Highly Sensitive Detection of Cancer Biomarker EGFR by PicoTREC-SERS
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ABSTRACT

Epidermal growth factor receptor (EGFR) plays an
important role in signaling pathway of the development of
breast cancer cells. Since EGFR overexpresses in most
breast cancer cells, it is regarded as a biomarker molecule
of breast cancer. Here, two model breast cancer cell lines
expressing different levels of EGFR, MDA-MB-435 and
MDA-MB-231, and their Breast cancer Metastasis
supressor (BRMS1) expressing counterparts, i.c., MDA-
MB-4355"M51 and  MDA-MB-2318"™51 \ere used to
demonstrate the competence of SERS and AFM PicoTREC
in the applications of detection of EGFR on single cells.
Our preliminary data show that: (1) spatial distribution of
EGFR on single breast cancer cells measured by gold
nanorod based SERS; (2) single-molecular distributtion of
EGFR on single breast cancer cells measrued by AFM
PicoTREC; (3) BRMSI1 differently regulate EGFR
expression on MDA-MB-435 and MDA-MB-231.
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1 INTRODUCTION

It is reported that for women in the U.S., breast cancer
death rates are higher than those for any other cancer,
besides lung cancer. Considering the fact that
approximately 70-80% of breast carcinomas overexpress
the epidermal growth factor receptor (EGFR)' and that the
cell surface EGFR represents a current major therapeutic
target to treat breast cancer (i.e., anti-EGFR therapy
treatment), there is an urgent need to develop an
ultrasensitive technique to detect EGFR at the single
molecule level on breast cancer cells. Up to now, it’s not
clear about spatial distribution and/or distribution pattern of
EGFRs on the single cell level.

Surface-enhanced Raman spectroscopy (SERS) is a
powerful analytical tool for biological applications,
especially in ultrasensitive detection of single molecule. It
turns the weak inelastic scattering effect of photons into a
structurally sensitive single-molecule and nanoscale probe?,
allowing ultra-detection and non-invasive tagging of
specific bioanalytes in living cells and animals’. Atomic
force microscopy (AFM) based PicoTREC (simultaneous
Topography and RECognition imaging) technique, in which
a cantilever tip carries a probe molecule that recognizes the

analyte of interest, has been developed for cell surface
receptor imaging with high spatial and temporal resolution®.

BReast cancer Metastasis Suppressor 1 (BRMS1) gene
is a member of metastasis suppressors, which inhibit
metastasis without blocking orthotopic tumor formation at
any step of the metastatic cascade. BRMS1 has been shown
to regulate phosphoinositide signaling’, expression of
EGFR®, osteopontin7, NF«B®, and connexins’, all of which
have been known to play significant roles in cancer
progression.

In this work, breast cancer cells, MDA-MB-435 and
MDA-MB-231, and their BRMSI1 expressing counterparts,
MDA-MB-435"*"5" and MDA-MB-231%""®', were used to
demonstrate the competence of AFM PicoTREC and SERS
in the applications of detection of EGFR on single cells. In
additon, the effect of BRMS1 on EGFR expression in
MDA-MB-435 and MDA-MB-231 cells was also studied.

2 MATERIALS AND METHODS

Gold Nanorods (GNRs) for SERS measurements were
purchased from Nanopartz Inc. (USA). SERS spectra and
images were collected by a Renishaw inVia Raman
spectrometer (Renishaw, UK) connected to a Leica
microscope (Leica DMLM, Leica Microsystems, USA),
equipped with a 785 nm near-IR laser that was focused
through a 63x water immersion objective (NA+0.90, Leica
Microsystems). SERS spectra and image processing was
performed using Renisaw WiRE 3.3 software.

For AFM PicoTREC measurements, magnetically
coated silicon nitride AFM tips were functionalized with
antibody using the method reported previously’. AFM
recogniton imaging was performed on a PicoPlus AFM
system with a commercially available elecronic attachment
(PicoTREC, Agilent Technologies, AZ). Image processing
was performed using PicoView 10.1 software (Agilent
Technologies).

Human breast cancer cell lines (A431, MDA-MB-435,
MDA-MB-231, 435581 and 231381y were grown in a
1:1 mixture of Dulbecco’s-modified eagle’s medium
(DMEM) and Ham’s F-12 medium supplemented with 5%
fetal bovine serum in a humidified atmosphere at 37 °C
with 5% CO,. Cells (approximately 10° cells/ml) were
passaged at 80~90% confluency prior to experiments.
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3 EXPERIMENTAL RESULTS

3.1 SERS Detection of EGFR

In this work, we designed a SERS probe based on
polyelectrolyte-coated gold nanorods (GNRs) to detect
breast cancer cells by specifically recognizing EGFR
molecules (via antibody-antigen interaction) on the cell
surface membrane. The synthesis of the SERS probe
includes 3 steps (Fig. 1A): (1) bare GNRs were conjugated
to 4-mercaptobenzoic acid (MBA) via Au-S bonds; (2)
poly(allylamine hydrochloride) (PAH) were coated on
MBA-GNRs; (3) the GNRs were functionalized by
monoclonal antibody anti-EGFR. The size and morphology
of the SERS probes were visualized by TEM (Fig.1B). The
successful coating of PAH and antibody is confirmed by a
thin dim film on the surface of GNRs. Here, MBA is used
as Raman reporter molecules to optimize SERS sensitivity
due to its strong affinity to Au surface and simple SERS
spectrum (characteristic Raman band at 1077 cm™). The
PAH molecule, a polyelectrolyte with positive charge, is
playing important roles not only preventing the GNRs from
aggregation, but also providing biocompatibility to the
SERS probes. Fig.1C shows the UV-vis spectra of the
GNRs at each steps of the preparation process. The
longitudinal plasmon resonance band for bare GNRs is
located at 770 nm, which is related to the 3.7 aspect ratio of
the nanorods (Fig. 1B). After the coatings of MBA, PAH
and antibody, the longitudinal plasmon band maxima red-
shifted a little bit (~5 nm), which is probably due to the
changes in the local refractive index after chemicals
coating.

In order to investigate whether the anti-EGFR
functionalized SERS probe can successfully detect the
expression of EGFR on the overexpressing cells, a
competitive inhibition test was performed using a breast
cancer cell line A431, expressing high levels of EGFR on
cell membrane'’. A431 cells were incubated with the SERS
probe under two different conditions: (1) A431 cells were
incubated with the probe for 1h at 37 °C (Control); (2) as a
competitive inhibition test, A431 cells were pre-blocked
with free anti-EGFR antibody for lh and then incubated
with the probe for 1h (Block). The typical SERS spectra for
Control and Block groups are shown in Fig. 1D. The
Control group shows intense peaks at 1077 cm™ and 1588
cm”, while there is no obvious Raman peak in the spectrum
of Block group. Furthermore, our results show that the
Raman intensities at 1077 cm™ for Control group is
significantly higher (P<0.001, n=60) than that for Block
group (Fig. 1E). These results confirm that SERS signals on
A431 cells resulted from the recognition of EGFR by the
specific antibody-antigen interaction, but not the non-
specific adsorption. The drastic decrease in SERS signals in
the Block group is because the free anti-EGFR antibody
blocked the receptors on the cell membrane so that the
SERS probes were unable to bind with the receptors on the
cell surfaces.
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Fig. 1. (A) schematic illustration of the fabrication of the
GNR-based, antibody-functionalized SERS probe. (B)
TEM image of the SERS probe. (C) extinction spectra of
the GNRs at each step of the coating preocess. (D) Typical
SERS spectra and (E) normalized average Raman
intensities (n=60) at 1077 cm™ for A431 cells (Control) and
A431 cells pre-blocked by free anti-EGFR antibody
molecules (Block).

In order to quantify how BRMSI regulates the
expression of EGFR in MDA-MB-435 (435) and MDA-
MB-231 (231) cells, SERS measurement and western blot
experiment have been carried out. As presented in Fig. 2B,
BRMSI-transfected 435 cells  (435°"™3)  have a
significantly (P<0.001, n=60) lower level of EGFR
expression than 435 cells, which overexpress EGFR; on the
contrary, the transfection of BRMSI1 doesn’t have
significant (P>0.05, n=60) effect on the expression of
EGFR in 231 cells, which is EGFR positive. The exact
mechanism of the selective effects of BRMS1 on EGFR
expression in 435 and 231 cells remains unclear. However,
these results—complete down-regulation of EGFR
expression in 435 cells but no significant decrease in EGFR
expression in 231 cells—are consistent with the results of
traditional biological assay western blot (Fig. 2A). This
shows that our designed SERS probe is capable of detecting
the differences in EGFR levels between different cell lines.
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Fig. 2. (A) immunoblotting and (B) SERS detection of
EGFR expression level regulated by the expression of
BRMSI1 gene in MDA-MB-435 and MDA-MB-231 breast
cancer cells. (C) Bright field and SERS mapping (1077 cm’
h images of 4 breast cancer cell lines: 435, 4358RMS1 931
and 231%"™5! The intensities were normalized between the
lowest (0) and highest (1) color values for each pair of 435
vs. 435581 “and 231 vs. 2315"M8! Mapping size for all
images is 30 x 30 um’.

To confirm the successful recognition of EGFR
molecules and analyze their distribution on parental and
BRMS1-expressing 435 and 231 cells, SERS mapping at
1077 cm™ was performed on single cells in each cell line.
The laser beam was focused on the surface membrane of
single cells to image the interaction between SERS probes
and EGFR molecules at cell surface. As shown in Fig. 2C,
bright field images (upper panel) and their corresponding
SERS mapping images (lower panel) were simultaneously
recorded. These mapping images confirmed that the
recognitions of EGFR were mostly at the cell surface and
the receptors were heterogeneously distributed on the
plasma membrane—mainly at the center of the cell,
although still some receptors were located at the edge. In
addition, SERS mapping once again verified the
observation that the expression of BRMS1 down-regulated
the EGFR in 435 cells, but had no significant influence in
231 cells.

3.2 TREC imaging of EGFR

Functionalization of AFM tips with anti-EGFR antibody
was the key point to achieve successful TREC
measurements. As shown in Fig. 3A, a procedure with 4
steps involved has been implemented to conjugate anti-
EGFR monoclonal antibody with AFM tip to construct an
EGFR-specific AFM nanosensor tip. It should be noted
that, in this method, a PEG chain was applied to link the tip
and the antibody due to its flexibility that allows for
reorientation of the sensing molecule when the tip
approaches the surface''. The morphologies of bare tip (Fig.
3B) and anti-EGFR antibodies modified tip (Fig. 3C) were
characterized by scanning electron microscope (SEM). It is
clearly seen that the morphology of modified probe was
different from bare probe with the presence of “bumps” or
“clusters” on the surface.

To evaluate the feasibility and efficiency of this TREC
imaging method, we first chose mica as the substrate, since
it’s flat at atomic level and its much simpler circumstances
than cell membrane surface. EGFR molecules were
adsorbed onto the mica surface through electrostatic
interaction. When anti-EGFR antibody-tethered AFM tip
approached the surface and scanned through the surface,
antibody-antigen recognition occurred, simultaneously
generating maps of the surface topography (Fig. 4A) and
recognition (Fig. 4B) signals. “Bright spots” on Fig. 4A
represent single molecules or aggregates of EGFR, and the
corresponding “dark spots” on Fig. 4B represent the
recognition events of EGFR. These events were originated
from the tip-tethered antibody binds to antigens, restricting
the tip to oscillate upwards and leading to the reduction of
the oscillation amplitude. To test the specificity of the
recognition process, an anti-EGFR solution (20 pg/mL) was
injected via a liquid flow cell to block the interaction
between tip-tethered anti-EGFR and EGFR on the surface.
After 10 min adsorption, “dark spots” on recognition
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Fig, 3. (A) Fabrication AFM MAC lever: (1) MAC lever
amination; (2) link MAC lever with PEG linker; (3)
antibody activation by SATP; (4) SATP-antibody conjugate
to AFM tip. (B) SEM image for bare tip. (C) SEM image
for anti-EGFR functionalized tip.
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Fig. 4. Specificity of recognition. (A) Topographic image
and (B) corresponding recognition image of EGFR on mica.
(C) Recognition image of EGFR after blocking by free anti-
EGFR. (D, E, F) Cross section analysis along the green line
in (A, B, C). Scan area: 500nm*500nm.

image were disappeared when conducting scan on the same
location (Fig. 4C). Cross section analysis along the
recognition (green lines on Fig. 4A, 4B, and 4C) showed
that before free anti-EGFR blocking, there were significant
recognition signals (Fig. 4E) corresponding to the
topography signals (Fig. 4D), which indicated the height of
molecules on the surface; however, as blocked by excess
specific antibody, recognition signals of the antigens were
dramatically decreased (Fig. 4F).

Finally, TREC imaging method was carried out to
further probe the local distribution of EGFR molecules on
the membrane surface of 435 and 435%"™3! cells (these two
cell lines express EGFR at significantly different level). It
is found that EGFR heterogeneously distributed on 435
cells and tended to form micro-domains (Fig.5A, 5B); with
the expression of BRMSI, the numbers of EGFR binding
sites reduced and smaller domains were observed (Fig.5C).
The smallest “clusters” showing the recognition sites of
EGFR molecules were nanometer scale, which is
comparative to the size of single molecule of EGFR,
indicating that TREC is able to achieve analysis of
biomolecules at single-molecule level. Furthermore, the
whole imaging process was done within several minutes,
which means TREC imaging is capable of in situ
monitoring many biological processes such as the activation
of EGFR molecules by their specific ligands (e.g. EGF,
TGF-a).

Fig. 5. Overlays of recognition images of EGFRs (green)
onto corresponding topography images of 435 (A, B) and
435BRMST ¢ells (C).

4 CONCLUSION

We report a highly sensitive detection of breast cancer
biomarker EGFR based on SERS and PicoTREC imaging
theniques, which achieve the non-invasive detection of
EGFR on cell suface membrane at single-cell and single-
molecule levels.
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