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serum (BCS). Oriented conjugation of mAb Gold

via hydrazone linkage to provide higher

mAb accessibility was characterized by UV-vis and reflective Fourier transform
near-infrared (FT-NIR) spectroscopic techniques. The interaction of BCS with
mAb was studied by FT-NIR and nonresonant SERS at 637 nm. The results
showed detection of glycoprotein content at different laser powers including a rise
in amino acid and glycan content with varying results at higher power. With non-
resonant SERS we observed nonlinear behavior of peak intensity. Analysis of vari-
ance was implemented to determine the effect of laser power which was found
not to be a contributing factor. However, at the nanoscale, factors including the
heating effect and aggregation of molecules can contribute to the nonlinearity of

peak intensity.
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1 | INTRODUCTION

The main drawbacks of mammography include the
use of X-rays, pain and discomfort during the screening

Cancer is a major public health problem that causes a
high rate of morbidity and mortality worldwide. Breast
cancer (BC) is the second leading cause of mortality
worldwide next to lung cancer, with it being more severe
in developing countries [1, 2]. Thus, to reduce the signifi-
cant disability, suffering and deaths caused by cancer,
effective and affordable programs in early diagnosis,
screening, treatment and palliative care are needed.

process, risk of false positive and negative responses,
undetectability of lesions less than 0.5 cm in size, nega-
tive psychological effects resulting from false-positive
results, limited sensitivity for the detection of dense breast
tissues, radiation side effects and unselective and unneces-
sary exposure of the healthy tissues [3, 4]. Other well-
established molecular bioimaging systems that aid the
diagnosis of tumor techniques are magnetic resonance
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imaging (MRI), positron emission tomography (PET),
single-photon emission computed tomography (SPECT),
computerized tomography (CT) and ultrasound (US).
Despite their advantages, they bear some serious limita-
tions including injection of gadolinium, inability to be
used for patients with a pacemaker or breast reconstruc-
tion, requirement of radio-nucleotide facilities, use of
iodine-based compounds, expensive equipment, low sensi-
tivity, low spatial resolution and risks of positive and nega-
tive false responses.

Blood-based biomarkers have great potential in non-
invasive cancer screening and reducing the total national
economic burden. A biomarker has a broad definition; it
is a biochemical substance that consists of either the
tumor itself or the host in reaction to the tumor's pres-
ence that indicates malignant tissues from benign and is
measurable in tissues or body fluids such as blood and
urine [5]. By analyzing the biomarkers, diagnostic tests
may be able to provide information about early tumor
development to detect a cancer such as BC at an early
and more treatable stage. However, they should be non-
invasive, easily measured, inexpensive and produce rapid
and reliable results. Noninvasive techniques such as
in vitro diagnostics have a number of advantages: (a) no
direct interaction with the human body, making it acces-
sible without invasive surgeries and suffering, (b) provide
a rapid and accurate assessment of tissues or biofluids,
regarding disease diagnosis and therapy, (c) tests are per-
formed on samples instead of human body, increasing
the safety by avoiding the possible infection via contact,
(d) rapidly provide valuable information on a patient's
healthcare conditions and (e) enable early diagnosis,
which makes treatment of disease relatively easier and
more comfortable. In recent years, noninvasive tech-
niques have been used to determine the biomarker levels
in electrochemical immunosensors [6-8], electrochemilu-
minescence immunosensors [9], lectin-based optical sens-
ing [10], quartz crystal microbalances [11], silicon-based
ultrasonic immunoassays [12] and optofluidic ring reso-
nator sensors [13].

The overexpression of the HER-II receptor transmem-
brane glycoprotein by tumor cells has gained significant
attention as a biomarker as well as a target for therapeu-
tic treatments as they are essential in controlling cell
growth and differentiation [14]. The receptor has a
630 amino acid extracellular domain that is proteolyti-
cally cleaved which allows for its shedding from the
tumor cell surface and the detection of the domain in
patient blood serum [15]. Nearly half of all human pro-
teins are glycosylated, and these carbohydrate glycans are
of use when it comes to cancer biomarker detection in
biosensor applications [16]. The extracellular domain of
HER-II has seven potential N-linked glycosylation sites

that can be used for the detection of carbohydrate pres-
ence along with the detection of specific protein signals
from the biomarker itself [15]. N-linked glycans have spe-
cific roles in protein folding, cell-cell recognition, adhe-
sion and signaling, all of which are important in cancer
metastasis. With regards to BC, high mannose, fucosy-
lated and complex glycans are the most relevant N-linked
glycans [17]. Using Raman spectroscopy (RS), the posi-
tion and intensity of the bands in their respective spectra
can be used to detect HER-II biomarker binding to a sen-
sor surface based on carbohydrate and protein content.
Raman scattering is an inelastic scattering of photons,
which is a result of the interaction between the incident
light and a molecule excites a molecular vibration. Thus,
the Raman signals are represented by a frequency shift
measured in wavenumber (cm ') and are characteristic
of the particular molecular species, with signal intensity
proportional to the number of scattering molecules in the
path of the light [18]. As such, these Raman shifts can
aid in cancer diagnostics by identifying biochemical dif-
ferences between normal and tumor tissues due to an
increase in the concentration of proteins, lipids and
nucleic acids in tumors [19-21]. However, the weak
intensity of Raman signal can be enhanced 10° to 10
times by adsorption of sample molecules onto metal sur-
face via surface-enhanced Raman scattering (SERS) spec-
troscopy. There are two types of surface plasmons (SPs).
First, propagating where the frequency of the incident
light and the oscillating SP are very close or equal and
light waves can couple, excite and propagate the SPs at
the metal-dielectric interface called surface plasmon
polaritons (SPP) generated on noble metallic thin films
such as Au or Ag. These are the collective charge-density
waves, and the metal exhibits field enhancement at the
surface [22]. Second, non-propagating SPs are called
localized surface plasmon resonance (LSPR), which are
generated on the surface of plasmonic nanoparticles
(PNP). The main mechanisms of SERS are thought to be
due to: (a) electromagnetic enhancement where the
intensity of the incident light is caused by LSPR and
referred to as hot spots. An induced dipole due to the
plasmon oscillation enhances the local electric field at
the surface of the PNP, and thus, strong light absorption
and scattering occur at the SPR frequency [23]. For scat-
tering to occur, the surface must be roughened to pro-
duce a perpendicular component to the plasma. Thus,
the plasmon energy causes the RS to occur in the analyte
molecule. The energy is transferred back to the plasmon,
and the radiation is shifted in frequency due to the
energy difference between oscillation of light and molec-
ular vibration, and (b) is the chemical enhancement or
charge transfer mechanism where the complexation of
the target analyte to the PNP results in charge transfer
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between the adsorbed molecule and the metal surface in
either direction [24]. SERS is a nondestructive, specific
and highly powerful technique, which extensively has
been utilized for biosensing and the detection of chemical
and biological analyte molecules at very low concentra-
tions [25-30].

SERS active substrates can be colloidal, that is,
solution-based, solid-supported substrates where various
types, shapes and sizes of nanostructures including
spherical nanoparticles, nanorods, nanostars, nanoshells
and thin film substrate where a controlled layer of plas-
monic material is vapor deposited on the substrate by dif-
ferent techniques such as electron beam [31, 32]. In
particular, thin films have been a topic of research in
both nanotechnology and biochemical applications, with
uses in various electrochemical and optical sensors for
signal enhancement [33-35]. Gold metal surfaces are
photostable and biocompatible because of their inert sur-
face, nontoxic, involve relatively easy synthesis, allow for
functionalization and surface conjugation chemistry,
there is an absence of photobleaching and they are resis-
tant to oxidation [36, 37]. In fact, the surface has a high
affinity for thiol (—SH) groups, enabling them to be
PEGylated, that is, functionalized with thiol-PEG via
strong Au—S bonds, which for in vivo applications,
reduces the uptake of AuNS by the liver and spleen and
prolongs the half-life in blood [38].

Even in the ideal case of perfectly smooth metal sur-
faces, there is the likelihood of intensive SP scattering on
possible surface imperfections and defects on the nano-
meter scale (eg, metal grains) which can contribute to
plasmon confinement and related field enhancement
effects [39]. The planar nanometer-thin film is 2D nano-
material itself and is plasmonic-active, but it is not con-
sidered a plasmonic-active nanostructured thin film
(PANTF) as in our case. The PANTFs are unique kinds of
nanostructures with the properties of both thin films and
individual nanoparticles, see Figure 2E. Monoclonal anti-
bodies (mAb) are increasingly developed and utilized in
anticancer detection and therapies [40, 41]. Here, an anti-
HER-II mAb is used to target the HER-II biomarker in
breast cancer serum (BCS). Therefore, the conjugation of
a suitable mAb to gold film or AuNS can be used for
high-performance SERS probes as a nondestructive alter-
native technology for rapid and selective ultrasensitive
biomolecular detection such as biomarkers, either cellu-
lar or humoral, as well as compositional analysis [26, 42].
SERS-based immunoassays are especially valuable for the
detection of low abundance biomarkers.

The near-IR region contains overtone and combina-
tion bands of fundamental vibrational modes, namely
functional groups containing a relatively heavy atom
(C, N, O and S) attached to a hydrogen atom [43]. Thus,

30f18
PHOTONICSJ—

Fourier transform near-infrared spectroscopy (FT-NIR),
as a nondestructive chemical analysis technology, can
analyze various materials and provide rich information
on molecular structures. As such, FT-NIR has emerged a
reliable method of biochemical fingerprinting and is par-
ticularly useful in analyzing surface chemistries in bio-
sensor synthesis and fabrication methods [44]. Working
at the nanoscale allows for more accurate NIR investiga-
tions as it involves using small biomolecules which are
optimal for NIR spectroscopy [45]. In this study, FT-NIR
is used as a technique to investigate the surface chemistry
during sensor fabrication as well as for the detection of
biomarker binding.

One aspect of novelty of the present work is the ori-
ented conjugation of the mAb on the PEGylated surface
of the gold chip via an adipic dihydrazide (ADH) linkage.
This enables high selectivity and makes the antigen-
binding regions more accessible unlike traditional nonse-
lective amide linkages that result in the hindrance of the
binding sites [46, 47]. The orientation of the analyte on
the surface is important since the scattering originates
from the component of the plasmon perpendicular to the
surface and this, in turn, is related to the molecular
polarization vertical to the surface. Thus, at low concen-
trations, proteins on the gold surface tend to lie within
the aromatic amino acid ring plane parallel to the surface
but as monolayer coverage of the surface is approached,
the rings tend to stack with the plane perpendicular to
the surface [48]. The selective orientation of the mAb on
the gold surface is accomplished by activating the glyco-
sylated oligosaccharide moieties in the constant
(Fc) region of the mAb with sodium periodate. Once acti-
vated, the Fc regions can form highly stable hydrazone
bonds with ADH molecules, effectively allowing the tar-
geted orientation of the antibodies and leaving the
antigen-binding sites free for binding. Contrastingly, tra-
ditional carbodiimide chemistry methods of forming anti-
body bioconjugates rely on amide bonds that are not
targeted to the Fc region. The primary amine (—NH,)
groups involved in such EDC/sulfo-NHS chemistry
methods are found in all regions of the antibody, so the
mAb can be bound to a carboxyl-functionalized
(—COOH) surface in any orientation. In particular, the
antigen-binding regions (ie, variable Fab region) also
contain primary amine groups which make those regions
susceptible to amide bond formation, thus rendering
them unavailable for antigen binding [49, 50]. Therefore,
the efficiency of the biomarker detection is correspond-
ingly improved with the EDC/ADH hydrazone bond
chemistry method due to the selective bond formation at
the Fc region, allowing for improved availability of the
Fab region that mediates antigen binding. The purpose of
this research is to: (a) immobilize and characterize an
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oriented mAb-conjugated thin film gold chip biosensor
using UV-vis and FT-NIR spectroscopy, and (b) detect
HER-II as a BC biomarker in patient blood serum as well
as analyze the composition using a nonresonant 637 nm
laser using SERS and FT-NIR spectroscopy.

2 | MATERIALS AND METHODS

2.1 | Oriented functionalization of
gold chip

Inside a biosafety cabinet (Class II A2, Labgard, USA),
1 mL of ultrapure water (Invitrogen) was added to a
clean 1.5 mL microcentrifuge tube (Biolynx, Canada).
Then, 25 mg of a 5K thiol-PEG-carboxyl linker molecule
(SH-PEG-COOH, Biochempeg, USA) was weighed on the
analytical balance (Sartorius, USA) and added to the tube
containing the water. The tube was mixed by vortexing at
2200 rpm (RK-04729-07, Cole-Parmer, Canada) for
30 seconds to ensure the PEG dissolved.

Commercially available sealed gold chips (SPR-1000-050:
SPRchip, Biolynx, Canada) were prepared by conven-
tional e-beam evaporation technique (Platypus Technolo-
gies). For the PEG-ylation reaction, 800 pL of the PEG
linker solution was added to the empty chip container.
Then, the chip was placed in the container with the
active surface facing down in direct contact with the
linker solution. The cap was lightly sealed, and the con-
tainer was left on the orbital shaker (RK-51700-13, Cole-
Parmer, Canada) overnight at room temperature at
150 rpm. The container was covered with a beaker to
minimize any evaporation.

First, the PEGylated chip was rinsed with water and
then with 70% ethanol (Fisher, BP82031GAL) to remove
the excess PEG linker molecules. The chip was air-dried
and characterized with reflectance FT-NIR. Once the
gold-PEG chip had been characterized, a 5 mm x 5 mm
active area was marked on the chip. This was done by
taping the chip so that only a 5 mm x 5 mm square was
exposed in the center; the rest of the chip was covered
with tape. The active area was designated to concentrate
the chemicals and mAb in a smaller area of the chip
instead of functionalizing the whole surface. On the ana-
lytical balance, 32 mg of adipic acid di-hydrazide (ADH,
Sigma-Aldrich, Canada), and 16 mg of N-(3-dimethylami-
nopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC,
Sigma-Aldrich, Canada) were measured. Both powders
were added to a tube containing 1.1 mL of ultrapure
water to be dissolved. From this tube, 800 pL of the solu-
tion was added to the empty chip container. The gold sur-
face of the chip was placed face-down in the container.
The cap was lightly sealed, and the container was left on

the orbital shaker for 3 hours at room temperature at
150 rpm. The container was covered with a beaker to
minimize any evaporation. Once the time was complete,
the gold surface was rinsed with ultrapure water to
remove excess reagents. The chip was once again charac-
terized by FT-NIR.

2.2 | Oriented conjugation of gold chip
The bottle of ultrapure water was opened inside the bio-
safety cabinet, and 1 mL of water was transferred to a
clean 1.5 mL microcentrifuge tube. Then, 14.19 mg of
sodium phosphate (Na,HPO,-, MW = 141.96 g/mol,
Sigma Aldrich) was weighed using the analytical balance.
The sodium phosphate was added to the tube containing
1 mL of water to make a 100 mM buffer. The anti-HER-II
antibody (Ab, MAB1129, R&D Systems, Canada) was
thawed overnight in a fridge (4°C). The mAb had a dry
weight of 100 pg, and was reconstituted to a concentra-
tion of 0.5 mg/mL as recommended by the manufacturer.
The reconstitution was done by adding 200 pL of PBS to
the dry weight mAb. The mAb was then divided into four
tubes (each containing 25 pg of antibody in 50 pL PBS)
and stored at —20°C. To complete the buffer exchange,
the phosphate-buffered saline (PBS, pH 7.4, Gibco, USA)
of the mAb was to be exchanged with the newly prepared
100 mM sodium phosphate buffer. To do this, two 30 kDa
centrifugal filter devices (UFC503096, Millipore Sigma)
were used. One filter unit (ie, spin column) was used for
the mAb sample, and one was used as a balance for the
microcentrifuge. The filter was placed in an empty
labeled microcentrifuge tube, and then the entire mAb
volume (50 pL) was transferred to the filter unit. The spin
columns were balanced and centrifuged at 14,000 rpm
for 10 minutes. The microcentrifuge tube (now contain-
ing PBS) was discarded and the mAb remained on the fil-
ter unit. Then, 25 pL of 100 mM sodium phosphate
buffer was added to a new microcentrifuge tube as the
recovery buffer. The filter unit containing the mAb was
placed upside down in the tube containing recovery
buffer for the reverse spin. The tubes were balanced and
centrifuged at 3000 rpm for 2 minutes to recover the
mAD from the filter unit. Once completed, the filter units
were discarded. The microcentrifuge tube now contained
25 pL of mAD at a concentration of 1 mg/mL.

For the mAb activation and purification, a new “cou-
pling” buffer was prepared, consisting of 10 mM sodium
phosphate, 0.15 M sodium chloride at pH 7.5. To prepare
10 mL of the buffer, 8 mL of distilled water was added to
a glass beaker. Then, 14.02 mg of sodium phosphate and
87.68 mg of sodium chloride (NaCl, MW = 58.44 g/mol,
Sigma Aldrich) were measured and added to 8 mL of
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water. A pH meter (BLU2300E, Combo Bluelab,
New Zealand) was used to measure the initial pH, which
was 8.6. To lower the pH to 7.5, diluted hydrochloric acid
needed to be added. The diluted hydrochloric acid was
prepared by adding 5 pL of 37% hydrochloric acid (HCI,
Sigma Aldrich) to 4 mL of distilled water. The pH of the
buffer was adjusted by adding 1.6 mL of dilute HCI to the
beaker. Once the pH reached 7.5, water was added until
the final volume reached 10 mL. Once the buffer
exchange was completed, the mAb needed to be activated
to react with the hydrazide. The mAb was activated with
sodium periodate (NalO,;, MW = 213.89 g/mol, Sigma
Aldrich). A 0.1 M NalO, solution was prepared by adding
2.14 mg of NalO,4 to 100 pL ultrapure water in a clean
1.5 mL microcentrifuge tube. The NalO, tube was mixed
and wrapped in aluminum foil to protect it from light.
Then, 5 pL of the prepared 0.1 M NalO, solution was
added to the tube containing 25 pL of Ab. The tube was
vortexed at 2200 rpm for 30 seconds and then incubated
at room temperature for 45 minutes at 275 rpm on the
orbital shaker. After incubation, the reaction was
quenched by adding 200 pL of PBS to the tube of mAbD.
At this point, the existing mAb buffer was exchanged to
the new coupling buffer prepared in the previous step
using the spin columns. The same steps as in the previous
buffer exchange were followed using the entire volume of
mAb (~230 pL). The final recovery buffer used for the
reverse spin was 50 pL of coupling buffer. The final mAb
volume was now 50 pL at a concentration of 0.5 mg/mL.
The functionalized gold chip was placed in its con-
tainer, with the gold surface facing up. At this point,
100 pL of the coupling buffer was added to the tube con-
taining 50 pL of mAb. The total volume of 150 pL was
transferred to the surface of the functionalized gold chip
to submerge the active area. The cap was lightly sealed,
and the container was left on the orbital shaker overnight
at room temperature at 150 rpm. The container was cov-
ered with a beaker to minimize any evaporation. To pre-
vent the hydrazone bond (ie, the bond between
ADH-mAD) from reversing, the reaction had to be stabi-
lized by the addition of 2 pL of 1 M ethanolamine
(NH,CH,CH,0OH, MW = 61.09 g/mol, Sigma Aldrich).
The ethanolamine was already supplied at a 1 M concen-
tration. It was handled in the fume hood (ISOLA, Mys-
taire, USA). Once the ethanolamine had been added to
the surface of the chip (which had been incubating over-
night), the functionalized chip was sealed and incubated
at room temperature at 150 rpm on the orbital shaker for
1 hour with a beaker over top to prevent evaporation. To
block the surface of the chip which did not bind any
mAb, a 10% (w/v) BSA solution was prepared by adding
1.5 mg of BSA to 15 pL of coupling buffer in a clean
microcentrifuge tube. Then, the whole volume of the
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BSA was added to the surface of the sample gold chip (e,
Gold-PEG-ADH-mAD). The chip was then incubated at
room temperature for 10 minutes at 150 rpm on the
orbital shaker. The chip was sealed in its container and
covered with a beaker. The excess BSA and reagents were
rinsed off with PBS. After air-drying, the Gold-PEG-
ADH-mAD was characterized with FT-NIR and RS.

2.3 | Interaction of Gold-PEG-ADH-ADb
and HER-II

In the biosafety cabinet, the BCS (#2372644, Precision
Biospecimen, USA) overexpressed with HER-II was
diluted in a prepared 0.01 M PBS buffer (adjusted to
pH 6.0 with HCI) in a clean 1.5 mL microcentrifuge tube
(4 pL BCS:56 pL PBS buffer). To this dilution, 100 pL of
2-(N-morpholino) ethanesulfonic acid (MES) (Sigma
Aldrich-M8250-25G, pH 6.0) was added to make the total
volume of serum dilution 160 pL. The BCS dilution was
then vortexed at 2200 rpm for 30 seconds. The entire vol-
ume of prepared serum dilution was added to the surface
of the functionalized gold chip while the chip was inside
its original container to submerge the active area. The
cap was sealed and incubated at room temperature at
150 rpm on the orbital shaker for 1 hour with a beaker
over top to prevent evaporation. After incubation, the
excess reagents and unbound serum proteins were rinsed
off with the same MES buffer. The chip was air-dried
before characterization with FT-NIR and RS.

2.4 | Characterization methods

Prior to surface functionalization, the absorbance of the
ligands was measured at each stage by UV-vis spectrome-
ter (Jenway 7205-Cole-Parmer-Canada) with a 198 to
800 nm spectral range. The experimental setup for the
reflectance FT-NIR setup is shown in Figure 1A. The gold
chip was characterized at different stages using FT-NIR
Nano Quest spectrometer (NanoQuest 2.5, Ocean Insight)
to obtain reflectance spectra. The parameters were set to
5 seconds integration time and 8 nm resolution. A 200 pm
bifurcated reflectance probe (RP28, Thorlabs, USA) was
used connected to the tungsten halogen light source
(HL-2000-HP, Ocean Insight). The probe was positioned
10 mm perpendicular to the surface of the chip, and the
background reading was a solid white foam surface. The
experimental setup for the RS setup is shown in Figure 1B.
The chip was characterized using RS after conjugation and
interaction with BCS using the 638 nm Raman probe
(RIP-RPB-638-FC-APC-SMA, Ocean Insight, USA) in a per-
pendicular direction to the surface of the chip at a distance
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Bifuricated Optical FIGURE 1 Experimental
Cable setups for characterization
methods of the functionalized
gold chip biosensor surface
using (A) reflectance FT-NIR

and (B) Raman (SERS)
Output Beam spectroscopy. FT-NIR, Fourier

transform near-infrared; SERS,
surface-enhanced Raman

scattering

Raman
Probe

—_——

637nm
He-Ne Laser
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(A)

of 7.5 mm (ie, the focal distance of the probe). The probe
was connected to the 637 nm laser (S1IFC637, Thorlabs,
USA) and an Ocean HDX spectrometer (OCEAN-HDX-
VIS-NIR, Ocean Insight, USA). In the Oceanview soft-
ware, the parameters were set to 5 seconds integration
time, 3 scan average, and 5 boxcar width. The nonlinearity
correction was applied, and the clean peaks option was
selected. A dark background with the 637 nm laser off was
taken. The experiment was performed at 2 mW, 4 mW,
and 8 mW to observe the effect of power on the results.

SPR Chip

FIGURE 2 Noncontact AFM
characterization of untreated gold thin
film surface at 10 pm resolution using
(A) 2D and (B) 3D modes

To visualize the surface quality of the untreated gold
chip, 2D (Figure 2A) and 3D (Figure 2B) topographic
images were recorded in noncontact atomic force micros-
copy (AFM) mode (Park NX10, USA). The surface was
cleaned with ethanol prior to AFM characterization. The
thickness of the thin film was determined to be ~ 4 nm
using AFM. The images show various surface protrusions
which are likely a result of the e-beam gold deposition
process, and thus can contribute to a roughened surface
and consequent optical signal enhancements [51, 52].
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0.800 (A) 3 | RESULTS AND DISCUSSION
ADH
£} 0.600 To prepare the bio-conjugated gold chip with a selective
j:« antibody orientation, a number of steps were taken as
g 0400 schematically outlined in Figure 3. First, the surface of
.'é the chip was PEGylated with an SH-PEG-COOH linker
z 0.200 molecule as seen in Figure 3A. The —COOH group at the
“« PEG end of the PEG linker is essential in the EDC/ADH reac-
0.000 ——— tion to prepare the chip surface for mAb binding. Next,
200 250 300 350 400 430 500 the synthesis of the PEG-ADH bond was carried out via
Wavelength (nm) derivation of the PEG-COOH linker with EDC/ADH
(B) chemistry (Figure 3B). The mAb was activated using
0.040 sodium periodate oxidation to prepare the Fc regions for
_~ the formation of the hydrazone bond as seen in
z 0.030 Figure 3C. The interaction process with the BCS bio-
E 0020 marker (HER-II) is illustrated in Figure 3D, with a mag-
g nified version of the labeled components and
";2 0.010 corresponding chemical structure in Figure 3E. A micro-
2 scope image (Microscope net, OMAX-18MP) of the chip
- 0.000 - showing the untreated (A) and functionalized (B) zones
450 460 470 480 490 500 respectively is shown in Figure 3F.

Wavelength (nm)

FIGURE 4 UV-vis absorbance of (A) colloidal gold
nanourchins (100 nm) functionalized with SH-PEG-COOH-ADH
using the same method as the gold chip functionalization and

(B) magnification of the PEG absorbance between 450 and 500 nm

3.1 | UV-vis spectroscopy

The UV-vis spectra of the surface-functionalized colloidal
100 nm gold nanourchins are shown in Figure 3.
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FIGURE 5 UV-vis absorbance of colloidal gold nanourchins
(100 nm) functionalized with SH-PEG-COOH-ADH following
conjugation with anti-HER-II mAb via hydrazone bond formation

Figure 4A shows that the ADH is conjugated to PEG
linker with a strong ADH absorbance intensity at
~220 nm and a weak peak at ~460 nm, which corre-
sponds to the PEG [53, 54]. Figure 3B is a magnification
of the PEG spectrum with a broad band between 455 and
485 nm. This is because PEGs are composed of polyether
compounds repeating ethylene glycol units according to
the constituent monomer or parent molecule such as eth-
ylene glycol, ethylene oxide or oxyethylene each with the
corresponding spectral response [55].

The absorbance spectrum of mAb-conjugated ADH is
shown in Figure 5 where the strong peak at 230 nm and
a smaller one at 277 nm correspond to tyrosine (Tyr)
peaks, which has two standard peaks at about 227 nm
and the other between 270 and 290 nm, respectively [56].
Typically, aromatic amino acid side chains exhibit
absorption between 240 and 300 nm with a maximum
peak at 280 nm. It is noteworthy that the absorption peak
of ADH after conjugation of mAb is red-shifted by 2 nm,
indicating the increase in size of the chemical structure.

3.2 | FT-NIR spectroscopy

The FT-NIR spectra collected after each functionalized
step were used as a means to analyze the chemical bonds
and confirm the expected groups were present. As out-
lined in [57], according to the superposition principle,
the noise-free model function of the protein FTIR spec-
trum y (v, T) measured at wavenumber ¥ and temperature
T is given by

y0.7) = c(T)e(v), (1)

where the sum extends over N absorption bands, with
index k which is assumed to be independent of

TABLE 1
step of the gold chip biosensor synthesis

FT-NIR bands used for tentative assignment at each

Reference's band assignment Wavelength (nm)
CH, combination 1st overtone 1375-1440
O—H 1st stretch overtone 1400-1500
O—H 1st stretch overtone 1429-1667
RNH, 1st overtone 1485-1515
Aromatic CH 1st overtone 1610-1650

fB-sheet 1688-1691, 2055
a-helix 1738

RCO,H 1st overtone (O—H stretching) 1875-1905
O—H 1st stretch overtone 1875-1915

C=oO stretch 2nd overtone 1942

C—H combination 2200-2450

Abbreviation: FT-NIR, Fourier transform near-infrared.
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FIGURE 6 Reflectance FT-NIR spectra of gold surface alone
and gold surface functionalized with PEG linker molecule (ie, SH-
PEG-COOH). FT-NIR, Fourier transform near-infrared

temperature. The shape of the absorption band k is given
by er(v), where k is characteristic for a particular
secondary-structure class or amino acid side chain. The
amplitude of k is ¢k (T), which may be dependent on tem-
perature. The relations between these parameters allow
for the analysis of the FT-NIR peaks with focus on peak
position as well as the significance of the peak amplitude.
Table 1 outlines common peak assignments with FT-NIR
spectroscopy [58-61]. A comparison of the reflectance
FT-NIR spectra of the unfunctionalized and PEGylated
gold chip is shown in Figure 6. By comparing these two
spectra, the effects of the functionalization of the surface
can be seen by the shift and appearance of new peaks
which indicate changes in the surface chemistry. Initially,
with the gold chip alone, there are strong signals in the
2100 to 2200 nm region. Contrastingly, after the PEGylation
of the gold surface, there is a reduction of the signal
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FIGURE 7 (A) Reflectance FT-NIR spectra of gold surface
before and after addition of ~ADH to the PEG linker via EDC/ADH
chemistry in preparation for mAb conjugation. (B) Magnification of
1900 to 2500 nm region. FT-NIR, Fourier transform near-infrared.
ADH, adipic dihydrazide; FT-NIR, Fourier transform near-infrared

between 2100 and 2200nm and a new strong signal at
1598 nm, which falls in the O—H 1st stretch overtone
region. The O—H bond in the carboxyl group of the PEG
linker is responsible for the observed signal, and there is
also some activity in the 1800 to 2000 nm region which
can be accredited to the C=O stretch 2nd overtone as
part of the same carboxyl group. At 2288 nm, there is
another new signal which falls in the C—H combination
region as part of the organic bonds in the PEG linker.
These changes in signal confirm the successful PEGyla-
tion of the gold surface.

In preparation for the mAb conjugation, the PEGylated
surface was functionalized with ADH (ie, synthesis of PEG-
ADH) via the derivation of the —COOH end of the linker
using EDC as a facilitator. A comparison of the two spectra
is pictured in Figure 6, which shows the changes in signal
after the ADH molecule is detected by reflectance FT-NIR.
There is an abundance of new signals in the 1300 to
1550 nm region which correspond to the C—H combination
and CH, combination 1st overtone regions as seen in
Figure 7A. This is likely due to the presence of those bonds
in the ADH molecule itself. The —NH, group in the ADH
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FIGURE 8 (A) Reflectance FT-NIR spectra of gold surface
before and after conjugation of anti-HER-II mAb to the gold
surface via the formation of a hydrazone bond. (B) Magnification of
1900 to 2500 nm region. FT-NIR, Fourier transform near-infrared

molecule also contributes to the signals found between
1485 and 1515 nm, as this is the R—NH, 1st overtone
region. The peaks at 1999 nm and 2038 nm as magnified in
Figure 7B remain relatively constant, which can be attrib-
uted to either the gold chip itself or the C-H combination
regions of the PEG molecule, both of which are probable.
The anti-HER-II mAb was activated using sodium
periodate and conjugated to the chip via hydrazone bond
formation with the ADH molecules. The use of this
method allows for selective orientation of the mAb to be
anchored at the Fc region, leaving the Fab regions more
accessible for antigen-binding. Figure 8A shows a com-
parison of the FT-NIR spectra of the gold chip before and
after mAb conjugation. There are strong signals observed
at 1472 and 1878 nm, which likely correspond to an
increased number of bonds in the O—H stretch 1st over-
tone region. There are also new signals between 1600 and
1750 nm which span the a-helix, p-sheet and aromatic
CH 1st overtone regions. The aromatic signal likely arises
from the presence of aromatic amino acids in the mAb
such as phenylalanine (Phe), Tyr, tryptophan (Trp) and
histidine (His) [62]. There is a new signal at 2244 nm as
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FIGURE 9 (A) Reflectance FT-NIR spectra of gold chip

biosensor before and after interaction of functionalized gold surface
with breast cancer blood serum. (B) Magnification of 2000 to
2400 nm region. FT-NIR, Fourier transform near-infrared

seen in Figure 8B which corresponds to the CH, aliphatic
combination region. The signal in the aliphatic combina-
tion region is likely due to the presence of aliphatic
amino acids such as glycine (Gly), alanine (Ala), valine
(Val), leucine (Leu) and isoleucine (Ile) [63].

With the fabrication of the sensor chip complete, the
next step was to observe the surface interaction with the
analyte of interest (ie, antigen) which was the HER-II BC
biomarker. Figure 9A shows a comparison of the FT-NIR
spectra of the gold chip before and after interaction with
the BCS sample as described in the methods. The signal at
1502 nm falls within the 1485 to 1515 nm region of the
R—NH, 1st overtone. The increase in signal is likely due
to the increased presence of that group within the HER-II
biomarker molecules since the —NH, group is a constitu-
ent of all amino acids. Another signal is seen at 1885 nm,
which is in the R—COOH 1st overtone (O—H stretching)
region. Once again, since the —COOH group is a constitu-
ent of amino acids, the signal is an indication of biomarker
binding to the chip as the signal is considerably stronger
compared to before HER-II binding as seen in Figure 9A.
There is also a signal at 2065 nm, close to the 2055 nm

TABLE 2
gold chip biomarker detection

SERS bands used for tentative band assignment of

Wavenumber
Reference’s band assignment (cm™ )
Proteins
Phenylalanine 622
Tyrosine 642; 640-650
Glycine, alanine v (C—N—C) assigned to 850-900
the symmetric C—N—C stretch mode
Phenylalanine 1000-1010,
1103
Tyrosine 1166
Tryptophan 1220
B-sheet structure, amide III 1230-1240
Tryptophan, o helix 1300-1345
N—H primary and secondary amines and ~ 1550-1640
amides (stretch and bend)
C=o0 stretch (fairly broad) 1690-1710
C=0 vibration 1720
—NH;* I amine 2350-2750
O—H stretch (broad) 2400-3100
C—H antisym and sym stretching 2850-2990
=C—H stretch in aromatic and 3000-3100
unsaturated hydrocarbons
NH;" in amino acids 3000-3200
N—H primary and secondary amines and ~ 3100-3500
amides (stretch and bend)
—NH, in aromatic amines, primary 3320-3520
amines and amides
—NH, in primary amides 3340-3360
Carbohydrates
D(+) mannose 958, 1369
D(+) fucose 1256
Sialic acid 1002, 1237,
1391

Abbreviation: SERS, surface-enhanced Raman scattering.

f-sheet region, and two more signals at 2194 and 2250 nm
that are in the R—NH, combination region and a-helix
regions, respectively (Figure 9B). The collective analysis of
these FT-NIR signals allows for confirmation of biomarker
binding to the surface of the functionalized gold chip
based on changes in the detected molecular signals.

3.3 | RS and SERS

SERS has been used to study protein binding orientation
[57], characterize protein activity [64] and detect
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FIGURE 10 SERS spectra of the gold chip biosensor before and after biomarker binding at 637 nm and 2 mW laser power divided into

(A) 500 to 2000 cm ™, (B) 2000 to 2500 cm ™, (C) 2500 to 3000 cm ™" and (D) 3000 to 3500 cm ™! regions. SERS, surface-enhanced Raman

scattering

molecules based on their Raman fingerprint in biosensor
applications [65]. In this work, although the gold chip
surface is optically smooth, the nanoscale interparticle
gaps between the deposited gold nanoparticles serve as a
factor of enhancement for SERS [66]. As a complemen-
tary technique to FT-NIR spectroscopy, SERS was used to
(a) investigate the surface chemistry of the gold chip bio-
sensor during its fabrication and (b) confirm the BC
biomarker binding to the functionalized surface of the
biosensor. The spectral range of 500 to 3500 cm ™' is
known to include signals for many protein components
including individual amino acids such as Phe, Trp, Tyr
and His, as well as disulfide bonds and secondary pro-
tein structures (ie, a-helices and B-sheets) and individ-
ual C—0, C—C, C—H and NH;" bonds along with
associated stretches and vibrational modes [67]. The
general band assignments used for RS of proteins can
be found in Table 2 [68-71]. The Raman signals from
the biosensor are considered to be SERS signals as they
are enhanced by the plasmonic confinement of the SPP
by imperfections on the gold film surface [72]. This
SERS activity arises from the uniform distribution of
e-beam-deposited nanoparticles (grains) on the gold
substrate.

For the analysis of the Raman shifts at 637 nm, the
spectral average Raman shifts were calculated at each
laser power (ie, 2, 4, 8 mW) using the average of three tri-
als in Excel. Figure 10 shows the spectral average shifts
at 2 mW laser power, divided into (A) 500 to 2000 cm™*,
(B) 2000 to 2500 cm !, (C) 2500 to 3000 cm ' and
(D) 3000 to 3500 cm ' regions for ease of peak analysis.
In Figure 10A, there are a number of peaks that increase
after biomarker binding at 954, 1026 and 1375 cm !
which are in the C—O stretch and C—C vibrational mode
regions, respectively. In particular the mannose peak at
954 cm ™! is from the high mannose glycans of the HER-II
biomarker [17, 70]. A second mannose peak can be seen at
1375 cm ™', Interestingly, there is a decrease after bio-
marker binding at 1756 cm™ " in the C=0 vibration region,
which could indicate that the biomarker surface coverage
is reducing the signal from the C=0 bonds in the PEG
linker molecules. In Figure 10B there is an increase in sig-
nal in the —NH;" I amine and O—H stretch regions as
seen by the peaks at 2454 and 2473 cm ™, with another
signal 2727 cm ™! (Figure 10C) in the same region. These
regions are heavily influenced by the increased presence of
biomarker proteins due to the abundance of —NH;"
groups and O—H bonds in amino acids. The strong signal
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FIGURE 11 SERS spectra of the gold chip biosensor before and after biomarker binding at 637 nm and 4 mW laser power divided into

(A) 500 to 2000 cm ™, (B) 2000 to 2500 cm ™, (C) 2500 to 3000 cm " and (D) 3000 to 3500 cm ! regions. SERS, surface-enhanced Raman

scattering

increase in Figure 10D at 3192 cm ' is assigned to the

NH;" groups in amino acids as seen in Table 2. As
expected, there is an increase in amino acid signal follow-
ing biomarker binding to the gold chip.

Figure 11 shows the changes in Raman signal from
the surface of the biosensor after the power was increased
from 2 to 4 mW. Interestingly in Figure 11A, there is a
decrease in signal following biomarker binding from sev-
eral amino acids including Phe, Gly, Ala and Tyr at
610, 862, 1008 and 1174 cm ™', respectively. It is expected
that the signals increase with the increased protein pres-
ence of the biomarker molecules, however this was not
observed. It is possible that the ratio of amino acids in
the antibody and the biomarker resulted in a decreased
signal since the composition of the antibody and bio-
marker are inherently unique. There may be a higher
population of those specific amino acids in the mAb com-
pared to the biomarkers themselves. In Figure 11B and
C, the expected increase in NH;" I amine and O—H
stretch signals are seen at 2300, 2376, 2684 and
2753 cm™ ', In the 3000 to 3500 cm ' regions, the peaks
remain relatively constant as seen in Figure 11D, with no
sharp increase in the NH;" amino acid region as there
was at 2 mW power. The peaks display nonlinear behav-
ior in terms of intensity as it relates to power.

The power was increased from 4 to 8 mW to observe
the changes in signal from the biosensor as presented in
Figure 12. Similar to the results at 4 mW, in Figure 12A
there is still a decrease in Phe, Gly and Ala signal with an
increase in fucosylated glycans at 1250 cm™ ', sialic acid
at 1400 cm™ ' and in N—H amine/amide content at
1542 cm ™ relating to the glycosylated HER-II biomarker
detected at the surface of the sensor. In Figure 12B there
is an increase at 2400 cm ' after biomarker binding
which falls in the NH;" I amine and O—H stretch region,
indicating an increase in those bonds as they relate to
proteins. The peaks in Figure 11C and D remain rela-
tively constant before and after biomarker binding, again
contributing to the observed nonlinear behavior of the
peak intensity with increasing power.

The correlation between the metallic thin film and
plasmonic device intrinsic characteristics can be studied
via the optical absorption of metal interband and intra-
band electron transitions. For polycrystalline metal films,
the electron scattering at surfaces and grain boundaries
play a great role in losses [73] hence affecting the com-
plex dielectric function [74]. The thickness of the metallic
films varies from a few tens to hundreds of nanometers
depending on the particular plasmonic application. Plas-
monic materials are characterized by high real part
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SERS spectra of the gold chip biosensor before and after biomarker binding at 637 nm and 8 mW laser power divided into

(A) 500 to 2000 cm ™", (B) 2000 to 2500 cm ™, (C) 2500 to 3000 cm ™" and (D) 3000 to 3500 cm ™" regions. SERS, surface-enhanced Raman

scattering

permittivity ¢ and a low imaginary part &’ responsible

for losses, that is, ¢” < |¢/|. It has been suggested that for
the film thickness less than 20 nm one can get island or
highly roughened surfaces and quantum confinement
effects should be considered while for a thickness of more
than 200 nm, the film will behave as a bulk metal [75,
76]. To characterize the optical properties of Au thin
films of various thicknesses, the Drude theory can
describe the optical response of metals by

2

®
e=¢'+ie" =g ———L—, 2
+ ® @ —iyw @)

2 2

® 20

P p
= — , 3
£E=¢€x w2+y2+a)(a}2+y2) (3)

where &, is the infinite-frequency dielectric constant, @,
is the plasma frequency of metal, the imaginary part of
the dielectric function ¢” = yw? /w(” +y?) is responsible
for the optical absorption in metal, y =7y, + 74, +7; is the
damping factor of the Drude model, y,, is the total elec-
tron relaxation rate in bulk Au film due to electron-
phonon scattering, y,, is the electron-grain boundary

scattering and y, is the scattering on the surface of the
metal film. According to Mayadas-Shatzkes (MS) theory
[77, 78]

3 Nt
thyep{{1—5a:3a2—3a31n<1+5>} —1}, (4)

where a =% (:£;) and for Au bulk, R = 4.6 x 1013s™ " at
room temperature is the grain-boundary reflection coeffi-
cient [79], and ¥ =39 nm is the mean free path for elec-
tron conduction [80]. Therefore, as the average
crystalline size D and the film thickness x decrease, both
Yeg and y, become stronger. In addition, it has been
recently shown that the film thickness affects the optical
properties and that below 80 nm, there is an underesti-

mation of measured ¢’ and y [81-83].
3.4 | Analysis of variance (ANOVA) and
peak distribution

With the use of a laser for RS, there is an inherent issue
of laser-induced sample heating that comes with the
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TABLE 3
8 mW laser powers

Sum of Degrees of
Source squares (SS) freedom (df)
Peak 590 cm ™!
Between 994.659 2
groups
Within groups ~ 2048.827 6
Total 3043.486 8
Peak 2205 cm
Between 357.852 2
groups
Within groups  1113.676 6
Total 1471.528 8
Peak 2919 cm ™
Between 5219.272 2
groups
Within groups  4225.423 6
Total 9444.695 8

Results of ANOVA test using three SERS peaks with a threshold intensity above 10 a.u. across three trials at each of 2, 4 and

Mean H,

squares (MS) F-value p-value conclusion
497.330 1.456 0.305 Fail to reject
341.471
178.926 0.964 0.433 Fail to reject
185.613

2609.636 3.706 0.090 Fail to reject
704.237

Abbreviations: ANOVA, analysis of variance; SERS, surface-enhanced Raman scattering.

application as previously reported in literature [84-86].
The extent of heating is highly dependent on the type of
sample as well as the experimental conditions, and in this
case, with a plasmonic metal thin film, the heating effects
can be intensified. The SERS peak intensities are also
known to depend on the orientation of the polarizability
derivatives and the magnitude of the local field at the sur-
face of the plasmonic metal surface [87]. Even in the case
of smooth surfaces, the scattering of SP due to surface
imperfections on the nanometer scale contributes to con-
finement of the resulting SPP and enhancement of the
SERS signals [39]. In general, it was observed that the
Raman shift intensities increased when the laser power
was increased from 2 to 4 mW, but the intensities
decreased when the power was further increased from
4 to 8 mW. This was likely due to laser-induced heating
of the sample, as it has been suggested that strong laser
sources may significantly decrease SERS signals due to
desorption/degradation of the adsorbed molecules,
annealing of the gold substrate and/or lateral particle dif-
fusion induced by localized heating [88].

Given the nonlinearity of the intensity of Raman
peaks at a given wavenumber with respect to laser power,
an ANOVA test was implemented which considers the
variance between groups (ie, 2, 4, and 8 mW laser power)
and within groups (ie, three trials). The test was carried
out to evaluate if increasing the laser power had an effect
on peak intensity as hypothesized. To perform the analy-
sis, the data was first sorted in Excel to determine which

wavenumbers had intensities above a threshold value of
10 a.u. for all three trials in all three groups, selecting for
a total of nine data points at a given wavenumber. These
wavenumbers were determined to be 590, 2205 and
2919 cm . The null hypothesis (H,) was that there is no
significant difference between the means of each group,
meaning that changing the laser power (2, 4, 8 mW) does
not affect the means of the Raman shifts at a given wave-
number between three trials. In order to reject the null
hypothesis and prove that laser power does affect the
intensities between 2, 4 and 8 mW, ANOVA has to return
a p-value less than 0.05, suggesting that there is a less
than 5% chance that any deviation from the null hypoth-
esis is random. Table 3 shows a summary of the results
from the ANOVA test at the three selected wavenumbers,
which all failed to reject the null hypothesis. The p-values
at 509, 2205 and 2919 cm ™' were calculated to be 0.305,
0.433 and 0.090, respectively, which collectively trans-
lates to a 9.0% to 43.3% probability that the variation in
peak intensity with increasing power is random. The
ANOVA test suggests that changing the laser power does
not affect the peak intensity at a given Raman shift.
Additionally, the variation in the sum of the peak
intensities was evaluated by taking the intensity sum for
the entire spectrum for each of the three trials within a
laser power, averaging them, and performing a second
ANOVA test as summarized in Table 4. Here, H, was that
there is no significant difference in the mean sum of the
peak intensity between the three laser powers. It was
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TABLE 4
Sum of Degrees of
Source squares (SS) freedom (df)
Between 21.668 2
groups
Within groups  26.147 6
Total 47.815 8
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Results of ANOVA test for average total SERS spectrum intensities across three trials at each of 2, 4 and 8 mW laser powers

Abbreviations: ANOVA, analysis of variance; SERS, surface-enhanced Raman scattering.

Mean H,

squares (MS) F-value p-value conclusion

10.834 2.486 0.164 Fail to reject
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FIGURE 13
(B) 4 mW and (C) 8 mW laser powers

expected that the sum of peak intensity would increase as
the laser power increased but again the data displayed non-
linear behavior, with a 16.4% probability that the variation
of the average intensities between laser powers is random.
To better visualize the variance in peak distribution
within the three trials as well as the three laser powers, a
series of box plots were generated as seen in Figure 13 by
plotting the wavenumbers that had a peak intensity
above a 10 a.u. threshold. At 2 mW, the distributions are
relatively constant between trials, with trial 1 showing a
slight offset in distribution compared to trials 2 and
3 (Figure 13A). At 4 mW, the peak distribution shows
more variation between trials, with a larger spread and
median offset in trial 1 compared to the other trials
(Figure 13B). At the final power of 8 mW, there is also
variation, not so much in the spread of the distribution
but more with the median of the data as it changes
between trials (Figure 13C). Considering the ANOVA

Box plot analysis of the distribution of Raman shift intensities above 10 a.u. after biomarker binding at (A) 2 mW,

results and boxplot visualization, it is evident that the
peak intensity exhibits nonlinear behavior as it relates to
power. Although it is suggested that the changes in laser
power do not have a significant effect on the variation in
peak intensity, at the nanoscale, we believe the heating
effects do play a role and continue to be a potential prob-
lem with RS approaches [84]. It is still within reason to
propose that a power threshold was reached between
4 and 8 mW, which is why the shift intensities increased
from 2 to 4 mW but decreased from 4 to 8 mW. This vari-
ance in SERS signal with power has been widely
observed in literature with emphasis on the unpredictable
gain/loss of SERS signals in heat-induced environments
[88]. Similar SERS studies have also observed nonlinear
SERS signals as a function of laser intensity and speculate
that laser-induced heating effects can contribute to signal
fluctuation [88, 89]. As mentioned above, the laser source
can (a) cause degradation or photodamage of the sample
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by photothermal heating effects [90, 91],
(b) photothermally induce lateral diffusion of the biomole-
cules [92], (c) cause annealing of the biomolecules which
can affect the signal from the area illuminated by the laser
and (d) induce thermophoresis, that is, thermal diffusion
or the Soret effect [93]. In the latter case, the heat from the
laser produces a microscopic temperature gradient that
can push analyte molecules out of the confined hot spots,
effectively changing the molecular distribution within the
heated area and corresponding SERS signals [93].
Together, these combined effects play a crucial role in
laser-induced heating and result in variable SERS signals
from both colloidal and substrate-based sensors.

4 | CONCLUSIONS

Characterization of the gold chip biosensor throughout
the fabrication process by FT-NIR provided useful infor-
mation on the surface chemistries involved, specifically
regarding the proposed selective orientation EDC/ADH
antibody conjugation method that has not been thor-
oughly investigated in literature. The presence of bio-
marker in the serum was evaluated with both FT-NIR
and SERS methods, where the distinct BCS peaks showed
promising results in terms of glycosylated protein detec-
tion. The nonlinearity of the SERS peak intensity with
increasing power was assessed using ANOVA, which sug-
gests that the laser power did not have a significant effect
on the variation in peak intensity. However, at the nano-
scale, the laser-induced heating effects should not be
ignored as it a known factor for fluctuation of SERS sig-
nals, posing a challenge for the reproducibility of SERS
data in this field. Further studies involving assessment of
substrate temperature with increasing power would be of
interest to investigate possible photothermal heating
effects and thermophoresis. The results of this study are
insightful in nanobiosensor development as it relates to
sensor chip fabrication using oriented mAb, spectro-
scopic evaluation of biomarker binding, and observation
of laser-induced heating effects on SERS signals.
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