and rapidly cooled to 4 �C to minimise re-annealing.
The sheared salmon sperm dsDNA was prepared as 10 pmol,
100 pmol, 500 pmol, 1000 pmol, and 2000 pmol aliquots in 200
ml SPB. Each aliquot was incubated with 106 MCF-7 cells for 1
hour at 25 �C. Aer centrifugation at 400 � g to remove excess
salmon sperm dsDNA, cells were incubated with 25 pmol of the
Cy5-labelled 5TR1 or RND1 sequences for 1 hour at 25 �C in 200
ml SPB. Aer three 1 ml SPB wash steps, all cell events were
collected until 10 000 live cells were counted.
Anti-MUC1 antibody and aptamer staining of live and dead
cell fractions of MUC1-expressing cancer cell lines

Aer centrifugation at 400 � g, 106 cell suspensions were
incubated with 250 pmol additions of Cy5-labelled 5TR1
aptamer or RND1 control, or FITC-labelled aptamers 5TR1,
5TR4, 5TRG2 or S22 for 1 hour at 25 �C in 200 ml SPB. Separate
cell suspensions were stained by 1 mg of either the SM3 or IgG
control antibody for 1 hour at 4 �C. The primary antibody
stained cell samples were washed three times with SPB and
incubated with 2.5 mg of the Dyl650-labelled goat anti-mouse
IgG H&L secondary antibody for 1 hour at 4 �C. Under similar
conditions, dead cell suspensions were used for MH-1 (1 mg)
and anti-Armenian hamster IgG secondary control (2.5 mg)
antibody staining. Following three 1 ml SPB wash steps and
resuspension, data acquisition was separated into live and dead
cell events. Except for the 4000 live cell events collected for SM3
and IgG control antibody stained cells, 10 000 live cell events
were collected for live cell analysis. For dead cells, all events
were collected until 10 000 dead cells were counted.
Gating strategy to distinguish between live and dead cell
subpopulations

Untreated (predominately live cells) and Triton X-100 per-
meabilised (dead cells) cell samples were stained with 1 mg ml�1

propidium iodide (PI) solution to distinguish between the live
and dead cell subpopulations of each cancer cell line. Typically,
the gate identifying live cells (PI-negative) was set to a uores-
cent signal intensity of 1000 RFU; the dead cell gate (PI-positive)
typically extended from 3000 RFU onwards. The FITC- and APC-
positive gates were subsequently dened from the upper 95%
percentile FITC and APC auto-uorescence intensity of total live
cell events from the untreated cell sample, determined using PI
exclusion.
This journal is © The Royal Society of Chemistry 2021
To prevent potential PI intercalation with the ssDNA
aptamers, PI was not used to co-stain cells with the MUC1-
targeting aptamers or the RND1 control. Rather, live and dead
cell subpopulations of aptamer or RND1 stained cells were
identied from their distinct forward- and side-scattered light
proles inferred from the gates on untreated and Triton X-100
permeabilised cell samples stained with PI. The same proce-
dure was used to dene live and dead cell subpopulations of
antibody stained cell samples. Following antibody, aptamer or
RND1 control staining, the percentage of cells positive for FITC,
Cy5 or Dyl650 uorescence were determined from the number
of live or dead cell events harbouring a uorescence intensity
greater than the above-dened FITC- and APC-positive gates.
Separately, the median FITC, Cy5 or Dyl650 uorescence
intensity of antibody, aptamer or RND1 control stained live and
dead cell subpopulations were determined from the total live
and dead cell events respectively.
Statistical analysis

Statistical analysis was performed using Statistica 10 (Statso
Inc, USA) and GraphPad Prism 8.4 (Graphpad Soware Inc,
USA) soware. Where stated, experimental reproducibility is
represented as the standard deviation from the mean and the
median absolute deviation (where n ¼ the number of inde-
pendent measurements performed). Colocalization of DAPI and
FITC uorescence microscopy staining was quantied by Pear-
son's correlation coefficient, obtained by the Coloc 2 routine in
ImageJ-Fiji.77 Pixel thresholds were auto-detected and validated
according to Costes et al.82 Parametric Two-way ANOVA using
Tukey–Kramer multiple comparison tests and nonparametric
Kruskal–Wallis using Dunn's multiple comparison tests were
used to evaluate signicant differences (p < 0.05). The uores-
cence intensities median, median absolute deviation and mean
rank scores of Fig. 2 and 4 datasets are stated in Table S1 of the
ESI.†
Results and discussion
Nonspecic aptamer binding to extrinsic protein in ELONA

Among the published MUC1 aptamers, the sequences 5TR1,
5TR4, 5TRG2, and S22 were selected as each exhibit the highest
reported binding affinity to the MUC1 peptide targets used in
their respective SELEX enrichment.28,30 Despite reports of their
broad ability to bind various glycoforms of MUC1, the selected
aptamers were each only enriched to a single peptide analogue
of the MUC1 VNTR.28–30 Reports detailing their subsequent use
in aptasensor development against MUC1 also restrict their
analysis to a single aptamer oen with no consensus over the
targeted MUC1 analogue.29,32,34,83–85

In targeting MUC1-expressing cells, studies report high
binding specicity by the selected aptamers and by association
negligible nonspecic binding to extracellular or membrane-
associated proteins. Yet, these ndings are oen cited without
sufficient assessment relative to a nonbinding oligonucleotide
or against peptides or whole proteins unrelated to the MUC1
VNTR.30,55,86
Anal. Methods, 2021, 13, 1191–1203 | 1195
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To cross-compare the published MUC1 aptamers, ELONA's
using a nonglycosylated peptide analogue of the MUC1 VNTR as
a target, and a milk powder blocking agent as a control were
performed. The capability of the aptamers to bind endogenous
MUC1 amongst unrelated cell-expressed protein was also
investigated by southwestern blotting to denatured protein
lysates of the cancer cell lines MCF-7, Hs578T, A549, SW480,
and SW620. For both assays, the binding specicity of the
MUC1-targeting aptamers was assessed relative to a random-
ized RND1 control sequence designed to share identical primer-
binding sites but having no prior enrichment to MUC1. Fig. 1
summarises the colourimetric intensity of the assayed binding.

As evaluated using ELONA, at 150 pmol of added aptamer
the binding specicity (p < 0.001) of the 5TR1 (l450 ¼ 0.600 �
0.069) and S22 (l450 ¼ 0.258 � 0.019) aptamers to the MUC1
peptide was established relative to the milk powder control.
Under the tested conditions, binding specicity to the MUC1
peptide was not observed for the aptamers 5TR4, 5TRG2, and
Fig. 1 Aptamer and RND1 control binding to the MUC1 peptide and
cell line lysates. (A) The ELONA response obtained for 5TR1, 5TR4,
5TRG2, S22 aptamer and RND1 control binding to MUC1 peptide
(MUC1) and milk powder control (MP) layers. Significant binding by the
biotin-labelled aptamers to wells containing the MUC1 peptide in
comparison to the milk powder control layer only is denoted with an
asterisk (*, p < 0.05). Error bars represent the standard deviation of the
mean (n ¼ 4). Two-way ANOVA tests were performed using the
Tukey–Kramer post hoc test, with results from the two-way ANOVA
annotated in the graph. (B) SDS-PAGE and corresponding south-
western blots of MCF-7, Hs578T, A549, SW480, and SW620 cell lysates
using biotin-labelled 5TR1 aptamer, RND1 and no aptamer controls.
Southwestern blots of cancer cell line lysates by the 5TR4, 5TRG2, and
S22 aptamers shown in ESI as Fig. S1A–C.†

1196 | Anal. Methods, 2021, 13, 1191–1203
the RND1 control sequence. All MUC1-targeting aptamers (and
the RND1 control) bound to the milk powder coated surface in
a concentration-dependent manner, denoted by a signicant
absorbance response above baseline (aptamer and RND1 addi-
tions $50 pmol, p < 0.001). These observations suggest the
tested aptamers are capable of nonspecic binding to proteins
other than MUC1. Furthermore, differences in MUC1 binding
specicity between the tested aptamers was independent of
their shared oligonucleotide length and primer binding sites, as
was determined using the RND1 control.

When applied to cell-expressed protein, comparable
binding between all aptamer sequences and the RND1 control
was observed during southwestern blotting to each cancer cell
line lysate (Fig. 1B and S1A–C†). Fewer luminescent bands were
observed relative to the Coomassie-stained gel indicative of
only a subset of the protein bands from each cell lysate stained
by aptamer and RND1 blotting. Each resulted in multiple
luminescent bands distinct from cell-expressed MUC1; the
endogenous MUC1 protein harbouring a molecular weight
>250 kDa for the mature glycoform (120–225 kDa non-
glycosylated protein core).6,87–90 Native peroxidase activity of the
cell lysates was accounted for by the aptamer- and RND1-free
blot (Fig. 1B).

The propensity for extensive nonspecic binding by the
MUC1-targeting aptamers to unrelated cell-expressed protein
was evident by the high similarity in staining between south-
western blots of the aptamers 5TR1, 5TR4, 5TRG2, S22 and the
RND1 control. This binding behaviour opposes previously re-
ported studies detailing low cross-reactivity of the MUC1-
targeting aptamers.66,91,92 However, the cell lysates used in
southwestern blotting analysis contained both intracellular and
cell membrane protein which poorly represents nonspecic
binding sites accessible to aptamers targeting whole cells.
Distribution of 5TR1 aptamer binding to live and dead MCF-7
cells

To better resolve the capability of the MUC1-targeting aptamers
to bind cell membrane expressed MUC1, ow cytometry was
used to assess 5TR1 aptamer binding to MCF-7 cells relative to
the RND1 control (Fig. 2A–C). Flow cytometry analysis incor-
porated PI as a cell viability stain to evaluate the distribution of
5TR1 aptamer binding between live (PI-negative) and dead (PI-
positive) MCF-7 cells. The 5TR1 aptamer was selected based
on ndings of binding specicity from the MUC1 peptide
ELONA (Fig. 1A).

First, MUC1 expression by the MCF-7 cell line was conrmed
by specic staining of the SM3 antibody in relation to an IgG
antibody control (Fig. 2B and C). For the Cy5-labelled 5TR1
assay, standard additions of the aptamer resulted in a concen-
tration-dependent increase in staining in the APC channel
from 3.40% (0 pmol 5TR1) to 40.21% (100 pmol 5TR1) of the
total MCF-7 cell population (live and dead cells). While
approximately 70% of the total collected cell events consisted of
live cells, most of the uorescence response obtained aer Cy5-
labeled 5TR1 staining originated from the dead cell population.
Specically, dead MCF-7 cells which bound to the Cy5-labeled
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Distribution of 5TR1 aptamer and RND1 control binding to live
and dead MCF-7 cells. (A): Representative flow cytometry dot-plots of
100 pmol Cy5-labelled 5TR1, 100 pmol Cy5-labelled RND1, 1 mg
Dyl650-SM3 antibody and 1 mg Dyl650-IgG isotype control antibody
staining of live (blue) and dead (red) MCF-7 cells. (B) Bar graph indi-
cates the total percentage of cells for each sample stained positive for
Cy5 and Dyl650 fluorescence above the 95th percentile of the
untreated cell control auto-fluorescence. The dead (red) and live
(blue) cell proportions of the total percentage of Cy5 and Dyl650
positively stained cells are indicated. (C) Box plot of the median fluo-
rescence intensity of the total live and dead MCF-7 cells stained by
5TR1, RND1, SM3 or the IgG isotype control. In (B), insert shows total
(live and dead) cell population percentage positive for Cy5 fluores-
cence. In (C), a median Cy5 fluorescence intensity from 5TR1 aptamer
staining significantly greater than the RND1 control is denoted by an
asterisk (*, p < 0.05). For the SM3 antibody, a median Cy5 fluorescence
intensity significantly greater than the IgG control is denoted by a hash
(#, p < 0.05). A statistical increase in median fluorescence intensity was
evaluated by nonparametric Kruskal–Wallis (live cells: H(12,129 987) ¼
54 125 and dead cells: H(12,64 987) ¼ 31 615) using Dunn's post hoc test.
The box plot bounds the interquartile range divided by themedian, and
whiskers extend to the 10th and 90th percentile. Outliers beyond the
whiskers not shown. The number of live and dead cell events counted:
10 000 and 5000 respectively.

This journal is © The Royal Society of Chemistry 2021
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5TR1 addition of 100 pmol comprised 31.60% of the total cell
population with live MCF-7 cells the remaining 8.61% (Fig. 2A).

The signicant difference in median Cy5 uorescence
intensity between 100 pmol 5TR1 stained live and dead cell
populations further exemplied the disparity in 5TR1 aptamer
binding to dead cells (p < 0.001, Fig. 2C). Similarly, more
prominent binding to dead cells occurred throughout the tested
5TR1 aptamer concentrations at co-incubation conditions
identical to the live MCF-7 cell fraction (Fig. 2A–C).

When compared to 5TR1, the 100 pmol addition of the Cy5-
labeled RND1 control bound fewer live MCF-7 cells (2.61% total
cell population) with near equivalent staining of the dead cell
population (29.10% total cell population). The RND1 stained
dead cells also showed a signicantly greater median Cy5
uorescence intensity than the RND1-bound live cells (p <
0.001, Fig. 2C). Disproportionate binding by the RND1 control
indicates extensive nonspecic retention to dead cells inde-
pendent of the MUC1 mucin. With high sequence identity to
RND1, dead cell retention of the 5TR1 aptamer was thus
attributed to nonspecic interactions.

The inclusion of salmon sperm dsDNA was subsequently
assessed as a blocking agent to saturate nonspecic oligonu-
cleotide binding sites.70,92,93 However, blocking with excess
dsDNA did not prevent nonspecic binding by the 5TR1
aptamer or RND1 control to both live and deadMCF-7 cells (ESI,
Fig. S2†). Sequence-dependent differences (at aptamer addi-
tions$25 pmol, p < 0.001) in dead cell retention were also noted
between the 5TR1 aptamer and RND1 control. Given the lack of
an effective blocking agent, this nding is problematic: without
cell viability screening the sequence-dependent retention of
aptamer sequences to dead cells may be misinterpreted as
specic binding to the target even with the inclusion of
a nonbinding oligonucleotide control within a study.
Nonspecic nuclear uptake of aptamers within dead cells

In ow cytometry, PI staining dened the dead cell population
by a compromised plasma membrane integrity. While this
increased membrane permeability allows access to intracellular
DNA binding sites, the cause of extensive nonspecic aptamer
binding to dead cells remains to be elucidated. To elaborate on
dead cell retention, localization of MUC1-targeting aptamer
binding was evaluated between live and dead cells of the cancer
cell lines MCF-7, Hs578T, SW480, and SW620 by uorescence
microscopy (Fig. 3). Methanol xation and NP-40 surfactant
treatment were used to disrupt the plasma membrane integrity
to yield dead permeable cells.94

The FITC uorescence of live (non-xed) cells stained using
the FITC-labelled 5TR1 aptamer was evenly distributed
throughout each cell extending beyond the nuclear periphery.
Staining each cancer cell line by the MUC1-specic SM3 anti-
body produced a similar uorescence prole (ESI, Fig. S3E†).
These observations support 5TR1 aptamer binding localised to
the plasma membrane of live cells, attributable to complex
formation with membrane-bound MUC1. In contrast, FITC-
labeled 5TR1 aptamer binding to dead (MeOH xed) cells was
primarily localised to the DAPI-stained nuclei. When compared
Anal. Methods, 2021, 13, 1191–1203 | 1197
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Fig. 3 Fluorescence microscopy imaging of 5TR1 aptamer staining of
methanol- and non-fixed cancer cell lines. The methanol-fixed (dead)
and non-fixed (live) cells MCF-7, Hs578T, SW480, and SW620 are
indicated as FITC-labelled 5TR1 (A, green) and DAPI (B, blue) stained at
a 400� magnification. Pearson's correlation coefficient (n ¼ 4)
depicted in an overlay of FITC and DAPI staining (C), with the insert of
the magnified region (D). Arrows highlight regions of 5TR1 aptamer
accumulation within the cell nucleus of methanol-fixed cells. Scale
bar: 10 mm.
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to live cell samples, an increase in the Pearson's correlation
coefficient was attributed to the overlap of DAPI and FITC-
aptamer staining within the nuclei of dead cells (Fig. 3C). As
aptamer binding to live and dead cells was evaluated under
identical conditions, aptamer diffusion through the perforated
plasma membrane of dead cells resulted in internalization and
subsequent nuclear uptake.

While distinct nuclear bodies were not resolved, aptamer
localisation in dead cells appeared to concentrate within the
optically-dense nucleoli (Fig. 3C and D, dead cells), additionally
characterised by a low DAPI uorescence intensity compared to
the rest of the nucleus.95,96 Similar localisation was observed for
the FITC-labelled aptamers 5TR4, 5TRG2, and S22 to each of the
live and dead populations of the cancer cell lines MCF-7,
Hs578T, SW420, and SW620 (ESI, Fig. S3A–D†). This
1198 | Anal. Methods, 2021, 13, 1191–1203
corresponds to previous uorescence microscopy studies which
noted the uptake of short sequences of ssDNA (<100 nucleotide
length) into the nuclei of xed cells.68 However, these ndings
are not applied in the assessment of ssDNA aptamer binding to
cell-expressed targets.

Nuclei localisation of FITC-labelled SM3 and IgG control
antibodies to dead cell samples was not observed (ESI,
Fig. S3E†). Consequently, the increased nuclei uorescence
evident in dead cell samples following aptamer addition was
not attributed to previously reported artefacts of methanol
xation, elevated autouorescence of dead cells, nor the
hydrophobic association of the FITC uorophore to intracel-
lular structures.94,97 Hence, aptamer localisation to the nuclei of
dead cells is attributed to distinct nonspecic interactions
between the nucleic acid of the aptamers and nuclear structures
within the cell, particularly the nucleolus, occurring across all
tested cancer cell lines.
Aptamer binding to cancer cell lines by dead cell exclusion

With the necessary displacement of adherent cells for ow
cytometry analysis, disruption of the cell membrane integrity is
largely unavoidable. Consequently, nonspecic uptake of the
MUC1-targeting aptamers in dead cells of a compromised
membrane integrity effectively masks their binding affinity to
cell-expressed MUC1. To counter such shortcomings, ow
cytometry utilised cell viability and membrane integrity
screening by PI staining to collect and analyse MUC1-targeting
aptamer binding to live cell events separate from dead cells and
cellular debris (Fig. 4).

The expression of MUC1 by the cancer cell lines MCF-7,
Hs578T, SW480, and SW620 was conrmed by FITC-labeled
MH-1 antibody staining of the MUC1 C-terminal, independent
of the MUC1 VNTR O-glycosylation state. Staining by the MH-1
antibody was apparent by the signicant increase in median
FITC uorescence of MH-1 antibody-bound cells as compared
to those only stained with the secondary antibody control (p <
0.001, Fig. 4D). High-level MUC1 expression by the cell lines
MCF-7 and SW620 are in accordance with the literature,55,88,98–103

althoughmixed consensus exists relating immunochemical and
qRT-PCR mRNA detection of MUC1 in Hs578T and SW480 cells
with reports stating either negative or low-level MUC1
expression.100,104–107

In SM3 antibody staining of the MUC1 VNTR, a signicant
increase in median Dyl650 uorescence intensity relative to the
IgG isotype control was only observed for live MCF-7 and SW620
cells (p < 0.001, Fig. 4C). With MUC1 expression sufficient for
MH-1 antibody detection, no apparent SM3 antibody binding
specicity to Hs578T and SW480 cells was attributed to a MUC1
VNTR O-glycosylation state which disrupts SM3 antibody
recognition.21,108,109 Accordingly, the differential binding
response between the antibodies SM3 and MH-1 reects the
VNTR O-glycosylation complexity of the MUC1 expressed
between the tested cancer cell lines.20,21,38

The exclusion of dead cells, those identied as having
a compromised plasma membrane integrity through PI stain-
ing, allowed for the resolution of Cy5-labelled 5TR1 aptamer
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Flow cytometry responses of live cancer cell line staining with
either anti-MUC1 aptamers or the SM3 antibody, and dead cell staining
by the MH-1 antibody. Binding indicated by the Cy5 and Dyl650 (A and
C), and FITC (B) median fluorescence intensity of live MCF-7, Hs578T,
SW480 and SW620 cells stained with 1 mg Dyl650-SM3, 1 mg Dyl650-
IgG isotype control, or 250 pmol of either Cy5-labelled 5TR1 or Cy5-
labelled RND1, and FITC-labelled 5TR1, 5TR4, 5TRG2 or S22. Triton-X
permeabilised dead cell line (denoted as Perm cells) staining by 1 mg
FITC-MH-1 or FITC-secondary antibody control is shown in D. For the
5TR1 aptamer, a median Cy5 fluorescence intensity significantly
greater than the RND1 control is denoted by an asterisk (*). Median
FITC fluorescence intensity significantly greater than the FITC-labelled
5TR1 is denoted by a cross (†). For the SM3 antibody, a median Dyl650
fluorescence intensity significantly greater than the IgG control is
denoted by a hash (#). A median FITC fluorescence intensity of MH-1
antibody staining significantly greater than the secondary antibody
control is denoted by a phi (4). The statistical increase in fluorescence
intensity was evaluated by nonparametric Kruskal–Wallis (relevant H-
statistic shown in graph) using Dunn's post hoc test. The box plot
bounds the interquartile range divided by the median, and whiskers
extend to the 10th and 90th percentile. Outliers beyond the whiskers
are not shown. Except for 4000 events counted for Dyl650-SM3 and
Dyl650-IgG isotype control staining, the number of live and dead cell
events counted: 10 000.
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binding specicity to live MCF-7, Hs578T, and SW480 cells.
Binding specicity was apparent by the signicant increase in
median Cy5 uorescence response of Cy5-labelled 5TR1
binding in relation to equivalent additions of the Cy5-labelled
RND1 control (p < 0.001, Fig. 4A). In contrast, a comparable
binding response was observed between the Cy5-labelled 5TR1
and RND1 control to live SW620 cells. With MUC1 expression
conrmed by MH-1 and SM3 antibody staining to SW620 cells,
the uorescence response was attributed to peptide epitope
availability and localised steric or conformational constraints
exerted on 5TR1-MUC1 complex formation resulting from the
MUC1 VNTR O-glycan prole of the SW620 cell line.20,21,55,98,110,111

Similarly, sensitivity to O-glycan related constraints may
explain the binding affinity differences observed between the
FITC-labeled aptamers to cell-expressed MUC1. When
compared to the FITC-labelled 5TR1 aptamer, equivalent
This journal is © The Royal Society of Chemistry 2021
additions of the FITC-labelled 5TR4 aptamer produced
a signicantly greater median FITC uorescence response in
live cancer cells (p < 0.001, Fig. 4B). Separately, the median FITC
uorescence response following binding by the FITC-labelled
aptamers 5TRG2 and S22 to live cells of the cancer cell lines
was signicantly lower than the FITC-labelled aptamers 5TR1
and 5TR4 (p < 0.001, Fig. 4B).

While the complexity of MUC1 O-glycosylation sets inherent
limitations on the identication of specic O-glycan congu-
rations responsible for aptamer binding to each cancer cell
line,112–114 key differences in the binding response between the
MUC1-targeting aptamers were resolved by accounting for
nonspecic binding to dead cells and cellular debris. The
observed binding response allows for further insights into the
mechanism of aptamer-MUC1 recognition, and the impact of
post-translational modication on aptamer binding perfor-
mance to cancer-associated MUC1.

Conclusions

Intracellular accumulation of the MUC1-targeting aptamers to
membrane-compromised dead cells was shown to far exceed
aptamer binding to the cell plasma membrane of intact live
cells. When compared to an equivalent number of live cells,
ow cytometry analysis of dead cells showed a�120-fold greater
Cy5 uorescence response following 100 pmol Cy5-labeled 5TR1
aptamer binding to MCF-7 cells. Extensive nonspecic adher-
ence to dead cells is consistent with cell-SELEX studies and
occurred despite the high MUC1 binding affinity reported for
each tested aptamer.28,30,69,70

Elaborating on previous cell-SELEX studies, most nonspe-
cic binding by the MUC1-targeting aptamers to dead cells was
found to accumulate in the cell nucleus and related nuclear
bodies, particularly to the nucleolus. As SM3 antibody staining
conrmed no localisation of the MUC1 VNTR within the
nucleus, aptamer uptake within the cell interior was indicative
of nonspecic aptamer complexation to nuclear protein, RNA
and/or DNA.39,115 While no distinction was made between
nuclear, intracellular or membrane protein during south-
western blotting, multiple band staining identical to the RND1
control conrmed nonspecic aptamer binding to numerous
proteins distinct from the MUC1 mucin.

Though preservation of the cell membrane is necessary to
prevent access to intracellular nonspecic binding sites,
disruption of the cell membrane integrity is considered
unavoidable during adherent cell detachment and isolation.
Even without detachment and following aptamer co-incubation
directly to the tissue culture ask, nonspecic uptake would
persist due to necrotic cells embedded within the adherent cell
monolayer.70 Lacking an effective blocking agent, the inclusion
of cell viability monitoring during FACS analysis was, therefore,
necessary to evaluate aptamer binding events to cancer-
associated MUC1 on live cells separate from nonspecic
binding to dead cells and cellular debris. Additionally, nonspe-
cic aptamer binding along the plasma membrane of live cells
further necessitated the design and inclusion of the RND1
control sequence to identify MUC1-specic aptamer binding.
Anal. Methods, 2021, 13, 1191–1203 | 1199
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By incorporating the above ndings, the MUC1 binding
specicity of the 5TR1 aptamer in relation to the RND1 control
was demonstrated towards live cell populations of the cancer
cell lines MCF-7, Hs578T, and SW480. Constraints on MUC1
recognition were only apparent aer accounting for nonspecic
5TR1 adherence to the plasma membrane of live cells, and the
exclusion of dead cell uptake. Furthermore, aberrant VNTR O-
glycosylation expressed MUC1 was potentially identied by the
lack of binding specicity of 5TR1 to the SW620 cell
line.20,21,98,110,111,116

In uorescence microscopy analysis, the endocytic mecha-
nisms responsible for MUC1 trafficking were halted during
methanol xation. Coupled to the loss of plasma membrane
integrity of methanol-xed cells, aptamer staining of the cell
nucleus noted in this study and other literature31,44,46,51,53,54,86,117

is instead attributed to passive diffusion and intracellular
nonspecic accumulation44,51,72,73,86,117 as opposed to reports of
aptamer-MUC1 complex formation and endocytic cycling
between the cell plasma membrane and Golgi.29,30,47,48,53–56,118–123

While no nuclear localisation of the MUC1 aptamers was
observed in live cells, indiscriminate association to extrinsic
transmembrane protein may still allow for intracellular uptake
of the aptamers through endocytic pathways analogous to
MUC1.124–128 Consequently, intracellular uptake of the tested
aptamers provides no indication of their binding specicity to
MUC1 without the inclusion of a nonbinding control sequence,
ssDNA pool, or a MUC1 negative control cell line.31,45,51,86,129

Overall, extensive nonspecic binding to extrinsic cellular
protein distinct from cancer-associated MUC1 and associated
uptake to dead cells and cellular debris are important limita-
tions in the targeting capabilities of the MUC1 aptamers. The
identied shortfalls of the MUC1-targeting aptamers illustrate
the importance of more comprehensive aptamer selection
methodology. In particular, the consideration of dead cell
uptake as a principal contributor of nonspecic aptamer
binding towards cell-expressed targets. Accounting for the
inuence of cell viability on aptamer-analyte recognition may
improve the physiological relevance of existing and novel
aptamer sequences for diagnostic and therapeutic application.
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