Downloaded viaBURAPHA UNIV on August 11, 2021 at 05:14:47 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

a“alygi'%la’llﬁstry

pubs.acs.org/ac

Electrochemistry-Assisted Surface Plasmon Resonance Biosensor for
Detection of CA 15-3

José A. Ribeiro,* Maria Goreti F. Sales, and Carlos M. Pereira*™

Cite This: Anal. Chem. 2021, 93, 7815-7824 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
ABSTRACT: In this work, we describe an innovative methodology based on combined surface plasmon 4 A0,
resonance (SPR) and electrochemical responses (eSPR) in the same immunoassay for screening CA 15—3 Enl

cancer biomarker with high sensitivity (and selectivity), in a very simple, label-free, accurate, and fully < |

automated manner. Detection was achieved by performing two simple steps. In the first step, direct SPR !
was used to monitor CA 15—3 interaction with surface immobilized antibody. Two linear response ranges |
were obtained and the detection limit achieved is poor (LOD of 21 U mL™"). However, in the second I
detection step, electrochemical measurements at the SPR gold surface were performed to measure the |
decrease of redox probe peak current upon antigen—antibody interaction, providing a suitable |
amplification strategy to lower detection levels of CA 15—3 (LOD of 0.0998 U mL™"), without the I [Fe(CN)* +¢
I
|
I
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Potential

need of additional complex and/or expensive amplification steps to enhance the sensitivity. Moreover, lc(b
selectivity studies were performed against other common cancer biomarkers and the results showed that

the eSPR immunosensor is selective for the CA 15—3 protein. Finally, the clinical applicability of the
developed eSPR biosensing methodology was successfully applied to detect CA 15—3 in human serum
samples at clinically relevant levels due to the high sensitivity of electrochemical readout. The same
concept may be further extended to other proteins of interest.

L
Time

B reast cancer is by far the most common malignancy in This work aims to develop a new fully automated biosensing

women worldwide and the leading cause of cancer death methodology for detection of CA 15—3 in biological fluids, by
among females, exerting tremendous physical, emotional, and merging the features of surface plasmon resonance (SPR)
financial strain on individuals, families, communities, and spectroscopy and electrochemical techniques (eSPR). Plas-
health systems.' Despite the enormous efforts to identify new monic biosensors are capable of monitoring interactions in real
circulating biomarkers for the early diagnosis, such as HER2, time between a recognition element immobilized on the
microRNAs,‘}”4 cell-free DNA,5 only few serological tumor surface of a metal film (such as gold) and a ligand (in
markers are currently used in clinical context.® Furthermore, solution).'”"* Comparing to other biosensing methods, SPR
Carbohydrate Antigen 15—3 (CA 15—3) is definitely the most technology offers the advantages of high robustness to external
used breast cancer biomarker, mostly in surveillance of patients interferences, high degree of automation, stability in complex
with diagnosed disease and for monitoring the treatment of environments (including plasma, serum, and whole blood),
patients with advanced disease.””” The reference range of possibility of parallel sensing and widespread surface chemistry
serum CA 15-3 is less than 30 U mL™' whereas high procedures for effective attaching of bioreceptors (namely
postsurgical serological levels (>30 U mL™") may indicate antibodies, proteins, oligonucleotide strands, MIPs, etc.),
disease progression or recurrence.’ among others, which explains the large number of recent

publications reporting new applications for SPR biosensors,
including the early disease diagnosis.'*">

Although direct label-free SPR approach has been widely
applied to study the properties and interactions of various
biomolecules at solid surfaces,"”'® the sensitivity of SPR

Traditional laboratory-based analytical assays for cancer
biomarkers analysis rely on immunoassays, "'
enzyme-linked immunosorbent assay (ELISA), typically
requiring labeling or additional reagents to monitor the
binding event, making routine measurements inside hospitals
rather laborious, time-consuming, expensive, having limited

such as

automation of procedures and normally requiring specialized Received: December 22, 2020
personnel. Thus, the development of new sensing solutions is Accepted:  May 17, 2021
currently needed in the diagnosis field toward the label-free, Published: May 26, 2021

fast, simple, cost-effective and automated screening of cancer
biomarkers in laboratorial context, without compromising
detection sensitivity, specificity, and reproducibility.
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Scheme 1. Schematic Representation of the eSPR Detection Approach Used in This Work for Detection of CA 15-3
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“For simplicity, antibody orientation was not taken into account in the detection scheme.

technique often needs to be improved when the amount of
analyte bound to substrates induces insignificant refractive
index variation and signal amplification strategies are
commonlgr used to achieve biologically relevant concentration
levels."*'® However, most of the amplification procedures is
usually based on secondary antibodies (often conjugated with
nanomaterials),'”'® thus, requiring comglex detection schemes
and/or expensive chemical labels.'”” By opposition, the
intrinsic high sensitivity, simplicity, and rapid response of
electrochemical methods™ ™ can provide a suitable label-free
and cost-effective amplification strategy to the SPR technique.
From the experimental point of view, the thin metal film on
substrates has the dual function of excite surface plasmons and
act as working electrode for the electrochemical readout.
According to our bibliographic research, the combination of
SPR with electrochemistry (eSPR) for analytical purposes is
restricted to very few papers (refs 24, 25, 26, 27), which is
probably related to the eSPR setup specificities and/or
constrains related to the electrochemical response after surface
modification with bioreceptors. Besides, the reported studies
uses complex and expensive detection procedures since the
measurable electrochemical signal arises from electroactive
markers (i) generated in situ (coming from enzyme
conjugated-secondary antibodies),”* or (i) covalently attached
to secondary reporting biomolecules (such as proteins and
oligonucleotides).””*® Recently, an innovative eSPR approach
was developed by our research team for the ultrasensitive
screening of miRNA-145.* Briefly, the detection procedure
consisted in real-time SPR monitoring of the hybridization
event followed by the potential-assisted deposition of a redox
probe on the SPR sensor surface. Unlike the direct SPR
monitoring of the binding assay, changes in optical properties
induced by the electrochemical process afforded a much larger
SPR response, thereby improving the detection sensitivity to
temtomolar levels for application in clinical diagnosis context.
The innovative concept of this work is to combine optical
and electrochemical responses in the same spot to detect and
quantify CA 15-3 in biological samples, with high sensitivity
(and selectivity), in a very simple, label-free, accurate, and fully
automated manner. Detection was achieved by performing two
simple steps (see Scheme 1). In the first detection step, direct
SPR monitoring of interactions between CA 15—3 antigen in
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solution with surface immobilized antibody was performed
until adsorption reached dynamic equilibrium. In the second
detection step, incremental sensitivity to the binding assay was
achieved by the electrochemical process. The more sensitive
electrochemical response to the binding event was obtained by
performing square wave voltammetry (SWV) measurements in
the presence of a biocompatible redox probe.

B EXPERIMENTAL SECTION

Materials and Solutions. Carbohydrate Antigen 15—3
(CA 15-3, 10.9 kU mL™") and purified anti-Mucin 1 rabbit
polyclonal antibody (1 mg mL™') were purchased from
EMELCA Bioscience and St Johns Laboratory, respectively.
Standard stock solutions of anti-CA 15—3 (50 ug mL™", in 10
mM PBS, pH 7.4) and CA 15-3 (1.0 kU mL™", in 10 mM
acetate buffer solution, pH 4.0) were prepared and stored at
—20 °C if not in use. Less concentrated solutions and
standards were obtained from the previous solutions. Other
chemicals, materials and solutions used throughout this work
are described in the Supporting Information (SI).

Instrumentation. The complete eSPR setup used in this
work, operation conditions and experimental details used for
performing the electrochemical measurements in combination
with SPR are described in the SIL

Immobilization of anti-CA 15-3 Antibody on SPR
Sensor Surfaces. Self-assembled monolayers (SAMs) of
mercaptosuccinic acid (MSA) on gold SPR substrates were
prepared by immersing the clean sensor surfaces into a 1 mM
MSA aqueous solution overnight. Afterward, the modified
chips were rinsed with pure water and dried under a stream of
N,. Prior to the surface activation, successive injections of 10
mM acetate buffer solution (pH 4.5) and 100 mM HCI into
the cuvette were performed (see SI Figure S1) to remove
unbound thiol molecules and stabilize the MSA monolayer.

The preparation of the sensing surfaces (see SI Scheme S1)
was performed by using SPR facilities to control the addition
of all solutions into the cuvette in a full-automated manner,
resulting in improved handling of reagents and samples,
minimizing contaminations and operator errors. First, the
baseline was collected with running buffer solution (10 mM
PBS, pH 7.4), followed by MSA activation, by reaction of
carboxylic groups with an equimolar mixture of N-(3-
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Figure 1. CVs obtained, in the presence of $ mM [Fe(CN)4]*/*~ redox pair, at the SPR gold surface previously modified with carboxylic-acid-
terminated SAMs of (A) MSA and (B) MUA, (—) before and (--) after EDC/NHS coupling of CA 15—3 antibody. For comparison, the
voltammograms collected at the bare Au surface were also included in the figure. Insets: SWVs obtained under the same experimental conditions.

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) in water (C = 50
mM), for S min. The mixture in then washed away with buffer
solution. After activation of the MSA monolayer, antibody
immobilization was achieved by incubation of the sensor
surface for 15 min with a 20 yg mL™" anti-Mucin 1 antibody
solution, dissolved in 10 mM acetate buffer solution at pH 4.0
(coupling buffer). The sensor surface was then washed with
running buffer solution to remove loosely bound material.
After immobilization of CA 15—3 antibody, the gold surface
was exposed to a 1 M ethanolamine solution (pH 8.0) for 10
min to deactivate unreacted reactive esters on the surface,
following by surface wash with running buffer and SDS to
reduce nonspecific binding (NSB).

CA 15-3 Detection by SPR and Electrochemical
Responses. Before the interaction of CA 15-3 with
covalently immobilized anti-CA 15—3 antibody on the SPR
gold chips, the sensor surface was stabilized by repetitive
injections of 10 mM PBS, pH 7.4 (see SI Figure S2).

Detection of CA 15—3 by combined optical and electro-
chemical measurements was carried out automatically by the
Autolab ESPRIT robotic autosampler. After baseline collection
in 10 mM PBS (pH 7.4) for 60 s, the sensor surface was
incubated with standard solutions of CA 15-3, with
concentrations ranging from 0.10 to 500 U mL™}, and the
binding event was monitored for 15 min by SPR (association).
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Then, the sensor surface was washed with background solution
to remove unbound material (dissociation). In the following
detection step, S0 yL of S mM ferro/ferricyanide solution was
injected into to the cuvette to perform the electrochemical
measurements. After 150 s equilibrium, a SWV measurement
was recorded in the potential range of —0.3 to 0.5 V, followed
by redox probe drain out from the measuring channel. Finally,
a 0.1 M Gly-HCI (pH 2.0) solution was injected into the
system for 5 min in order to regenerate the sensor surface
between the analysis of CA 15—3 solutions with different
concentration.

For comparative purposes, all sensorgrams obtained were
normalized to a baseline value of zero and plotted in OriginLab
(version 2016). The angle variation obtained under SPR
binding equilibrium and the redox probe amperometric signals
resulting from SWV measurements, for the various CA 15-3
concentrations tested, were used to build the -calibration
curves.

B RESULTS AND DISCUSSION

In this work, SAM approach and SPR technique provided the
construction of a generic sensor platform, which, in
conjunction with appropriate biorecognition element, allowed
performing eSPR experiments for detection of CA 15—3 in a
reagentless, label-free and fully automated format (see Scheme
1). The CA 15-3 antibody immobilization on SPR gold
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Figure 2. Effect of the (A) association buffer pH (for a 20 ug mL™" CA 15-3 antibody solution), (B) concentration of the antibody and ionic
strength of association medium (10 mM acetate buffer, pH 4.0) on the immobilization of CA 15—3 antibody on the SPR gold disk surface. Line 1:
baseline collected in 10 mM PBS, pH 7.4, for 120 s; Line 2: activation of the carboxylic-acid-terminated SAM with a mixture of EDC/NHS (50
mM, in water); Line 3: wash with 10 mM PBS, pH 7.4, for 30 s (return to baseline); Line 4: immobilization of CA 15—3 antibody for 900 s; Line S:
wash with 10 mM PBS, pH 7.4, for 90 s (return to baseline); Line 6: deactivation of remaining reactive esters with 1 M ethanolamine (pH 8.0), for
300 s; Line 7: wash with 10 mM PBS, pH 7.4, for 30 s (return to baseline).

substrates and the eSPR measurements were performed by
using a fully automated SPR injection sequence which results
in fast, simple, and reproducible®® preparation of sensor
surfaces and detection procedures for screening of CA 15-3
cancer biomarker. Also, the optimization of surface bio-
functionalization strategies was deeply considered on this work
to enhance the performance of the eSPR bioassay based on
combined SPR and electrochemical responses at the same
sensor platform.

SAM Selection for the eSPR Measurements. In the first
stage of construction, the type of alkanethiol that would form
the self-assembled monolayer (SAM) was studied. In this
work, three w-carboxylic acid alkanethiols with different (i)
chain length and/or (ii) number of carboxylic acid groups per
molecule, MSA, 3-mercaptopropionic acid (3-MPA) and 11-
mercaptoundecanoic acid (11-MUA), were tested as linker
molecules for effective immobilization of the recognition
element at the gold surface (see SI for details), while providing
(i) maximal density of bioreceptors to increase the detection
signal, (ii) effective reduction of NSB, and (iii) measurable and
reversible redox probe electrochemical response.

The redox reaction taking place at the SAM electrode
surface was evaluated first for the [Fe(CN)4]>7/*~ redox pair,
using cyclic voltammetry (CV) and SWV techniques, as shown
in Figure 1. As can be seen, a reversible diffusion-limited
process was observed for the less organized MSA monolayer
(before and after antibody immobilization; see Figure 1A)

7818

whereas no peak current was observed after antibody coupling
to the well-ordered 11-MUA modified surface (see Figure 1B),
compromising electrochemical measurements due to the
formation of an electrically insulating monolayer that caused
a greater barrier to redox probe penetration through the
monolayer toward the electrode surface.

Antibody immobilization efficiency was also evaluated for
both thiols by monitoring the optical response after the
injection of a 20 ug mL ™' CA 15—3 antibody solution into the
measuring system. The overall SPR angle variations obtained,
after surface washing, were 414 + 29 m° (see Figure 2) and
428 + 35 m° (see SI Figure S3 and Figure S4A) for the short-
chain and long-chain SAM, respectively, showing that antibody
density at the SPR substrates was very similar for both systems
tested. Although 11-MUA long-chain are more densely packed
increasing bioreceptors immobilization,””*" the abundant
functional —COOH groups (two per molecule) of the less
dense MSA monolayer can probably contribute to a larger
amount of antibodies immobilized. Relatively to 3-MPA, a
lower SPR angle shift (of 199 + 20 m°) was observed after
antibody immobilization which can be explained by the fact
that this less ordered (than 11-MUA) monolayer only contains
one —COOH group per molecule. Furthermore, this lower
antibody density seems to provide higher accessibility to
antibodies recognition sites since the sensor response to 30 U
mL™" CA 15—3 was very similar for the three SAMs tested (see
SI Figure S4B). However, although the MSA sensing platforms
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can suffer from steric hindrance due to high antibody surface
density, the larger number of — COOH groups (two per
molecule) at the chip surface can provide, at least in theory,
more ability to resist to NSB after blocking of unreacted NHS-
ester groups with ethanolamine, which is essential for analysis
of complex biological samples, such as serum. Thus, short thiol
MSA showed to be suitable for integration into eSPR
biosensors since it combines both, effective bioreceptor
immobilization without excessive block to electron transfer
for sensitive combined optical and electrochemical detection.

Antibody Immobilization on Sensor Surfaces. Immo-
bilization of biorecognition elements on sensor surfaces plays
an important role in sensor sensitivity and selectivity. Thus,
efficient antibody immobilization procedures should be used
(see SI Scheme S1), to provide stable baselines and improved
sensor response during eSPR measurements.

For effective CA 15-3 antibody immobilization, the
experimental conditions (association buffer composition, pH,
antibody concentration, reaction times, etc.) were carefully
optimized, as can be seen in Figure 2. CA 15—3 antibody
solutions, diluted to concentration levels of 20 and S yg mL™"
in buffer solutions at pH 4.0 and pH 7.4 (see Figure 2A) and
having different medium ionic strength (see Figure 2B), were
injected individually over the sensor surface. Based on the
resulting SPR signals, low ionic strength acidic buffer solution
(10 mM Na-acetate buffer, at pH 4.0) was selected as
association buffer. The results obtained suggests that some of
the unreacted carboxylic acid groups, after EDC/NHS
activation, remained negatively charged at the SAM surface
(pK, values of MSA and MUA lie in the range 3—5°")
contributing to preconcentrate the positively charged amino
acid residues in the anti-CA15—3 antibody. This electrostatic
effect seems to be more notorious when the antibody is
dissolved in acid buffer solution since a higher amount of
antibody was bound. By opposition, the use of the high ionic
strength buffer containing 1 M NaCl does not benefit from
electrostatic attraction of antibodies to the sensing surface
since hydrophobic mechanisms dominates,”* thus, decreasing
the amount of bioreceptors immobilized and further suggesting
electrostatic attraction (in low ionic strength medium) as key
mechanism for immobilization of proteins on the biosensing
surfaces.” >’ Furthermore, the optimal antibody concen-
tration for the interaction study was found to be 20 ug mL™},
based on the overall SPR angle variation after ligand coupling.

The overall immobilization process of the CA 15-3
antibody on the sensor surface, previously modified with an
MSA SAM, is shown is Figure 3. Prior to antibody
immobilization, the system baseline was collected in 10 mM
PBS, pH 7.4. Then, the —COOH groups present at the
monolayer surface were activated by incubation of the sensor
surface with a mixture of EDC and NHS in water for 5 min,
followed by surface wash with background solution. The
measured SPR angle shifted to values around 100 m°, meaning
that NHS-ester reactive groups were formed at the surface.
After surface activation, a 20 ug mL™" CA 15—3 antibody
solution, dissolved in coupling buffer (10 mM acetate buffer,
pH 4.0), was injected into the SPR cuvette for 15 min. The
SPR angle rapidly increased with reaction time for the first few
minutes, due to the rapid coupling of the antibody to the
surface, after which the system tends to steady-state conditions.
Loosely bound antibodies were then removed after passing
background solution over the sensor surface for 90 s. After
antibody immobilization, the remaining unreacted reactive
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Figure 3. Representative sensorgram showing the different steps
involved in the immobilization of CA 15—3 antibody on the MSA-
modified SPR gold disk. Line 1: baseline collected in 10 mM PBS, pH
7.4, for 120 s; Line 2: activation of carboxylic-acid-terminated SAM
with a mixture of EDC/NHS (50 mM, in water) for 300 s; Line 3:
wash with 10 mM PBS, pH 7.4, for 30 s (return to baseline); Line 4:
immobilization of CA 15—3 antibody (C = 20 ug mL™"), dissolved in
10 mM acetate buffer solution, pH 4.0, for 900 s; Line S: wash with 10
mM PBS, pH 7.4, for 90 s (return to baseline); Line 6: deactivation of
remaining reactive esters with 1 M ethanolamine (pH 8.0) for 600 s;
Line 7: wash with 10 mM PBS, pH 7.4, for 30 s (return to baseline);
Line 8: wash with 10 mM PBS, pH 7.4, containing 0.1% SDS, for 120
s; Line 9: wash with 10 mM PBS, pH 7.4, for 30 s (return to baseline).

esters on the SAM surface were deactivated by reaction with 1
M ethanolamine (pH 8.0) for 10 min, followed by surface wash
with buffer solution. As can be seen in the registered
sensorgram, when initial conditions were restored, the
measured SPR angle slightly increased when comparing with
that obtained after antibody immobilization, revealing the
successful surface block by ethanolamine. Finally, the sensor
surface was treated with regeneration solution containing SDS
(to remove antibodies that were nonspecifically bound to the
chip surface) and then with background solution.

Automated procedures used for preparation of sensor
surfaces by the SPR autosampler allowed to reduce batch-to-
batch irreproducibility. Reproducibility of the immunoassay
was evaluated by comparing the amount of immobilized
antibody between 18 biosensor platforms, constructed under
the same experimental conditions on different days. The
relative standard deviation (RSD) value was 7.9%, indicating
that the automated built process was reproducible.

Contact Angle, AFM and Ellipsometry Measure-
ments. The SPR chip surface was also characterized by
contact angle (CA), AFM, and ellipsometry analysis.

The wettability of the different layers composing the sensing
surface was characterized by measuring the CA (see SI Figure
SSA). The values obtained were 59.8 + 0.7, 47.1 + 0.8, and
51.8 + 0.9 for bare, MSA-modified, and antibody-modified
SPR chips, respectively. A large net decrease in CA was
observed for the charged and hydrophilic MSA surface while a
relatively small net increase was observed after CA 15-3
antibody immobilization, probably due to the extensive
hydrophobic patches of the antibody. The overall increase in
surface hydrophilicity was also reported by Cimen et al.*® after
immobilization of troponin I antibody on the SPR chips.
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The buildup of the SPR sensing platforms was followed by
AFM to examine the surface morphology and coverage of the
deposited thin film. Yet, the 3D-images (see SI Figure SSB)
showed an increase of the surface depth values (from 7.6 to 18
nm) which can be related to the increase in the film thickness,
indicating that the antibody was homogeneously immobilized
over the SAM surface.

Ellipsometry measurements were performed aiming to
estimate the overall film thickness on the dried sensor surface.
From the fits performed, a thickness value of 0.45 + 0.01 nm
was obtained for the MSA monolayer. After antibody
immobilization on the preformed MSA SAM, the average
thickness increased to 1.4 + 0.4 nm (see SI Figure SSC).
These results were of the same order of magnitude of thickness
values reported for protein immobilization across different
SAMs (from 0.45 to 2.3 nm)*’’ and much inferior to
biomolecules attachment to thicker polymeric surfaces (42.8
nm).*® Furthermore, the ellipsometric thickness obtained was
in close agreement with the thickness of the ultrathin film (3.6
nm) obtained by fitting the SPR reflectivity curves with
WinSpall theoretical model (see SI Figure SSE).

Optimization of Experimental Conditions for Anti-
body—Antigen Interaction. Experimental conditions of the
immunoassay, such as association buffer pH, incubation time,
regeneration conditions, etc., were carefully optimized to
achieve improved performance. To study the effect of the pH
on the specific binding of CA 15—3 to the sensor surface, a pH
variation study was performed between pH 3.0 and 8.0.
Solutions of S00 U mL™" CA 15-3 at different pH values were
injected into the measuring system for 15 min. The SPR angle
variation for each pH value tested is shown in Figure 4. As can
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Figure 4. Effect of the pH of the association buffer solution on the
SPR response after the interaction of 500 U mL™" CA 15—3 with
immobilized CA 15—3 antibody on the SPR gold disk for 15 min.
Formic acid was used for pH 3.0 and buffer solutions used were: 10
mM acetate buffer for pH 3.5—5.5 and 10 mM PBS for pH 6.0—8.0.

be seen, the overall angle variation due to the binding event
greatly increased, when more acidic conditions were used (pH
4.5 to 3.5). Taking into account that the isoelectric point of
CA 15-3 protein is predicted to be between 3 and 5,% and
considering the obtained data (Figure 4), we suspect that CA
15—3 becomes increasingly positively charged for medium pH
< S. This positive charge favors the electrostatic interactions
with the epitope regions of its antibody, which are expected to
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be negatively charged, resulting in enhanced SPR response. For
pH < 3.5, the angle variation decreases drastically probably
because the acid residues at antibody binding sites became
increasingly uncharged with decreasing pH, reducing the
efficiency of the immunoreaction. Thus, we have chosen the
pH 4.0 as the ideal pH for the (low ionic strength) association
buffer.

In our detection studies, regeneration of the sensor surface
was performed prior to the next binding event. After
preliminary experiments, the best regeneration conditions
were achieved by using a 0.1 M glycine-HCI buffer solution
(pH 2.0), for S min (see SI Figure S6). No significant loss of
antibody and/or reduction of its activity was observed for at
least three consecutive runs.

Although the antibody coated surfaces were robust and
allowed a repeated use after surface regeneration, thereby
reducing cost per sample, some possible constrains related with
the immunoassay performance were also identified. According
to the literature, these include (i) the repetitive use of highly
acidic regeneration solutions, which can denaturate immobi-
lized biomolecules*' and/or (ii) the instability of SAM surfaces
promoted by usage over long periods of time (>24 h)** and/or
(iii) the residues of redox probe on sensor surfaces that
accumulate on continuous use and can permanently damage
the electrode surface.”** Thus, in this work, the most reliable
and effective route for detection CA 15—3 biomarker was
achieved by using freshly prepared eSPR sensing platforms to
build calibration curves, taking advantage of (low-cost)
disposable SPR gold chips.

Optical and Electrochemical Responses of the
Immunosensor toward CA 15-3. The label-free and
automated two-step immunoassay was carried out by
incubation of the sensor surface with various standards of
increasing CA 15—3 concentration (from 0.10 to 500 U mL™,
in 10 mM acetate buffer solution, pH 4.0). In the first step,
SPR technique was used for real-time monitoring of the
selective interaction between CA 15—3 antigen and the surface
immobilized anti-CA 15—3 antibody under the established
optimal conditions, as can be seen in Figure SA (left). First, the
running buffer solution (10 mM PBS, pH 7.4) was injected
into the SPR cuvette and the system baseline was collected for
60 s. Then, the sensor surface was incubated for 15 min with
CA 15-3 standard solutions and adsorption reached dynamic
equilibrium (steady-state conditions). The real-time SPR
monitoring allowed the easy optimization of incubation time
(before electrochemical measurements) for quicker analysis in
clinical studies. After the formation of the stable complex, the
surface was washed with background solution to remove
unbound molecules.

The maximum SPR angle change resulting from the
antigen—antibody interaction for the various CA 15-3
concentrations tested was used to build the calibration curve,
shown in Figure SB, after triplicate measurements (n = 3) for
each antigen solution. As predicted from SPR equilibrium
analysis theory,”* a nonlinear dependence between the SPR
intensity response with the amount of captured antigen was
observed (see inset of Figure SB). Thus, assay linearity was
possible by plotting data as logarithmic concentration range (in
UmL™), *in which two linear response ranges were obtained,
ranging from 0.10 to 10 U mL™" (R* = 0.981) and from 30 to
500 U mL™' (R* = 0.987). However, the two sections
presented different slopes since for low concentration levels,
the angle shift is relatively slow while for higher concentrations
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Figure S. (A) Real-time SPR monitoring of the interaction between immobilized antibody on SPR gold substrates and CA 15—3 in solution (left)
followed by electrochemical control (SWV)-SPR measurement in the presence of a redox probe (right). The concentrations of CA 15—3 tested
ranged from 0.10 to S00 U mL™". Line 1: baseline collected in 10 mM PBS, pH 7.4, for 60 s; Line 2: real-time monitoring of the antigen—antibody
interaction for 15 min; Line 3: surface wash with 10 mM PBS, pH 7.4, for 60 s (return to baseline); For comparison, the response obtained after
injection of association buffer (10 mM acetate buffer solution, pH 4.0, without CA 15—3) into the measuring channel (dashed line) is also shown
in the figure; Line 4: combined electrochemical control and SPR detection after injection of S mM ferro/ferricyanide redox probe into the
measuring channel. After 150 s equilibration, a SWV measurement between —0.3—0.5 V (vs. Ag/AgCl) was performed; Line S: surface regeneration
after wash with glycine-HCI buffer solution (pH 2.0) for 300 s; Line 6: wash with 10 mM PBS, pH 7.4, for 60 s (return to baseline). (B) Graphical
representation of the obtained SPR angle variation as a function of the CA 15—3 concentration (inset) and logarithm of the CA 15—3
concentration. (C) SWV voltammograms collected in step 4. Inset: graphical representation of the redox probe peak current (I,) as a function of
the logarithm of the CA 15—3 concentration. Error bars correspond to standard deviations of analytical signals collected from three independent
immunoassays.

(midrange region of the typical S-shaped curve) the angle notice that SPR angle chances induced by the electrochemical
variation increases significantly. The interception of these two process was also considered for analytical purposes (see SI
linear segments allowed the LOD estimation. From the plot, Figure S7 ), however, the high variability of the SWV-induced
the detection limit (LOD) was estimated to be 21 U mL™". SPR angle variation resulted in very low assay linearity. Finally,
This value of LOD was obtained according to Recommenda- the redox probe was washed-out from the cell and regeneration
tions of IUPAC for ion-selective electrodes,” in which of the sensing surface was achieved by incubation in a 0.1 M
calibration plots also use log(concentration). Gly-HCI solution (pH 2.0), for S min, followed by surface
In the second detection step, electrochemical measurements wash with PBS.
in the presence of a biocompatible redox probe were The SWV voltammograms collected are displayed in Figure
performed after direct monitoring of the binding event. SWV 5C and show a peak current decrease with the increasing CA
technique was selected for the amperometric readout since this 15—3 concentration due to electron transfer inhibition after
technique has been widely used for the detection of disease the formation of antibody—antigen imunnocomplexes at the
biomarkers with high sensitivity and fast measuring time (few electrode surface. In addition, the resulting redox probe peak
seconds only).”"** To do so, a 5 mM ferro/ferricyanide currents were plotted as function of the increment of CA 15—3
solution was first injected into the measuring channel. After logarithm concentration (see inset of Figure SC). Good
150 s equilibrium, along which no potential was applied to the linearity of calibration curve (R* = 0.999) was achieved from

cell, the current generated by the oxidation of the redox couple 0.10 to 500 U mL™!, with an LOD™ of 0.0998 U mL™". Thus,
was recorded from —0.3 to 0.5 V (vs. Ag/AgCl). The the sensitivity (and accuracy) of the electrochemical approach

voltammograms were collected under hydrodynamic con- for screening CA 15—3 antigen is much superior to the
ditions since the Autolab ESPRIT integrated syringe provides obtained by direct SPR sensing (about ~210 times),
continuous aspirating/dispensing cycles of the redox probe emphasizing the important contribution of electrochemical
solution into the cuvette, which greatly increases the mass detection to plasmonic biosensors toward the quantification of
transport at the surface. Moreover, it is also important to low levels of cancer biomarker. These results were consistent
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with other eSPR immunosensors reported in literature, where
lower detection levels were achieved by electrochemical
readout relatively to SPR detection.””*” Furthermore, the
LOD obtained by the developed eSPR biosensor is (i) lower
than that obtained by commercially available ELISA kits and
(ii) of the same order of magnitude of LODs recently reported
in literature by other immunoassays for detection of CA 15—3
biomarker (see SI Table S1). In addition, the developed eSPR
methodology has also one of the widest concentration range of
response reported, allowing direct analysis of samples well
above the cutoff value (of 30 U mL™),”~” which may be very
important when following the progress of treatment.

Also comparing with the literature, the amplification
strategies of the reported immunosensors for screening CA
15—3 (see SI Table S1) are usually based on either secondary
antibodies and/or metal/magnetic NPs or nanocomposites.
These approaches may have some limitations, such as
laborious and time-consuming procedures, need of expensive
chemical labels, problematic removal of unbound label, steric
hindrance, instability, limited application in complex biological
samples, among others.

Focusing on the demonstration of the eSPR approach for
label-free biosensing, the results obtained were compared with
other label-free sensing techniques reported in the literature. In
this context, a new SPR optical platform based on Au(sg 4m)/
ZnO(sg ymy films, fabricated by radio frequency sputtering
technology, showed high detection sensitivity (LOD = 0.025 U
mL™', 4 times lower than Au(s0 nm)/Crz nm) layers).48
However, despite the great potential of ZnO nanostructures
for signal enhancement, these SPR chips are not commercially
available. Recently, the catalytic activity of a CuS/reduced
graphene oxide nanocomposite was employed for label-free
electrochemical detection of CA 15—3 and the LOD obtained
(of 0.3 U mL™")* was similar to the obtained in this work.
Thus, in our opinion, our simple and label-free eSPR
methodology can provide an extremely attractive way of
sensing CA 15—3, especially considering sensitivity, simplicity,
time of analysis, and operational point of views.

Control experiments were performed to study the non-
specific attachment of species to the sensor surface under the
experimental conditions tested. In these experiments, associ-
ation buffer (without CA 15—3) and redox probe solution
were successively injected over the sensor surface and the
optical and electrochemical responses recorded (see SI Figures
S8 and S9). No significant response variation was observed,
revealing poor contribution of NSB of buffer and redox probe
solutions to the detected signals.

Selectivity of the eSPR Biosensor. The quality of the
developed eSPR immunosensor depends on the affinity and
selectivity of the antibody to its antigen. In this work, the
selectivity of the bioassay was evaluated by recording the SPR
response for detecting CA 15—3 (C = 30 U mL™") in the
absence and presence of other common cancer biomarkers,
namely CA 125 (C=15UmL™), CA19-9 (C=25UmL™),
and CEA (C = 10 ng mL™") (see SI Figure S10). Compared
with pure CA 15—3 buffer solution, the angle change recorded
for the mixed solution was very similar (change in response
was only 7.3%). Thus, the interfering biomarkers tested did not
evidently interact with the immobilized polyclonal antibody
and/or with CA 15—3 in solution (cross-reactivity), showing
that the eSPR immunosensor is highly selective to the CA 15—
3 tumor marker.
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Application to Serum Samples Analysis. To obtain
clinically relevant results, the developed eSPR detection
methodology was applied to the detection of CA 15—3 in
human serum samples. SPR detection of biomarkers in serum
samples is particularly challenging, due to its complexity and
problems arising from NSB of serum proteins can compromise
label-free detection®®™>* due to the largely uncontrolled
background signals (typically much higher when compared
to the pure buffer solution). In this work, preliminary
experiments were performed to carefully adjust the exper-
imental conditions (see details in SI) to the analysis of serum.

Serum samples were prepared by simple dilution in a NSB
hindering buffer composed of 10 mM phosphate buffer
solution (PBS), at pH 7.4, supplemented with 0.1% Tween
20 (PBST), 0.5 M NaCl and 200 ug mL™" of BSA (PBST-
BSA). Serum samples were diluted 100 times. Furthermore,
the following protocol was adopted to perform the detection
assay in human serum: (i) first, the gold chip was stabilized
with successive injections of PBST-BSA buffer for continuous
blocking of the unoccupied areas of the gold surface; (ii) then,
two diluted serum sample solutions (without CA 15—3) were
successively injected over the sensor surface in order to further
minimize NSB of serum proteins (see SI Figure S11A); (iii)
finally, nonpathological serum samples spiked with different
known concentrations of CA 15—3 were analyzed to build the
calibration curve.

After the blocking procedure was carried out, the optical and
electrochemical responses to the binding event in human
serum samples were very different. SPR detection had limited
success as biosensing technique probably due to (i) lower
amount of CA 15-3 bound under the assay conditions
(physiological pH and high ionic strength) and less favorable
electrostatic interactions with the chip surface since serum
does not significantly affect the ionization state of CA 15—3
(comparing to acidic buffer solution) and; (ii) some possible
matrix interference. However, the high sensitivity of electro-
chemical detection was able to provide good results regarding
the reliable detection of CA 15—3 in serum samples. Based on
the calibration plot obtained (see SI Figure S11B), the
analytical performance of the eSPR immunosensor in human
serum was estimated. The linear range is from 0.10 to 250 U
mL ™" and an LOD of 0.098 U mL™" was obtained. Because of
sample dilution in NSB hindering buffer, the LOD obtained
corresponds to an original undiluted serum sample CA 15—-3
concentration of 9.8 U mL™". Thus, the enhanced sensitivity of
electrochemical techniques allowed the analysis of CA 15—3 in
human serum at clinically relevant levels (CA 15—3 cutoff
value: 30 U mL™"""), while having an acceptable linear
concentration range to provide clinically relevant information
about progression and recurrence of breast carcinoma.

Moreover, the use of electrochemical readout as signal
amplification strategy was able to overcome some major
technical difficulties associated to SPR studies in complex
biological samples, such as the refractive index mismatch from
the different solutions (running buffer/dilution buffer/
samples) injected into the measuring system and/or the
need of a control serum solution injected into the reference
channel to perform the assay. To evaluate the applicability of
the proposed eSPR biosensor, recovery studies were performed
(see SI Table S2I). Average detection recoveries between
91.2% and 105.4% (with an average relative error of 5.9%)
were obtained, revealing a good relationship between added
and found amounts of CA15—3. Overall, our electrochemical-
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combined SPR detection methodology was a promising tool
for the sensitive and label-free detection of CA15—3 in real
biological samples.

B CONCLUSIONS

This work describes a novel label-free, simple, and sensitive
detection methodology for screening the breast cancer
biomarker CA 15-3, based on the response from two
detection systems, SPR and electrochemical techniques, in
the same immunosensing spot. The eSPR immunoassay
required minimal reagent/sample amounts and the SPR
robotic autosampler allowed fully automated in situ prepara-
tion of the sensing platforms and detection procedures, a
unique advantage for analysis in clinical laboratories. The total
assay time (real-time SPR measurement, electrochemical
measurement, and sensor regeneration) was around 30 min
per sample. In addition, the incubation time can be optimized
during the real-time SPR monitoring to reduce the assay
period.

Results obtained after optimization of the eSPR bioassay in
spiked buffer solutions revealed that electrochemical techni-
ques can provide a suitable amplification strategy to direct SPR
sensing, lowering the detection levels achieved without the
need of additional complex and/or expensive amplification
steps to enhance the sensitivity. The high sensitivity achieved
by the electrochemical approach allowed the detection of
concentration levels of CA 15—3 of about ~210 times lower
than that of the optical readout. Also, the selectivity studies
performed revealed that the immunoassay was able to
discriminate CA 15—3 in the presence of other common
cancer biomarkers.

The applicability of the eSPR detection methodology in
clinical diagnosis context was evaluated by the analysis of CA
15—3 in human serum. These studies allowed validating the
use of electrochemical technique as label-free amplification
strategy since NSB of serum proteins caused serious limitations
to the SPR readings (lack of sensitivity). Thus, the antifouling
surface chemistry strategies employed in this work were
fundamental to minimize matrix effects. Samples were diluted
in a NSB hindering buffer and no other pretreatment was
employed. After surface blocking, the enhanced sensitivity of
electrochemical readout allowed the reliable detection of CA
15—3 at relevant concentration levels to provide valuable
information in clinical diagnosis context.

Overall, the use of real-time SPR detection technology
integrating the high-performance electrochemical readout can
bring important improvements to health diagnosis, as potential
useful diagnostic tool in clinical laboratories and being an
alternative to routinely used immunoassays for detection and
monitoring of disease biomarkers.
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