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Abstract

Molecular imaging, the visualization of molecular and cellular markers, is a promising method for
detection of dysplasia and early cancer in the esophagus and can potentially be used to identify
regions of interest for biopsy or tumor margins for resection. EGFR is a previously-reported cell
surface receptor with stepwise increases in expression during the progression from Barrett’s
metaplasia to adenocarcinoma. In this work, a 200-nm fluorescent nanoparticle contrast agent was
synthesized for targeted imaging of EGFR through a series of surface modifications to dye-
encapsulated polystyrene particles. Amino-functionalized polystyrene particles were PEGylated
using a heterobifunctional PEG linker. Subsequently, thiolated M225 antibodies were conjugated
to maleimide functional groups on attached PEGs for EGFR targeting. /n vitro binding studies
using flow cytometry demonstrated specific binding of M225-PEG-NP to EGFR-expressing cells
with minimal non-specific binding in EGFR™ cells. Binding was shown to increase proportionally
with the number of conjugated M225 antibodies. Adsorbed formulations with unmodified M225
antibodies, M225 + PEG-NP, were synthesized using the same antibody feeds used in M225-PEG-
NP synthesis to determine the contribution of adsorbed antibodies to EGFR targeting. Adsorbed
antibodies were less efficient at mediated nanoparticle targeting to EGFR than conjugated
antibodies. Finally, M225-PEG-NP demonstrated binding to EGFR-expressing regions in human
esophageal tissue sections.

Introduction

Esophageal adenocarcinoma (EAC) is an epithelial cancer arising from the columnar
glandular epithelium, and it has dramatically increased in incidence in recent decades.!
Patients with Barrett’s esophagus (BE) have an increased risk of developing EAC.2 Barrett’s
esophagus is a metaplastic condition caused by gastroesophageal reflux disease (GERD) in
which oxidative stress from chronic exposure to gastric acids leads squamous epithelium in
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Supporting Information Available: Supplementary data demonstrating EGFR expression or lack thereof in A431 and H520 cell lines
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the esophagus to change into columnar epithelium.3# From Barrett’s metaplasia, tissue may
progress into premalignant dysplastic tissue and, finally, to adenocarcinoma, a phenomenon
referred to as the metaplasia-dyplasia-adenocarcinoma sequence.>6 High-grade dysplasia
(HGD) is a validated predictive marker for adenocarcinoma and approximately 59% of
patients with BE with HGD progress to EAC within 5 years of diagnosis.”10 Pre-emptive
measures such as esophageal mucosal resections, ablative therapies, or esophagectomies
may be prescribed when high-grade dysplastic lesions or intramucosal adenocarcinoma are
found in Barrett’s tissue. Current clinical practice for diagnosis involves endoscopic imaging
and four-quadrant biopsy of Barrett’s tissue, which is easily visible due to its characteristic
salmon pink coloration. However, dysplastic BE is not easily distinguishable from non-
dysplastic BE using conventional white light endoscopy and the former can present in small
patches and be multifocal. Thus, biopsy samples are prone to sampling error potentially
resulting in false negative findings for dysplasia as well as cancer.11:12 Contrast agents
labeling areas with dysplasia in Barrett’s esophagus are potentially useful tools to direct
biopsy of areas with the greatest probability of dysplasia or cancer.

Imaging of aberrant molecular expression in cells and tissues is a promising method for
early detection of dysplasia or cancer since molecular changes occur at earlier time points
than visible physical changes.13 Targeted fluorescent contrast agents have been developed
for the purpose of molecular imaging and have recently been shown to be effective in
labeling dysplastic and cancerous tissue for endoscopic imaging.14-17 These contrast agents
were synthesized through bioconjugation of proteins or peptides to fluorophores. Li et a/
reported the isolation of a peptide against dysplastic mucosa using phage display and further
demonstrated preferential binding of the peptide-flourescein isothiocyanate (FITC)
conjugate to Barrett’s esophagus with dysplasia.1®> More recently, Bird-Lieberman et af.
demonstrated the use of Alexa Fluor 680-conjugated wheat germ agglutinin (WGA) as a
negative contrast agent for sialic acid which has decreased expression in EAC compared to
non-dysplastic Barrett’s esophagus.1’

The aforementioned peptide and protein constructs demonstrate the potential of molecular
imaging for early detection of dysplasia in the esophagus. However, there is still a need for
improvement of the current contrast agents. Peptide ligands have relatively low binding
affinity to their targets (typical Kp ~10-100 pM compared to nanomolar affinities for
antibodies). In addition, fluorophores directly conjugated to ligands are susceptible to
photobleaching when exposed to light and oxygen.18 In contrast, fluorophore-loaded
polystyrene nanoparticles (NP) exhibit high photostability due to partitioning of dyes from
the oxygenated environment.18:19 These fluorescent NP are commercially-available in well-
characterized formulations in a range of sizes and colors. In addition, these particles are
highly fluorescent (e.g. over 100,000 fluorophore equivalents in a 200-nm particle). Amino-
and carboxylic acid-modified NP can be readily functionalized with ligands for molecular
recognition. Thus, NP-based formulations of targeted contrast agents have the advantage of
better photostability /n vivoas well as greater equivalent fluorophore signal per binding
event with fluorescence intensities much greater than that of tissue autofluorescence.
Localization of these NPs on tissue would thus be easily visualized with a fluorescent
endoscope.

This work reports the synthesis, characterization, and evaluation of a fluorescent NP-based
imaging probe for targeted optical imaging of EGFR as a proof-of-concept for antibody-
functionalized nanoparticle contrast agents for endoscopy. EGFR is a transmembrane
receptor tyrosine kinase in the ErbB family of receptors. Ligand binding to the extracellular
portion of EGFR induces phosphorylation of intracellular tyrosine kinase domains leading to
downstream cell signaling for proliferation, migration, invasion, and inhibition of apoptosis
in cancer cells.20 Thus, its upregulated expression has been commonly cited in the
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pathogenesis for many epithelial cancers and NP targeted to EGFR have been developed for
both drug delivery and molecular imaging applications.?1-2” A majority of these particles
were designed and evaluated for systemic delivery while very few have been synthesized
with the intention of topical application in the gastrointestinal tract. Recently, EGFR
expression was shown to increase in a stepwise manner during the progression from
Barrett’s metaplasia to low-grade dysplasia to high-grade dysplasia and finally to esophageal
adenocarcinoma.?8 Therefore, differential EGFR expression during the metaplasia-
dysplasia-adenocarcinoma sequence of the esophagus provides an opportunity to evaluate
the potential of antibody-functionalized nanoparticles for optical molecular imaging of the
esophagus.

In the present work, a fluorescence-based probe against the EGFR protein was synthesized
by conjugation of M225, a murine monoclonal antibody against human EGFR, to
fluorescent polystyrene NP via a polyethylene glycol (PEG) linker. Specific binding of these
NP-based contrast agents to EGFR-expressing cells was tested /77 vitroin A431 and NCI-
H520 cultured cells using flow cytometry. A431 is a commonly used model cell line for
evaluation of EGFR targeting due to its high EGFR expression??, and NCI-H520 has been
previously shown to express no EGFR30, EGFR-targeted fluorescent NP were then used to
label human esophageal tissue ex vivoto determine areas of NP localization. The
heterogeneous composition and differential EGFR expression of tissues offered a more
robust evaluation of EGFR-targeting NP and its potential for /n vivo translatability.

Experimental Procedures
M225-PEG-NP synthesis

200-nm amine-modified red fluorescent (580/605) polystyrene Fluospheres® (Invitrogen,
F8763) were sonicated for 30 minutes. The Fluospheres® were then reacted with 5 molar
excess of 5000 MW maleimide-PEG-SCM (Laysan Bio Inc) to surface amine groups for 2.5
hours in sodium phosphate buffer (50 mM sodium phosphate, pH 7.5) at a reaction
concentration of 5 mg Fluospheres®/ml. PEGylated NP were then pelleted at 10,000 rcf for
15 min. The supernatant was discarded to remove unreacted PEG. Mouse anti-human EGFR
monoclonal antibody (M225) (Emory Vaccine Center) was thiolated using 10 molar excess
of Traut’s reagent in phosphate buffered saline (50 mM sodium phosphate, 150 mM sodium
chloride, pH 8) for 1 hour. Thiolated M225 antibody was purified using a PD-10 desalting
column (GE Healthcare Life Sciences, 17-0851-01) Pre-adsorbed with bovine serum
albumin (1ml, 1% BSA in PBS) and collected fractions were concentrated with an Amicon
Ultra-4 centrifugal filter (Millipore) at 4000 rcf for 10 min. Final antibody concentration
was measured using a Nanodrop 2000c spectrophotometer. Thiolated M225 antibodies were
added to PEGylated NPs at antibody to NP molar ratios of 100, 500, and 900 and reacted
overnight under stirring conditions. M225-PEG-NP formulations were then dialyzed against
deionized water in 300kDa MWCO Spectra/Por CE dialysis membranes (Spectrum, 131450)
for 2 days at 4°C to remove unreacted M225 and dialyzed for 1 day against 150 mM sodium
chloride for buffer exchange.

M225 + PEG-NP synthesis

NP with adsorbed antibodies were prepared using the same PEGylation process outlined in
the previous section. Unmodified M225 antibodies were added to PEG-NP at antibody to
NP molar ratios of 100, 500, and 900 and adsorbed overnight under stirring conditions.
M225 + PEG-NP formulations were then dialyzed against deionized water in 300kDa
MW(CO Spectra/Por CE dialysis membranes for 2 days at 4°C to remove unreacted M225
and dialyzed for 1 day against 150 mM sodium chloride for buffer exchange.

Bioconjug Chem. Author manuscript; available in PMC 2014 February 20.
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Characterization of M225-PEG-NP and M225 + PEG-NP

Cell culture

NP were sized using dynamic light scattering (DLS; Brookhaven Instruments Zeta PALS
analyzer). For antibodyquantification, M225 antibodies were radiolabeled as previously
described with slight modification.31:32 N-succinimidyl [2,3-3H] propionate in DMF
(American Radiolabeled Chemicals, ART0135A) was reacted with M225 antibodies at a
molar ratio of 1 radiolabel for every 5 antibodiesin pH 8.5 100 mM borate buffer with a final
antibody concentration of 1 mg/ml. Radiolabeled antibodies were thiolated, purified using a
PD-10 column, and reacted with PEGylated NPs as previously described to synthesize
M225-PEG-NP nanoparticles. Unmodified radiolabeled antibodies were adsorbed to
PEGylated NPs to yield M225 + PEG-NP. Absorbance at 280 nm and scintillation counting
of an aliquot of radiolabeled antibody were used to determine counts per labeled antibody.
Tritium radioactivity of radiolabeled antibodies and finished nanoparticles was measured
using a Beckman LS 6500 scintillation counter. 100 .l of sample was dissolved in 5SmL
Ultima Gold scintillation liquid and read on the counter for 10 minutes.

Human A431 (epidermoid carcinoma) cells and NCI-H520 (lung squamous cell carcinoma)
cells purchased from ATCC were maintained in DMEM and RPMI 1640 media,
respectively. Media was supplemented with 10% fetal bovine serum and 1% antibiotic
antimycotic solution. EGFR expression in A431 and NCI-H520 cells was evaluated using
flow cytometry to confirm that A431 cells are EGFR* and NCI-H520 cells are EGFR™.
Cells were incubated with 300 pl of 5 pg/ml M225 antibody in FACS buffer (1% bovine
serum albumin in PBS) for 15 minutes at 4°C, washed twice, and incubated in 300 ul of a
1:100 dilution of FITC-conjugated sheep anti-mouse 1gG in FACS buffer. Cells were
washed twice and then analyzed by flow cytometry (Supporting Information Figure S1).

In vitro binding experiments

Preferential and specific binding of M225-PEG-NP nanoparticles to EGFR-expressing cells
was confirmed using flow cytometry. 2x10° A431 (EGFR™) cells and NCI-H520 (EGFR")
cells were incubated with 300 nL of 10 pM M225-PEG-NP formulations for 15 minutes at
37°C and washed twice using FACS buffer solution. 10 pM nanoparticle concentrations
were used because it was determined to be the concentration at which bimodal populations
in M225-PEG-NP-treated cells did not exist (data not shown), and at which fluorescence
intensities would not saturate the detector for flow cytometry. For competitive conditions,
both cell types were Pre-blocked with 300 pL of free M225 antibody (13.3 M in FACS
buffer) for 1 hour at room temperature. Following Pre-blocking, cells were incubated with
300 pL of 10 pM M225-PEG-NP formulations for 15 minutes at 37°C and washed twice
with FACS buffer. Flow cytometry was then completed using a Miltenyi MACSQuant
Analyzer. The extent of binding due to adsorbed antibodies versus chemically conjugated
antibodies was determined by comparing binding observed in formulations with unmodified
M225 antibody versus formulations with thiolated M225 antibody. To further show
specificity of M225-PEG-NP to EGFR, H520 and A431 cells were grown on glass
coverslips and treated with PEG-NP or M225-PEG-NP for 30 minutes at room temperature,
counterstained with 2 pg/mL DAPI for 10 minutes, mounted onto slides with Fluoromount,
and imaged using a Zeiss LSM 510 META confocal microscope.

Evaluation of cytotoxicity

5x10° H520 and A431 cells were treated with 200 pL unmodified NP, PEG NP, and M225-
PEG-NP (10 pM-76 nM, 0.026-2.0 mg/mL)in phosphate buffered saline (PBS) for 1 hr at
37°C. Cells were washed twice and incubated with 300 I of 5 pg/ml DAPI in PBSfor 5
minutes at room temperature. DAPI was used as a viability exclusion dye to stain dead or
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dying cells as previously described33 since other available viability exclusion dyes had
significant spectral overlap with NPs. Cells were washed twice more, and flow cytometry
was completed. H520 and A431 cells treated with DAPI only were used as negative controls
for cell death while cells treated with 0.2 mg/ml poly(ethylenimine) (PEI) and DAPI were
used as positive controls for cell death. Cells on DAPI versus forward scatter dot plots were
gated to determine the percentage of DAPI™ cells which correlate to the percentage of live
cells.

Ex vivo M225-PEG-NP labeling of EGFR in human esophageal tissue

Approval from the University of Washington institutional review board (IRB) was obtained
to acquire tissue from patients with Barrett’s esophagus and EAC. Informed consent was
obtained from patients undergoing endoscopy procedures for collection of esophageal
biopsy specimen for research purposes. Endoscopic biopsies were fresh frozen in OCT and
sectioned into 7 m thick sections. Sections were stained with hematoxylin and eosin and
classified by a pathologist as normal esophagus squamous (SQ), Barrett’s metaplasia (BE),
low-grade (LGD), high-grade dysplasia (HGD), and esophageal adenocarcinoma (EAC). In
total, 13 biopsy samples (3 SQ, 5 BE, 1 BE and EAC, 3 EAC, and 1 EAC and HGD) from 6
patients were used for histology. Tissue sections were stained for EGFR using M225
antibody and the secondary Alexa Fluor® 488 goat anti-mouse IgG (Invitrogen). Adjacent
tissue sections were stained with M225-PEG-NP for 30 minutes at 37°C and counterstained
with DAPI for 10 minutes at room temperature to demonstrate localization of M225-PEG-
NP in areas of EGFR-expression. Adjacent tissue sections were incubated with PEG-NP for
30 minutes at 37°C as negative controls. Sections were then imaged using a Zeiss LSM 510
META confocal microscope.

Statistical analysis

Student t-tests were completed to determine statistical significance of the binding data. P-
values less than 0.05 were considered significant.

Results & Discussion

Preparation and characterization of M225-PEG-NPs

Anti-EGFR fluorescent NPs were synthesized by conjugation of the M225 murine antibody
to polystyrene particles via a PEG linker. Unmodified polystyrene NPs are prone to
flocculation in the presence of proteins and in physiologic salt concentrations.34 Particles
were therefore PEGylated to increase the hydrophilicity of NP surfaces and prevent NP
aggregation, to neutralize charge from surface amine groups thereby minimizing nonspecific
binding to cells, and to provide a point of attachment for the targeting ligand. Intervening
linkers have been previously shown to be more effective for antibody conjugation to
nanoparticle surfaces than direct conjugation possibly due to reduced steric hindrance from
bulky nanoparticle surfaces.3® PEG linkers with 5000 Da were selected because this size has
been previously demonstrated to provide sufficient steric stabilization to keep nanoparticles
disperse in physiologic conditions.36

Initially, varying ratios of shorter (2k) monofunctional mMPEG-SCM to longer (5k)
heterobifunctional maleimide-PEG-SCM (10:0, 7:3, 5:5, 3:7, 0:10) were reacted to amino-
functionalized fluorescent polystyrene NPs for more protruded display of M225 antibodies
from NP surfaces. The use of bidispersed protective polymers has been reported to provide
improved receptor binding by displayed targeting ligands.37-38 The shorter polymer is
proposed to increase accessibility of ligands conjugated to the longer polymer chain while
providing a protective brush layer to the particle surface. However, introduction of shorter
2000 MW mPEG-SCM increased the amount of non-specific cell interaction of NP as
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assessed by flow cytometry (data not shown). This may be attributed to less effective charge
shielding of residual protonated amine groups thus allowing electrostatic interaction
between negative cell plasma membranes and positive NP surfaces. Surface-conjugated PEG
has been shown to exist in two conformations: the mushroom conformation or brush
conformation of which the former has poorer shielding capabilities. In general, larger PEG
favor the brush conformation.39 In light of this, only 5000 MW maleimide-PEG-SCM was
used to PEGylate NPs. Following PEGylation, thiolated M225 antibodies were reacted to
maleimide groups on NP-attached PEG linkers for targeting to EGFR (Scheme 1).

The stability of M225-PEG-NP in suspension could be observed macroscopically.
Unmodified NP controls sedimented during storage at 4°C while PEGylated formulations
stayed in suspension. Particle size measurements from DLS indicate minor aggregation in
nanoparticle formulations in 150 mM sodium chloride solution (Table 1). The effective
diameter for unmodified and PEGylated nanoparticles were 640 £ 9 and 500 = 4 nm,
respectively. Thus, PEGylation was shown to reduce aggregation. Nanoparticles with
conjugated or adsorbed M225 had effective diameters ranging from 505-586 nm and
523-735 nm, respectively, with diameter increasing proportionally with antibody feed.

The average number of M225 associated per particle was quantified by antibody
radiolabeling. Addition of thiolated M225 to PEGylated NP at molar ratios of 100, 500, and
900 yielded M225-PEG-NP with an average of 12, 60, and 89 antibodies per nanoparticle,
respectively, corresponding to ~10-12% conjugation efficiency. These efficiencies are
comparable to those previously observed in conjugation of M225 antibodies to gold surfaces
using dithiol-PEG-hydrazide linkers, which is a highly favorable reaction due to the
presence of dense conjugation sites provided by surface Au atoms.*0

To account for the effect of non-specific antibody adsorption to NP surfaces, PEGylated NP
were also incubated with non-thiolated, unreactive M225. These formulations are termed
“M225 + PEG-NP.” Incubation of unreactive M225 with PEG-NP at molar ratios of 100,
500, and 900 yielded NP with on average 7, 36, and 62 associated antibodies per particle.
Thus, antibody loading by non-specific NP adsorption is ~30-40% lower.

Specific and M225-dose dependent binding of M225-PEG-NP to EGFR* cells

The antibody-modified NPs were tested as EGFR-specific probes using EGFR* A431
epithelial carcinoma cells and EGFR™ H520 lung carcinoma cells. The EGFR expression of
these cell lines were confirmed by flow cytometry (Supporting Information Figure 1).
Cultured cells were treated with PEG-NP and M225-PEG-NP formulations for 15 min at
37°C before particle association with cells was determined by flow cytometry. A431
(EGFR™) cells treated with M225-PEG-NP 100, 500, 900 nanoparticles had mean
fluorescence intensities (MFI) of 6.8 + 1.0, 48.0 = 6.5, and 88.9 + 8.0, respectively, which
were significantly greater (p < 0.05) than fluorescence intensities of untreated controls and
A431 cells treated with PEGylated NPs (1.7 £ 0.0 and 2.1 + 0.0, respectively) (Figure 1).
M225-PEG-NP exhibited no significant binding in EGFR™ H520 cells (p > 0.05). Thus,
conjugation of M225 to the surface of PEGylated NP resulted in efficient labeling of EGFR™*
cells. In addition, M225-PEG-NP nanoparticles exhibited antibody dose-dependent binding
to EGFR-expressing cells with binding increasing proportionally with number of conjugated
antibodies.

To confirm binding specificity of M225-PEG-NP to EGFR, both cell lines were Pre-treated
with free M225 antibody to block EGFR and subsequently treated with M225-PEG-NP
(Figure 1). Resulting fluorescence intensities (2.2 £ 0.1, 2.8 + 0.7, 3.1 + 0.4 for M225-PEG-
NP 100, 500, and 900, respectively) were comparable to baseline fluorescence intensities of
untreated cells (1.8 £ 0.0) and of A431 cells treated with PEGylated NPs (2.2 £ 0.1). This

Bioconjug Chem. Author manuscript; available in PMC 2014 February 20.
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indicates that the majority of binding observed in A431 cells without M225 Pre-treatment
was due to specific binding of NP-bound M225 antibodies to EGFR rather than non-specific
differences, such as differences in phagocytic activity of the cells. No changes in binding
behavior were observed in H520 cells.

Confocal images of H520 and A431 cells treated with PEG-NP and M225-PEG-NP support
binding specificity of M225-PEG-NP to EGFR (Figure 2). PEG-NP-treated cells
demonstrated no background signal, and M225-PEG-NP-treated A431 cells showed
significantly greater fluorescence signal compared to H520 cells.

Immunoreactivity of adsorbed versus conjugated M225 antibodies

Passive antibody adsorption to particle surfaces has been frequently used in applications
such as immunoassays. However, immunoreactivity of adsorbed antibodies on solid
supports is highly dependent on Pre-activation of adsorbing surfaces, buffer pH and ionic
strength, and temperature as these factors will affect antibody conformation and
orientation.*? In general, physical adsorption of monoclonal antibodies has been shown to
reduce or eliminate antigen binding capabilities due to steric hindrance from the surface of
the solid support, antibody conformational changes, as well as limited intramolecular
flexibility due to multi-site attachment to the support.#1:42 Thus, there is strong motivation
to conjugate M225 antibodies to NP surfaces instead of relying on passive adsorption.

To compare the effect of M225 immobilization by conjugation versus adsorption on
nanoparticle binding to EGFR-expressing cells, /in vitro binding studies using flow
cytometry were completed using M225-PEG-NP and M225 + PEG-NP each prepared using
100, 500, and 900 M225 per NP. Conjugated nanoparticle formulations showed 3.58, 5.07,
and 3.61 fold greater binding than adsorbed nanoparticle formulations (Figure 3a). Thus,
even assuming similar levels of M225 adsorption on M225-PEG-NP as M225 + PEG-NP,
this 60-70% of Ab (for M225-PEG-NP 100,

number of antibodies in M?225+PEG - NP 100

00=—% & 100=62%
number of antibodies in M?225—- PEG - NP 100 119 )
would be responsible for only 8-25% of binding (for M225-PEG-NP 100,

MFIMZZS{»PI’:‘G*NP](}“ - MFIPEG*NP 100 2 9 2 2 8 4%
MFI . pro xme — MFL, 105-22 ) of M225-PEG-NP to EGFR+

cells. Reduced |mmunoreact|V|ty of adsorbed antibodies could account for this discrepancy
as well as masking of antigen-binding domains.3” When lines are fitted to plots of binding
versus number of surface-associated antibodies, the slope for conjugated formulations is
approximately 2.6 times greater than the slope for adsorbed formulations indicating that
addition of subsequent antibodies through conjugation results in greater increases in binding
activity than addition of subsequent antibodies through adsorption (Figure 3b). Thus,
bioconjugation of antibodies to nanoparticle surfaces was shown to be efficient in terms of
antibody loading as well as retained immunoreactivity.

Cytotoxicity of M225-PEG-NP

Clinical contrast agents should not have deleterious effects on normal tissue. Therefore,
DAPI was used as a viability exclusion dye to quantify cell viability after treatment of cells
with unmodified NP, PEG-NP, and M225-PEG-NP 900. Like propidium iodide (PI), DAPI
is a DNA intercalating dye which enters dead or dying cells through compromised cell
membranes. H520 and A431 cells were treated with 0.026-2.0 mg/ml unmodified NP, PEG-
NP, and M225-PEG-NP 900 for 1 hr at body temperature and stained with DAPI.
Unmodified NP demonstrated considerably higher cytotoxicity than PEG-NP and M225-
PEG-NP 900 in both cell lines. For example, survival of A431 cells treated with 0.2 mg/mL
Np was only 24% but was 62% and 61% for PEG-NP and M225-PEG-NP, respectively

Bioconjug Chem. Author manuscript; available in PMC 2014 February 20.
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(Figure 4). Reduction of surface charge density through PEGylation has previously been
shown to reduce cytotoxicity in amine-terminated poly(amidoamine) dendrimers and may
possibly contribute to the reduction of cytotoxicity in this instance.344 Alternatively,
particle stabilization by PEG may contribute toward improved biocompatibility of materials.
Cytotoxic effects were more pronounced in the A431 cell line compared to the H520 cell
line. The ICsq values of PEG-NP and M225-PEG-NP in H520 cells was > 2 mg/mL and in
A431 cells was ~ 0.25 mg/mL for PEG-NP and ~ 0.8 mg/mL for M225-PEG-NP. These
values are ~10 and 40-fold higher than expected concentrations necessary for /n vivo
applications. In addition, the incubation time of 1hr is significantly longer than any practical
application time in patients undergoing endoscopy and thus toxicities should be less than
that observed in this study.

M225-PEG-NP labeling of EGFR in human esophageal tissue

Standard immunohistochemistry was completed on transverse tissue sections from normal
esophageal squamous (3 samples from 3 patients), Barrett’s metaplasia (6 samples from 3
patients), and adenocarcinoma tissue (5 samples from 3 patients) using free M225 antibody
and Alexa Fluor® 488 goat anti-mouse 1gG for evaluation of EGFR expression in the
different tissue types. Tissues with low-grade and high-grade dysplasia were scarce,
illustrating the difficulty in identifying dysplastic lesions using conventional white light
endoscopy. Contrary to previous reports on EGFR expression28:45, we found that Barrett’s
metaplasia tissue sections exhibited much stronger EGFR staining than adenocarcinoma
tissue sections (Figure 5 and Supporting Information Figure S2, second row). As expected,
EGFR staining was weakest in normal esophagus squamous tissue sections. However, it is
important to note that the tissue sample size is significantly smaller in this study than in
previous studies that report the stepwise increase in EGFR staining during the histological
progression from BE to EAC.28:45

Different staining patterns were observed in each type of tissue representing the histological
progression from BE to EAC. EGFR stains were diffuse in esophageal adenocarcinoma
tissue sections. In contrast, EGFR stains were localized in Barrett’s metaplasia to the glands
and columnar epithelium. In addition, stronger EGFR staining was seen in basal epithelium
adjacent to Barrett’s metaplasia and adenocarcinoma compared to basal epithelium from
normal squamous epithelium which is consistent with observations made in cervical cancer,
another example of epithelial cancer.*® These observations suggest the potential use of
EGFR as a biomarker of risk for metaplastic and neoplastic progression into adjacent
tissues. For the purposes of this study, differential EGFR expression patterns in transverse
esophageal tissue sections provided an opportunity to evaluate the binding of M225-PEG-
NP for targeted imaging of EGFR under ex vivo conditions.

M225-PEG-NP were applied to tissue sections adjacent to EGFR-stained sections to
demonstrate co-localization of EGFR and M225-PEG-NP (Figure 5 and Supporting
Information Figure S2 and S3, second and third row). M225-PEG-NP demonstrated minimal
binding in esophagus squamous epithelium and esophageal adenocarcinoma. The greatest
amount of binding was observed in Barrett’s metaplasia tissue with localization of
nanoparticles in areas of concentrated EGFR expression. Slight differences in staining can
be attributed to the two stains being on adjacent sections rather than on the same tissue
sections. The latter was not possible due to possible artifacts from interaction of NP-bound
M225 antibodies and fluorescent secondary antibodies used for IHC. Differences in staining
can also be attributed to tissue contour. Nanoparticles are more likely to be physically
entrapped by tissues on slides during the staining process especially in the case of transverse
tissues. Adjacent sections incubated with PEG-NP demonstrated low background
fluorescence (Figure 5, bottom row). Correlation between tissue pathology and extent of
M225-PEG-NP binding will be further investigated ex vivoin larger esophageal mucosal
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resection (EMR) specimen in future studies. £n face imaging of M225-PEG-NP-labeled
EMR specimen will be a more suitable model for the evaluation of molecular imaging of
EGFR for the detection of dysplastic Barrett’s esophagus.

Conclusions

In summary, fluorescent nanoparticles for targeted optical imaging of EGFR were
synthesized through a series of surface modifications to amino-functionalized dye-filled
polystyrene NPs including PEGylation and bioconjugation of M225 antibodies. M225-PEG-
NP demonstrated specific binding to EGFR and conjugation of M225 to NP surfaces via a
PEG linker was shown to display higher immunoreactivity than direct adsorption of M225 to
PEGylated NP surfaces. M225-PEG-NP were shown to bind to human esophageal tissue
sections in areas of EGFR expression, demonstrating the potential of targeted fluorescent
nanoparticles for /n vivo molecular imaging using endoscopy. Contingent on biomarker
specificity, such molecular contrast agents could potentially be used for targeted biopsies
during endoscopic surveillance of the gastrointestinal tract in addition to delineating tumor
margins for endoscopic mucosal resectioning.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

BE Barrett’s esophagus/metaplasia

LGD low-grade dysplasia

HGD high-grade dysplasia

EAC esophageal adenocarcinoma
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Control PEG-NP M225-PEG-NP M225-PEG-NP M225-PEG-NP

100

Treatment

500 900

Specific and M225 dose-dependent binding of M225-PEG-NP to EGFR+ cells. M225-PEG-
NP nanoparticles show significantly greater binding to A431 (EGFR+) cells compared to
untreated controls, A431 cells treated with PEGylated beads, and M225-preblocked A431
cells treated with M225-PEG-NP nanoparticles *(p < 0.05) thus demonstrating binding
specificity of nanoparticles for EGFR. Nanoparticle binding to A431 cells was directly
proportional to the number of surface-conjugated M225 antibodies. PEGylated beads and
M225-PEG-NP nanoparticles showed no significant binding in H520 (EGFR-) cells (p >

0.05).
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Figure 2.

Confocal images of in vitro staining of H520 (EGFR™) cells and A431 (EGFR™) cells with
PEG-NP and M225-PEG-NP and DAPI.
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Figure 3.

Comparison of EGFR-targeting of M225-adsorbed formulations (M225 + PEG-NP) versus
M225-conjugated formulations (M225-PEG-NP). (A) /n vitro binding studies showed
significantly greater binding of M225-PEG-NP than M225+PEG-NP to A431 (EGFR+) cells
*(p < 0.05). M225-PEG-NP 100, 500, and 900 demonstrated 3.58, 5.07, and 3.61 fold
greater binding than M225 + PEG-NP, respectively. (B) Fitted lines to plots of fluorescence
intensity (from /n vitro binding studies) versus number of antibodies per nanoparticle
indicate lower immunoreactivity of antibodies in M225+PEG-NP compared to surface-
associated antibodies in M225-PEG-NP. Slopes of the fitted lines for M225+PEG-NP and
M225-PEG-NP are 0.254 and 0.657, respectively.
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Cytotoxicity of unmodified NP (¢), PEG-NP (x), and M225-PEG-NP (O) in H520 cells (A)
and A431 cells (B) determined by flow cytometry using DAPI as a cell viability exclusion

dye.
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_— AP

Figureb.
EXx vivo staining of esophagus squamous (SQ), Barrett’s metaplasia (BE), and esophageal

adenocarcinoma (EAC) and gastric mucosa (GM) biopsy sections with hematoxylin and
eosin (top row), M225 antibody and Alexa Fluor 488 goat anti-mouse 1gG (second row),
PEG-NP with DAPI counterstain (third row), and M225-PEG-NP 900 with DAPI
counterstain (bottom row). Standard immunohistochemistry (middle row) showed high
EGFR expression in the glands (white arrows) and basal epithelium (black arrows) in BE
tissue sections. M225-PEG-NP bound to the same corresponding areas in adjacent tissue
sections. Scale bar, 500 pm.
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MAL-PEG-SCM Thiolated M225
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pH 7.5 pH 7.5

Scheme 1.
Synthesis of M225-PEG-NP nanoparticles. Note: not drawn to scale.
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