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Abstract

Nano-immunoassay utilizing surface-enhanced Raman scattering (SERS) effect is an analytical
technique with high sensitivity that holds a great promise for early cancer detection. In its current
standing the assay is capable of discriminating samples of healthy individuals from samples of
pancreatic cancer patients. Further improvements in sensitivity and reproducibility will extend
practical applications of the SERS-based detection platforms to wider range of problems. In this
report, we discuss several strategies designed to improve performance of the SERS-based
detection system. We demonstrate that reproducibility of the platform is improved by using
atomically smooth mica surface as a template for preparation of capture surface in SERS sandwich
immunoassay. Furthermore, assay’s stability and sensitivity can be further improved by using
either polymer or graphene monolayer as a thin protective layer applied on top of the assay
addresses. The protective layer renders signal to be more stable against photo-induced damage and
carbonaceous contamination.
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Background

Detection of cancer at early stages can significantly impact survival of cancer patients as
exemplified by progress made in prostate and breast cancer. Surface enhanced Raman
scattering (SERS) has emerged as a strong platform for the development of a sensitive
immunoassays that are capable of detecting low levels of analytes from small sample
volumes. High sensitivity and the wealth of chemical information in the readout signal
(Raman spectrum) provide a great potential of SERS in detecting low amounts of
biomarkers that may be present at the asymptomatic early stages of disease. Additional
attractive features of SERS readout methodology include narrow spectral bandwidth and the
ability to perform multiplexed analysis of several markers using a single excitation
wavelength.l: 2 A wide range of applications using SERS for detection of nucleic acids,
proteins, and other analytes have been realized in recent years.>~" The development of
reliable and quantitative SERS based platform for detection of disease biomarkers is a long-
term pursuit that would lead to early and accurate diagnosis of many diseases including
cancer.

Serum-based assays are the most used tests for the detection of tumor markers in clinical
settings. The ability to detect specific cancer biomarkers in human serum provides an
effective test for early diagnosis, predicting relapse, prognosis, and assessing response to
therapy. Expression of mucins, high molecular weight and heavily glycosylated proteins, has
been considered as one of the most prominent characteristics in many types of cancer. It has
been demonstrated that the mucin protein, MUC4, is overexpressed in pancreatic cancer.®
The expression levels of MUC4 are increased with advancing stages of pancreatic cancer,?
suggesting that MUC4 can serve as a potential biomarker in serum-based assay for early
diagnosis of this disease.1% Conventional bioassays routinely used in clinical settings such as
enzyme linked immunosorbent assay (ELISA) and radioimmunoassay (RIA) could not
detect MUC4 in serum. We have recently developed a MUC4 detection platform based on
surface-enhanced Raman scattering (SERS) with a readout surpassing the analytical
capabilities of both conventional enzyme-linked immunosorbent assay (ELISA) and
radioimmunoassay (RIA) to detect MUC4.10

In this report, we have utilized the existing potential of the SERS-based assay to detect low
levels of cancer biomarkers in human serum. We demonstrated that the assay’s superior
sensitivity allows for discrimination of serum samples from healthy individuals and
pancreatic cancer patients. Further assay optimization, especially for its practical
applicability in clinical settings, is related to such key issues as stability and reproducibility
of the SERS signal. We made a number of improvements in the assay to circumvent some of
the problems of SERS-based methodology.

During optimization of the assay components we experimentally demonstrated that
atomically flat mica surface used as a template in template-stripped-gold (TSG) strategy
greatly improves reproducibility of the SERS signal. Additional merit was observed by
using the recently introduced imaging techniquel! that involves mapping and subsequent
averaging of the characteristic peaks of Raman reporter molecules. Other problems inherent
to SERS include signal loss and contamination of the spectra with a wide peak from
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Methods

amorphous carbon observed upon strong and/or prolonged illumination of the samples. We
introduce modifications to the assay in order to minimize these issues by applying a thin
protective layer on top of prepared, ready-to-use samples. The application of this layer
results in cleaner and more stable SERS signals thereby improving the stability and
reproducibility of the assay. The results of this study can serve as practical guidelines for
further optimization and development of highly stable and sensitive SERS immunoassay
platform that would enable a direct, reliable and affordable detection of low levels of
biomarkers in various systems.

Reagents and materials

Mica muscovite (Asheville-Schoonmaker Mica Co., Newport News, VA), gold of 99.9 %
purity (Kurt J. Lesker Company, Jefferson Hills, PA). Methanol, sodium chloride, dithiobis-
(succinimidyl propionate) (DSP), dimethylsulfoxide (DMSO), phosphate buffered saline
(PBS) packs (10 mM), bovine serum albumin (BSA), octadecanethiol (ODT), and 4-
Nitrobenzenethiol (NBT) all from Sigma (Sigma-Aldrich, St. Louis, MO);
polydimethylsiloxane as Sylgard 184 — a two component elastomer kit (Dow Corning
Corporation, Midland, Ml), the two component epoxy glue EPO-TEK 353ND (Epoxy
Technology, Inc., Billerica, MA), and gold colloidal nanoparticles with nominal diameters
of 60 nm (Ted Pella, Redding, CA).

Preparation of Extrinsic Raman Labels (ERL)

The detailed procedure for the preparation of ERL has been described in 10, Briefly, gold
nanoparticles (60 nm in diameter) were modified with a mixed thiol solution of DSP (2 uL
of 1 mM solution) and NBT (4 pL of 2mM solution) where NBT serves as a Raman reporter
molecule and DSP links antibody to the nanoparticles via amine reactive N-
hydroxysuccinimide ester. The coverage of the MUC4-specific monoclonal antibody 8G7
bound to gold nanoparticles was optimized by using a range of concentrations of antibodies
in a solution used for modification of the nanoparticles between 0.1 pg/mL and 20 pg/mL to
find the optimal coverage. To assess the performance of the ERL’s with different antibody
concentrations we monitored the intensity of the Raman signal at 1336 cm~! while changing
the amount of the cell (CD18/HPAF) lysate (0, 1, 2, 4, 6, 8, 10 ug/mL). The optimal
coverage was achieved at 0.1 ug/mL of the antibody and this concentration was further used
in this study.

Preparation of capture substrates

A substrate template, either silicon or mica, was coated with 250 nm of gold (a resistive
evaporator (Edwards Auto 306/silicon)!? and an ion beam sputter system (IBS/e, South Bay
Technology/mica). Next, a glass chip is glued onto the topside of the gold layer using epoxy
glue. Fresh gold surface (i.e. Template Stripped Gold - TSG) is created when the glass chip
is pulled away separating gold from a template. Gold surface used for sample preparation
was thus created at the interface of gold with the template. The capture surface was stamped,
coated with ODT and capture antibody as described previously.10 The capture surface
optimization involved testing various concentrations of the anti-MUC4 monoclonal antibody
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8G7 and varied between 1 pg/mL and 100 pg/mL. The optimal coverage as determined from
the intensity of the Raman signal at 1336 cm™1 was achieved at 5 pg/mL of the antibody. For
experiments with protective layer, a thin layer of polydimethylsiloxane (PDMS) was applied
using spin-coating system at 2000 rpm using a Model WS-400BZ-6NPP/LITE spin coater
(Laurell Technologies Corporation, North Wales, PA) from a solution containing mixture of
PDMS and hexane (v/v 1:20) followed by curing overnight. Graphene was grown by
Chemical Vapor Deposition on Cu catalyst (metal sheet) as described in 12. Graphene
monolayer was then applied on top of the addresses using polymethyl methacrylate
(PMMA) transfer procedure.12

Clinical samples

This retrospective study for serum biomarkers in PC was approved by the Institutional
Review Board (IRB) of the University of Nebraska Medical Center (UNMC) (IRB number
209-00). Written informed consent was obtained from PC patients and controls for
enrollment into the study. Inclusion criteria for PC patients was any adult subject (age =18
years) with histologically proven PC while healthy controls were age-matched volunteers.
Serum samples from 5 PC patients and 5 healthy controls were evaluated for circulating
MUCA4 level (Table 1). Following collection by a nurse coordinator, the blood samples were
allowed to clot for 30 min at room temperature and sample aliquots were stored at —80°C
until MUC4 assay. For PC patients, only treatment naive samples withdrawn prior to any
cancer-directed surgical, radiological or chemotherapeutic intervention were used. PC
staging was based on one of four criteria: 1) pathological staging post-surgery 2) MRI/CT/
ultrasound staging if this was the only staging available, 3) endoscopic staging if the patient
never underwent surgery or 4) biopsy of metastatic disease if no previous staging was
available.

SERS measurements

Results

Raman spectra were collected with Ntegra Spectra (NT-MDT, Russia) using 632.8 nm He-
Ne laser with power at the sample being ~0.1 mW. The sample was placed directly under the
objective lens (Mitutoyo, 0.9 NA, 100X). SERS spectra were recorded by focusing laser
light on the surface at 90 degrees of incident angle. The same objective was used to collect
the scattered light. Integration time for each spectrum was 5 sec.

Experimental setup

Figure 1 schematically shows the experimental approach used in this study. The
nanoparticle-based SERS platform for detecting cancer biomarkers uses a sandwich format
and consists of the following components: 1) gold capture surface (Figure 1, A) and 2)
extrinsic Raman labels (ERL — Figure 1, B). Capture surface is prepared on a template
stripped gold (TSG) substrate. The surface is modified with specific antibodies using
thiolated linker molecules (DSP). ERLSs are gold nanoparticles also modified with the same
specific antibodies along with Raman reporter molecules (RRM’s). A capture surface
specifically binds and concentrates analytes from the sample (Figure 1, C). Exposure of this
substrate to a solution containing ERLS results in binding of an ERL to the capture surface
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via antibody-antigen interaction in a sandwich format (Figure 1, C). Subsequent
interrogation of the sample with the laser light produces readout signal, SERS spectrum - a
“fingerprint” profile unique to the Raman reporter molecules (Figure 1, D).

To accomplish the goal of this study we used a highly selective monoclonal antibody 8G7 13
which was immobilized on both gold substrate and gold nanoparticles. The sandwich assay
using the same antibody for capture and detection was feasible due to the repetitive nature of
the epitope recognized by 8G7. Cell lysate from MUC4-expressing pancreatic cancer cells
was utilized as antigen and the gold nanoparticles were decorated with 4-nitrobenzenethiol
(NBT). Each nanoparticle carries a large number of RRM’s (103-104)10 contributing to a
significantly enhanced signal from individual binding event. Additionally, SERS is
generated by gold nanoparticles and further amplified by the close proximity of the gold
substrates.l: 14 The SERS amplification is a result of strong plasmonic coupling between
nanoparticles and the surface. First, plasmon oscillations of the particle, excited by the laser,
couple to free electrons in the gold surface producing an enhanced electric field that is
scattered by the RRMs. Second, SERS intensity is increased because this coupling shifts the
plasmon band of the nanoparticles into resonance with the excitation wavelength of the laser
(633 nm).14 This provides a readout strategy that rivals that of fluorescence giving an
advantage of this methodology in comparison with conventional test platforms such as
enzyme linked immunosorbent assay (ELISA).10 High sensitivity of the methodology allows
for detection of single ERL nanoparticle.!

Indeed, our assay produces intense readout signal as SERS spectrum (Figure 1, D). The
spectrum has several representative Raman bands which can be easily assigned to the
vibrational modes of the Raman reporter molecule - NBT. The most dominant band at ~
1336 cm™1 belongs to a symmetric stretch of NO, group and the intensity of this band
depends proportionally on the concentration of MUC4 in a sample. The intensity of this
band was used for all the characterizations of the assay performance at concentrations of
MUCA4 that produce signal intensity well above limit of detection corresponding to signal
intensity of a blank sample.

We applied the developed approach to demonstrate its capability to detect MUC4 in serum
samples from individual patients. Figure 2 shows a comparative graph of the average values
and standard deviations for serum samples of 5 healthy individuals (left side of the graph)
and 5 patients with pancreatic cancer (right side of the graph). The graph demonstrates that
samples from PC patients produced significantly higher signal intensities than samples from
healthy individuals. As mentioned above, conventional methods routinely used in clinical
settings, ELISA and RIA, have not been able to detect MUC4 in sera samples indicating
superiority of the developed SERS-based assay and its potential in cancer diagnostics.

Assay Reproducibility. Effect of surface topography

Theoretical and experimental studies suggested that the plasmon coupling between gold
nanoparticles and the underlying metallic surface is very sensitive to the distance between
contacting surfaces.l: 12 16 Since the biggest SERS is generated at the junction between
nanoparticles and the surface, the nanoscale characteristics (smoothness) are important
contributors to the SERS enhancement. Thus, controllable and reproducible synthesis of the
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components is critical for the reproducibility of the assay. One critical component is gold
nanoparticles where homogeneity in size is important for the signal amplification.14
Commercially available nanoparticles have very high degree of homogeneity in terms of
particle diameter eliminating the need for further improvement. Another critical component
of the assay is gold surface topography and this issue received a thorough study.

Figure 3 shows AFM images of template-stripped gold surfaces using silicon wafer (Figure
3, A) and mica (Figure 3, B) as a template. TSG procedure using silicon as a template
produced surface with roughness RMS=7.3 nm. TSG prepared using mica as a template is
much smoother with RMS=0.5 nm. Both surfaces were compared using the same
preparation procedure and the same concentration of antigen, MUC4, in solution (62.5 pg/
mL). The intensity of the Raman signal characteristic of the symmetric nitro stretch (at
~1336 cm™1) for the Raman reporter, 4-nitrobenzenethiol, was collected on 49 various spots
on the surface. Figure 3, C shows intensities of the Raman signals detected across a single
address for Si-TSG (diamonds) and Mica-TSG (circles). The data demonstrates that signal
intensities for Si-TSG exhibit a larger variability compared to that of Mica-TSG. Signals as
low as 5096 counts and as high as 51519 counts were detected using Si-TSG, while Mica-
TSG produced a much narrower range of values with 6126 and 21825 counts respectively.
The comparison of averaged Raman intensities (RI) for the assay is shown on the right panel
of Figure 3, C. Averaged intensities are R1=14100 counts for Si-TSG (red cross) and
R1=11800 counts for Mica-TSG (green circle). The bars on the graph represent standard
deviation (SD) of statistically averaged Raman intensities. Standard deviation for mica-TSG
is much smaller, SD=3600, as compared to Si-TSG surface, SD=9800. These results indicate
that roughness of the substrate contributes to variation in signal enhancement across the
substrate. Therefore, using smoother gold surface provides more reproducible signal
intensity detected across the sample.

Response of the assay to prolonged illumination

SERS platform for analytical purposes requires the illumination of samples with intense
laser light. We examined stability of our assay by measuring the dependence of the Raman
signal intensity at 1336 cm™1 on duration of sample exposure to laser light. Figure 4, A
(diamonds) indicates that the intensity of the signal decreases with time. A fast decrease is
observed within first few minutes leveling off at longer exposure times. The intensity of the
Raman signal does not drop to zero even after long period of illumination. As Figure 4, A
shows the signal reaches 17 % of the initial intensity at 15 min of total illumination time.

Not only did the intensity of the characteristic bands decline upon prolonged illumination of
the sample, the recorded spectrum itself changes with time. Figure 4, B shows several
representative spectra with time evolution of the spectrum. Although, initially there is only
reduction of the signal intensity, the contamination of the spectra with a wide peak ranging
from ~1000 cm~1 to ~1700 cm™~1 is observed at longer exposure times (Figure 4, B). Such
spectra contamination is usually related to the accumulation of amorphous carbon.1! Indeed
two maxima of the broad peak corresponding to D-band of carbon at ~1360 cm™1 and G-
band at ~1580 cm™~1 can be distinguished in some spectra. The origins of this contamination
are not fully understood, however such factors as photo-induced or thermal decomposition
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of the analyte molecules are usually discussed in the literature.1” Another possible source of
carbon contamination is adsorption of airborne hydrocarbons on the metal surface.18 Other
components of our assay such as antibodies and proteins may all contribute to the
appearance of the carbonaceous peaks upon their decomposition.

Both signal deterioration and accumulation of broad peaks from carbonaceous
contamination are considered to be ubiquitous problems of SERS methodology. The
presence of these problems limits quantitative analysis of readout signal in sensor
applications and prevents the development of reliable and quantitative SERS based detection
platform. Next section discusses our solution to these limitations.

Effect of the overcoat on the assay performance

As we indicated above, a prolonged exposure to intense laser light leads to photo-induced
and thermal decomposition of the RRM’s as well as contamination of the observed spectrum
with broad bands originating from carbonaceous species. In order to improve stability of the
assay and increase the resistance of the RRM’s to photo damage we have applied a
transparent protective coat of PDMS on top of the SERS addresses. Figure 4, C shows
several representative spectra measured at the same time points as for non-coated assay
shown in Figure 4, B. The results demonstrate that overcoating of the assay addresses with a
thin layer of PDMS improves performance of the assay and helps prevent the appearance of
carbonaceous peaks. As with the non-coated assay, the dependence of the signal intensity on
exposure time still shows decline of the Raman signal intensity (Figure 4, A: stars). The
decline of the signal is much slower than that observed for non-coated assay. Additionally,
the signal reaches 38 % of the initial intensity at 15 min which is much higher than for non-
coated assay. Although the coating does not completely eliminate degradation of RRM’s, it
significantly improves the assay performance in terms of signal stability.

We have also used single layer graphene as a protective layer in SERS based analytical
assay. A polymer coat was replaced with CVD grown graphene placed atop of the assay.
The graphene monolayer is highly transparent (97.3 %) which makes it suitable as
protection for our experimental design where excitation and signal collection are achieved in
top-illumination configuration (see Figure 1, C). Figure 4, A clearly demonstrates that
graphene coated assay (circles) outperforms both normal (non-coated) and PDMS coated
assays in terms of signal stability. The signal intensity only slightly changes within first few
minutes of the observation. It also shows that the signal at 15 min reaches 60 % of the initial
intensity. This level is 3.5 times greater than for non-coated assay and almost 1.6 times
greater than for the assay coated with polymer. Additionally, measured spectra are of high
quality and much cleaner with lower background (Figure 4, D) which is beneficial for
quantitative calculations.

Discussion

The primary focus of this study was to further improve the performance of the nanoparticle-
based SERS immunoassay for early detection of cancer biomarkers. Specifically,
improvements in reproducibility have been achieved by using mica surface as a template for
TSG substrate preparation coupled with imaging mode of SERS. Atomically flat mica
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surface was used as a substrate for the gold layer fabrication. The use of mica also reduces
contribution of the surface roughness to the SERS signal variation. This finding highlights
the importance of reproducible smooth substrate for its application in SERS-based
immunoassay.

We also demonstrate that the application of an overcoat atop assay addresses improves
performance of the SERS based MUC4 immunoassay indicating the importance of
protection for the SERS-based readout. The protective strategy with coating applied on top
of the assay improves signal stability compare to uncoated assay. Also, unlike other
protective strategies, for example silica shell on Au nanoparticles, our strategy allows for
additional plasmonic coupling between Au surface and Au nanoparticles enhancing thus the
measured signal. The application of a protective layer on top of the SERS assay not only
leads to a higher stability of the signal but also prevents uncontrolled sample carbonization.
With elimination of these factors it becomes possible to improve sensitivity of the assay by
increasing time of signal acquisition. Both coating materials, polymer and graphene,
performed better than bare non-coated assay. One possible explanation of the improved
signal stability is that the coating provides a shield for the RRM’s against
photodecomposition and prevents adsorption of contaminants from the atmosphere onto
active plasmonic nanoparticles. Another alternative explanation to the improved
performance of the assay is that the coating reduces the effect of local heating by the tightly
focused laser beam. It is also possible that gold nanoparticles absorb light and effectively
convert it into heat as has been previously reported.® Thus, local temperature can be
dramatically increased by laser irradiation. Such local heating can distort Raman spectra due
to gradual thermal decomposition of Raman reporters. Desorption of Raman reporters from
nanoparticles at elevated temperatures can also cause signal degradation. Indeed, air is the
poorest heat conductor with thermal conductivity, x,i, being 0.024 W/m K. Thermal
conductivity of PDMS is higher, xppms = 0.15 W/m K, allowing for better heat dissipation
and, thus, better performance of the Raman reporter molecules. Graphene with its thermal
conductivity estimated to be in the range of ~5000 W/m K is the best heat conductor.12 20
The increase in stability follows the same trend as thermal conductivity supporting our
conclusion that effective heat dissipation at least in part contributes to the enhanced stability
of RRM’s. While both materials improved performance of the assay, coating with graphene
monolayer showed greater benefit for signal stability. Graphene monolayer is only one atom
thick but possesses high mechanical strength?! and impermeability to gases.?? These
advantageous properties of graphene along with its high thermal conductivity can be
exploited for constructing SERS based nanosensors with advanced stability and improved
sensitivity.

Coating of the prepared assays also contributes to long-term stability of the samples where
all the components of the assay are sealed with either polymer or graphene. The seal reduces
the influence of environmental conditions (humidity, temperature, oxygen) and prevents
deterioration of the components upon prolonged storage. Thus, our findings can be
considered as practical guidelines for constructing analytical devices based on SERS
readout. Further assay optimization will identify effective ways to improve protection and
convenience of assay preparation suitable for Point of Care and in vitro diagnostics. The
developed nano-immunoassay in its current standing has superior performance as compared
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with conventional methods routinely used in clinical settings. The assay is capable of
detecting and quantifying levels of MUC4 in individual serum samples. It also distinguishes
samples of PC patients from healthy individuals indicating the potential of the developed
SERS-based assay in cancer diagnostics.
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Scheme showing the design of the SERS-based nano-immunoassay: (A) a gold capture
substrate modified with linker molecules and antibodies; (B) gold nanoparticles (ERLS)
functionalized with Raman reporter molecules (RRM’s) and specific antibodies; (C)
sandwich immunoassay where antibodies on the capture surface first bind antigen and
subsequently bind ERL; (D) The sandwiched assay produces SERS readout with several
characteristic bands from NBT Raman reporter molecule. The most prominent is v(NO>) - a

symmetric nitro stretch at 1336 cm™L.

Nanomedicine. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Krasnoslobodtsev et al. Page 12

H1 H2 H3 H4 HS | PCl PC2 PC3 PC4 PCS5
>

-
|

Healthy PC patients

Figure 2.
A comparative graph of the average values and standard deviations for serum samples of 5

healthy individuals (left side of the graph) and 5 patients with pancreatic cancer (right side
of the graph). Demographic information of each individual sample is provided in Table 1.
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Figure 3.
AFM topography of template-stripped gold surfaces using (A) silicon wafer as a template

and (B) mica as template with the same z-scale. Scale bar is 1 um. (C) comparison of Raman
intensities for gold surfaces stripped from silicon wafer (diamonds) and mica based (circles)
measured as a map of 7 by 7 spectra on a 50 pm area. Right panel: averaged RI for silicon
(at 14100 counts, red cross) and mica (at 11800 counts, green circle); corresponding
standard deviation values are shown as error bars.
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(A) Time dependence of Raman signal intensity for non-coated (blue diamonds), PDMS
coated (red stars), and graphene coated (green circles) MUC4 immunoassay. (B)
Representative spectra for non-coated assay taken at 20 sec interval. (C) Representative
spectra for PDMS coated assay taken at 20 sec interval. (D) Representative spectra for

graphene coated assay taken at 20 sec interval.
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