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Abstract:

The fabrication of 4-mercaptobenzoic acid (4-MBA) antibody-functionalized gold

nanoparticles via microwave technology for surface-enhanced Raman scattering (SERS)-based
cellular nanosensing is reported. Nanoprobes were characterized by UV -vis absorbance, Raman
scattering properties, and observed by TEM imaging. Results showed that microwave irradiation
rapidly yielded nanoprobes with significant Raman scattering intensity and suitable stability to
support antibody conjugation in under 10 min. Functionalized nanoprobes demonstrated the
ability to map the expression of vascular adhesion molecule-1 (VCAM-1) in human coronary
artery endothelial (HCAE) cells, indicating that microwave fabrication presents a viable and
rapid approach to SERS nanoprobe construction. The successful application of SERS nanoprobes
to localize biomarker expression in vitro may ultimately be used for early diagnostic and
preventative functions in medicine.
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Article:
1. Introduction

Surface-enhanced Raman scattering (SERS) detection using functionalized tags is emerging as a
valuable analytical tool in the field of cellular biosensing owing to enhanced signal intensities,
up to 10:3-10* fold™. This dramatic signal enhancement is dominated by localized surface
plasmon resonance (LSPR)!? 2Bl SERS has been applied to label cells!, detect various
analytes, including dyes !, proteins® and biomarkers ), as well as monitor subtle cellular
fluctuations, such as the effect of pH ® and distinguishing between cell type 12919 \when
combined with confocal microscopy, SERS-based detection yields rich spectral characterization
data and spatial resolution of biomolecules or targets of interest down to the single cell level .

Advantages of SERS compared to conventional detection and optical imaging techniques, such
as fluorescence or enzyme-linked immunosorbant assays, include lack of photobleaching, narrow
spectral bandwidths, the capability to simultaneously provide structural information and spatial
resolution, as well as perform multiplex analysis *?. SERS signal enhancement occurs when
molecules are adsorbed or in close proximity to surface-roughened noble metallic nanostructures.
For indirect sensing, this phenomenon can be exploited by fabricating SERS nanoprobes on the
order of 20-300 nm that support LSPR. Typically, these probes are composed of gold, silver,
copper or a combination thereof with common modifications such as: studding with Raman
reporters and attaching antibodies or aptamers to enhance target selectivity 21" Ml For target
biorecognition, the chemical and physical stability of SERS probes is heavily affected by the
percent surface coverage of reporter molecules 1** and coating with a protective shell

(e.g. polymer) ™. Typical Raman reporters include nitrogen- and sulfur-containing cationic
dyes, or thiol small molecules. For biological applications, thiol modified-probes are best for
chemisorption, since they are active in the NIR region and produce significant scattering signals
due to the formation of self-assembled monolayers (SAMs) on the surface of nanosubstrates 2.



However, inherent instabilities and aggregation associated with the formation of SAMs can
require rigorous optimization and deter successful application in vitro 7). Herein, these
challenges have been addressed by investigating the feasibility of microwave technology as a
means to facilitate chemisorption of the thiol small molecule to metallic nanostructures.
Microwave heating can serve to increase molecular rotations and speed up transfer between
molecules resulting in a significant reduction in reaction time for diverse applications 2.
Recently, Grell et al. (2013) demonstrated that the formation of SAMSs on thin gold films using
selective microwave heating was comparable to the formation of SAMs at room temperature,
albeit at a significantly reduced time frame %\, Therefore, we hypothesized that microwave
technology could be used to rapidly fabricate SERS nanoprobes suitable for biomolecule
functionalization, with applications as biological nanosensors. Although other groups have
employed microwave technology to fabricate SERS substrates” @121 this work establishes for
the first time, application toward Raman reporter SAM construction and demonstrated
application for biomarker detection.

Recent evidence has highlighted the role of the immune system in the initiation of
atherosclerosis?? [ 3 cardiovascular disease (CVD) characterized by a build-up of plaque in
arteries. Consequently, various inflammatory adhesion molecules and cytokines have been
investigated as a means to detect and localize plaque during early stages of

evolution (24 (25111261 of narticular interest is vascular cell adhesion molecule-1 (VCAM-1),
which is upregulated upon activation of endothelial cells *). Accordingly, a robust technique to
detect and localize VCAM-1 on endothelial cells could provide a practical means for early
diagnosis and treatment of atherosclerosis, prior to the onset of clinical symptoms.

In the present work, the preparation SERS nanoprobes consisting of 50 nm citrate-capped gold
nanoparticles (Au-NPs) coated with the Raman reporter, 4-mercaptobenzoic acid (4-

MBA), via microwave irradiation is described. For biorecognition and mapping of VCAM-1 in
human coronary artery endothelial (HCAE) cells, probes were functionalized with anti-VCAM-
1, as depicted schematically in Fig. 1A. To provide a surface for bioconjugation, a protective
layer of the cationic polymer, poly(allylamine hydrochloride) (PAH), was coated on the surface
of the nanoprobes. Resultant amine modified nanoprobes were activated with glutaraldehyde to
bind anti-VCAM-1. The optical absorbance, SERS activity, and structural properties were
examined to characterize the nanoprobes. Control data from nanoprobes prepared via a
conventional SAM formation technique is included to validate the microwave radiation
technique. Finally, engineered SERS nanoprobes were tested for their ability to detect and map
the VCAM-1 expression in HCAE cells using confocal Raman spectroscopy, represented in Fig.
1B.
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Fig. 1. (A) Fabrication of antibody-conjugated SERS nanoprobes via microwave irradiation. (B)
Experimental approach to detect inflammatory biomarkers in HCAE cells using SERS
nanoprobe technology.

2. Materials and methods

2.1. Materials

Citrate-stabilized gold nanoparticles (3.51 X 10 particles/mL), 4-mercaptobenzoic acid (4-
MBA), 25% gluteraldehyde solution, and poly(allylamine hydrochloride) (PAH, MW 15 kDa)
were purchased from Sigma-Aldrich (St. Louis, USA). Recombinant human C-reactive protein
(CRP), anti-VCAM-1 and mouse 1gG-1 antibodies were purchased from Fisher Scientific
(Rockford, USA). Ultra pure water (UPW) from a Millipore filtration system was used for all
experiments. All other chemicals were analytical grade.

2.2. Preparation of antibody-conjugated SERS nanoprobes

Au-NPs at room temperature were mixed with 50 mM of 4-MBA under vigorous stirring and
reacted in an open vessel under microwave irradiation with a power of 50 W (2.45 GHz) and
temperature of 50 © C for 10 min (Discover, CEM Corporation). Excess 4-MBA was removed
by washing for 3 rounds of centrifugation at 3000 rpm for 20 min. Next, the SERS-active probes
were added drop-wise to a 1 mg/mL solution of PAH and reacted for 3 h. Excess PAH was
removed by repeated rounds of centrifugation (3000 rpm, 15 min). To functionalize antibodies
onto the surface of the probe, the particles were activated using the glutaraldehyde spacer
method. After washing, SERS nanoprobes were rehydrated with a 5% glutaraldehyde solution in
borate buffer (pH 9.2) and incubated under gentle rotation for 1 h. Afterwards, anti-VCAM-1
monoclonal antibodies were added to the activated SERS nanoprobe suspension and reacted for



2 h at room temperature. For negative controls, the same procedure was used to prepare SERS
NPs conjugated to non-specific murine 1gG-1 antibodies. Conventional 4-MBA adsorption was
carried out by dropping a solution of 4-MBA into a suspension of Au-NPs, under vigorous
stirring. The reaction was carried out overnight at room temperature, since shorter time periods
were not sufficient to produce significant Raman scattering signals. Thereafter particles were
washed, as described above for the microwave technique. Ultrapure water (UPW) from a
Millipore filtration system (resistivity above 18 m Q) was used for all reactions and washing
steps, expect for the glutaraldehyde activation, which was carried out in borate buffer (pH 9.2).

2.3. SERS nanoprobe characterization

Ultraviolet-visible (UV-vis) absorption spectra of aqueous nanoparticle suspensions were
measured by a Cary Eclipse Fluorescence spectrophotometer (Varian, Palo Alto, USA) with
quartz cuvettes of 1 cm path length. Visualization of the shape and surface structure of
nanoprobes was carried out by transmission electron microscopy (TEM). Briefly, 10 u L of
nanoparticle suspension was dropped onto a carbon-coated copper grid. The sample was then air-
dried overnight. Imaging was performed with a Carl Zeiss Libra 120 Plus TEM Microscope
operating at an accelerating voltage of 120 kV. Mean particle size was determined by Nanosight
measurements, which utilizes nanoparticle tracking analysis technology (NanoSight, North
Carolina, USA). The zeta potential ( { -potential) of colloidal solutions was measured using a
ZEN3600 Zetasizer Nano-ZX (Malvern Instruments, Worcestershire, United Kingdom).

2.4. Cell culture and labeling with SERS nanoprobes

HCAE cells used in cell culture experiments were grown in tissue culture flasks, maintained in
5% CO, at 37 ° C. The culture medium was prepared using an EGM-2 BulletKit containing
Endothelial Basal Medium-2, 10% FBS, and EGM-2 SingleQuots comprised of appropriate
growth factors, cytokines and supplements to support cell growth (Lonza, Basel, Switzerland).
Cells to be used for experimentation were released with 0.25% trypsin/0.1% EDTA (Gibco,
Invitrogen) and seeded at a concentration of 1 X 10 cells/cm? onto glass coverslips, which were
placed in culture dishes. Cells were allowed to reach ~80% confluence prior to treatment.

2.5. Analysis of VCAM-1 expression by SERS

Prior to experimentation, sodium azide was removed from CRP preparations by dialysis using a
Float-A-Lyzer® G2 device (Spectra/Por, molecular weight cutoff of 3.5-5 kDa, Spectrum
Laboratories Inc. USA). As a secondary purification step, contaminating lipopolysacharrides
were removed using a Detoxigel column according to the manufacturer's instructions (Fisher
Scientific). To upregulate the expression of the inflammatory biomarker, VCAM-1, by SERS,
HCAE cells were treated with 25 1 g/mL CRP. After 24 h of incubation, media was removed
and cells were fixed with 3.7% paraformaldehyde. After washing, cells were blocked using 1%
BSA for 20 min, then incubated with freshly prepared SERS nanoprobes (0.003 pM) for 4 h at



room temperature. Finally, cells were washed and examined under the Raman microscope. The
following controls were used: non-specific IgG-1 SERS probes to assess non-specific binding
and cells incubated without SERS tags to assess background cell scattering.

2.6. SERS microspectroscopy

An XploRA Raman confocal microscope system (JY Horiba, Edison, NJ) was used for all
surface enhanced Raman scattering measurements. Spectra were collected on an inverted
microscope with an ULWD 50 X (0.55 NA) objective to focus the 785 nm laser with a power of
3 mW onto the sample. Rayleigh scattering was removed using a holographic notch filter. Spatial
resolution was obtained using 100- and 200 n m confocal pinholes. A Peltier-cooled CCD
camera was used as detector. Peak frequencies were calibrated with silicon at 520 cm ™ prior to
each use. Data was analyzed using LabSpec NGS. The integration time was 10 s for all SERS
measurements.

3. Results and discussion

Microwave technology is of interest to the field of synthetic and colloidal chemistry since
dielectric heating can significantly decrease reaction time and improve system

reproducibility ?®. In fact, reactions typically requiring several hours can be reduced to a few
minutes with the application of microwave heating ?*. Accordingly, since microwave
technology increases molecular rotation and speeds up material transfer, we therefore sought to
investigate whether microwave irradiation could be used in the synthesis of stable SERS
nanoprobes intended for biosensing applications.

Studies on the optical properties of the nanoprobes demonstrated that the plasmon resonance
absorption of 50 nm citrate-capped gold nanoparticles (Fig. 2A, curve a) shifted slightly from
535 to 536 nm after formation of 4-MBA SAMs by microwave irradiation (Fig. 2A, curve b).
This small shift likely corresponds to changes in the dielectric medium surrounding the gold
nanoparticle surface. Analysis of the SERS spectra of 4-MBA coated nanoparticles (Fig. 2B,
curve b) shows that the dominant Raman band of 4-MBA, at around 1074 cm™, is also present
after only 10 min of microwave irradiation compared to uncoated citrate-capped gold
nanoparticles, which do not show any SERS activity (Fig. 2B, curve a) 301, Typically, the
reaction between gold nanoparticles and 4-MBA can take anywhere from 3 to 24 h B34
however a microwave irradiation time of 10 min was shown to be sufficient to yield probes with
suitable Raman scattering intensities for detection. Control probes fabricated conventionally by
overnight incubation showed no significant changes in optical absorbance (Fig. 2A, curve c), or
in Raman scattering data (Fig. 2B, curve c). Furthermore, no morphological changes were
observed by transmission electron microscopy (TEM) between nanoprobes fabricated by
microwave (Fig. 3A) and conventional adsorption (Fig. 3B), demonstrating that the probes do
not undergo any damaging effects after microwave irradiation.

and [32]
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Fig. 2. (A) Visible absorbance of (a) citrate-capped Au-NPs, Au-NPs encoded with 4-MBA by

(b) microwave and (c) conventional techniques, (d) anti-VCAM-1 studded SERS probes. (B)

SERS spectra of (a) citrate-capped Au-NPs, nanoparticles coated with 4-MBA by (b) microwave

and (c) conventional methods, (d) anti-VCAM-1 conjugated nanoprobes. (C) Expanded visible

absorbance spectrum of anti-VCAM-1-conjugated SERS nanoprobes ( £ max = 281 nm, 539 nm).
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Fig. 3. TEM of 4-MBA coated nanotags prepared by (A) microwave irradiation, (B)
conventional adsorption, (C) anti-VCAM-1-conjugated SERS nanoprobes prepared by
microwave.

A) B)

—

50 nm

To test the biomarker targeting properties of the SERS nanoparticles, probes were conjugated
with anti-VCAM-1, since VCAM-1 expression is a marker for the early onset of atherosclerotic
plaque formation 3. Following PAH coating and antibody functionalization by glutaraldehyde
activation, nanotags prepared by microwave radiation exhibited a further redshift of ~3-539 nm
in optical absorbance (Fig. 2A, curve d). This is likely due to the presence of the antibody on the
nanoprobe surface, which causes an increase in the local refractive index of the medium ®*. The
extinction spectrum of anti-VCAM-1 biofunctionalized SERS labels also showed an absorption
peak at 281 nm, representing the presence of the antibody after activation and conjugation (Fig.
2C). The characteristic peak of 4-MBA at 1074 cm* was likewise maintained after
biofunctionaliztion (Fig. 2B, curve d), while TEM imaging of the final probes demonstrated the



presence of a PAH/anti-VCAM-1 shell (Fig. 3C). The mean particle size and ¢ -potential of the
particles recorded after the adsorption of 4-MBA via microwave irradiation and bioconjugation
of the SERS nanoprobes are presented in Table 1. Results showed an increase in mean diameter
of the particles after each step of the synthesis. The ¢ -potential of the particles was recorded to
be >10-20 mV, the absolute value of which indicates adequate particle disparity and stability of
the system 3. Taken together, these results demonstrate the successful coupling of antibody to
SERS active gold nanoparticles synthesized viamicrowave radiation, with reproducible SERS
spectra and no loss of the characteristic 4-MBA Raman peak.

Table 1. Results of particle size and ¢ -potential analysis of SERS nanoprobes fabricated by
microwave irradiation. Data represent average = standard deviation (n = 3).

Sample Size (nm) | {-Potential (mV) | pH
Citrate-capped Au NPs 47+33 |-34zx2 7.8
4-MBA Au NPs 64 +43 —42+6 7.8
Anti-VCAM-1/PAH/4-MBA AuNPs | 119+36 | -39%6 9.2

To demonstrate the functionality of developed SERS tags, antibody-functionalized SERS
biosensors were employed to carry out detection of VCAM-1 in HCAE cells after CRP
challenge. Recently, the authors have shown that CRP increases the inflammatory response in
HCAE cells and specifically upregulates the expression of VCAM-1 B¢ Accordingly, cells were
treated with CRP for 24 h to upregulate VCAM-1 expression, then fixed, blocked with 1% BSA,
and incubated with anti-VCAM-1 SERS nanoprobes, as depicted schematically in Fig. 1B. SERS
spectra from HCAE cells incubated with anti-VCAM-1 bioconjugated probes are shown in Fig.
4A. Spectra from three different intracellular locations, represented in the corresponding light
micrograph (Fig. 4B), show the characteristic 4-MBA SERS peak at 1074 cm tindicating cellular
binding of the nanoprobes after incubation and washing. Raman spectra were also measured on
cells incubated with 1gG-1-conjugated SERS nanoprobes as a non-specific control, as well as
cells devoid of nanoprobes to assess background scattering. Relative to the anti-VCAM-1
bioconjugated probes, no signal was observed at 1074 cm* for cells incubated with 1gG-1-
conjugated SERS probes (Fig. S1A, Supplementary information), nor for cells lacking
nanoprobes (Fig. S2A, Supplementary information), which were similarly collected from
distinctive points on the cell (Fig. S1B and S2B, Supplementary information).
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Fig. 4. (A) Representative SERS spectra of intracellular regions of HCAE cells incubated with
anti-VCAM-1 SERS nanoprobes. (B) Light micrograph of HCAE cells incubated with anti-
VCAM-1 SERS nanoprobes.

SERS maps at 1074 cm*, which is the most intense peak of 4-MBA, were then measured to
assess the expression and distribution of VCAM-1. Fig. 5A shows a SERS map of anti-VCAM-1
nanoprobes on HCAE cells. In tandem with the light micrograph and overlay (Fig. 5B and C),
the outer membrane of the cells appeared to be labeled with a dense population of nanotags as
compared to probes functionalized with IgG-1 (Fig. S3, Supplementary information) and control
cells devoid of nanoprobes (Fig. S4, Supplementary information), which showed limited non-
specific adsorption and low levels of background scattering. These observations suggest that
microwave-assisted SERS nanoprobes can successfully be applied to localize and detect VCAM-

1 expression in vitro.

Fig. 5. (A) SERS map measured at 1074 cm* showing the cellular distribution of anti-VCAM-1
SERS nanoprobes. Corresponding (B) light micrograph and (C) overlay image.

A precise analytical technigue for sensing and localizing the distribution of inflammatory cell
adhesion markers, such as VCAM-1, is critical to diagnosis atherosclerosis and detect plaque in
the early stages of formation %!, 1deally, this technique would be non-invasive, non-destructive,



and provide both highly specific target identification, as well as localization information.
Although traditional methods of biomolecule detection, such as fluorescence and quantum dots,
can yield distribution information, surface-enhanced Raman scattering offers this dual advantage
of both localization and accurate target identification. Furthermore, the quick and non-
destructive nature of Raman spectroscopy makes it ideally suited for work in cells, with great
potential for translation to in vivo models 7). Despite these advantages, the complexity, time
intensive, and sensitive nature of SERS nanoprobe construction can be a deterrent to more
widespread use. Therefore, an alternative method to produce Raman-active nanoprobes using
microwave technology is presented. Microwave technology serves to decrease reaction time for
SAM construction, while yielding nanoprobes with suitable signal intensity and stability for
functionalization. Compared to traditional heating, which relies on energy migration from the
outside of the vessel (slow and non-specific transfer), during microwave heating the energy
transfer occurs in fractions of a second (with each cycle of electromagnetic energy). This allows
for a large amount of energy to be directly applied in a very efficient manner, resulting in rapid
molecular rotations and therefore significantly reduces the time required for functionalization 2.

Overall, results presented in this paper indicated that microwave irradiation can be used to
successfully fabricate SERS probes with appropriate stability and functional capabilities for
antibody conjugation. The approach is versatile since it could be applied to fabricate SERS
probes bearing various Raman reporter molecules, which is especially important in multiplex
analysis . Furthermore, microwave technology could be applied to prepare targeted SERS
nanoprobes for a variety of applications, in addition to CVD biomolecule detection demonstrated
in this work. For example, to trace intracellular drug delivery, distinguish cancerous cells, or
measure cell viability. Future investigations will explore the microwave-assisted fabrication of
probes for simultaneous multiplexing of cardiovascular disease biomarkers, which has the
potential to significantly improve the prognosis of atherosclerosis and inflammatory-based
diseases.

4. Conclusions

The synthesis, characterization, and in vitro application of a SERS-based nanoprobe

fabricated viamicrowave technology for the analytical nanosensing of atherosclerotic biomarkers
was presented in this paper. Nanoprobes were shown to exhibit strong SERS scattering signals
after coating with Raman reporter, 4-MBA, via microwave, and were subsequently capable of
straightforward functionalization with a protective polymer and target antibody. Using these
microwave-assisted nanoprobes with surface-enhanced Raman spectroscopy, the detection and
localization of cellular adhesion molecules in HCAE cell was demonstrated. Overall, results
indicated that microwave technology can be a viable option to rapidly fabricate SERS
nanoprobes for biomarker detection. This approach has potential for use as a simple and rapid
fabrication technique in the burgeoning field of SERS-based nanosensing and immunoassays.
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