Downloaded via UNIV OF CENTRAL FLORIDA on December 17, 2018 at 22:11:08 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

NANO E T T E R S @& Cite This: Nano Lett. XXXX, XXX, XXX—=XXX

pubs.acs.org/NanolLett

Enzyme-Free Plasmonic Biosensor for Direct Detection of
Neurotransmitter Dopamine from Whole Blood

Abraham Vazquez-Guardado,”!

Swetha Barkam,” Madison Peppler,_‘t Aritra Biswas,”

Wessley Dennis,” Soumen Das,i Sudipta Seal,ll’i’§’(1[ and Debashis Chanda® "'t

TCREOL, College of Optics and Photonics, *Advanced Materials Processing and Analysis Center, §College of Medicine, and
J'Department of Physics, University of Central Florida, Orlando, Florida 32816, United States

'NanoScience Technology Center, University of Central Florida, Orlando, Florida 32826, United States
IMaterials Science and Engineering, University of Central Florida, Orlando, Florida 32816, USA

O Supporting Information

ABSTRACT: Complex biological fluids without pretreat-
ment, separation, or purification impose stringent limitations
on the practical deployment of label-free plasmonic biosensors
for advanced assays needed in point of care applications. In
this work, we present an enzyme-free plasmonic neuro-
transmitter dopamine biosensor integrated with a microfluidic
plasma separator. This integrated device allows the in-line
separation of plasma directly from the bloodstream and
channels it to the active detection area, where inorganic
cerium oxide nanoparticles function as local selective
dopamine binding sites through strong surface redox reaction.
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A thorough understanding and engineering of the nanoparticles is carried out to maximize its dopamine sensitivity and
selectivity. We obtain detection of dopamine at 100 fM concentration in simulated body fluid and 1 nM directly from blood
without any prior sample preparation. The detection selectivity is found to be at least five-times higher compared to the
common interfering species. This demonstration shows the feasibility of the practical implementation of the proposed
plasmonic system in detection of variety of biomarkers directly from the complex biological fluids.
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D opamine (DA) is an organic electrochemical neuro-
transmitter of paramount importance for the proper
functioning of the neural system. Many neurological processes
are associated with the active dopaminergic neurotransmission,
for example, happiness, pleasure, cognition, and fine motor
control. DA dysfunction, on the other hand, underlies the
pathogenesis of several neurological disorders such as
Parkinson’s disease, Huntington’s disease, depression, schizo-
phrenia, or psychosis. In addition, it is also the biomarker for
certain cancer strains such as pheochromocytoma,' ™ neuro-
blastoma,” or paraganglioma.”™" For example, the plasma DA
concentration in healthy adults ranges in the 0.1 nM,” and
those with head and neck paragangliomas range up to 6 nM."°
Therefore, detecting physiological and clinically relevant
concentrations of DA with high sensitivity and selectivity is
of great significance in basic pathophysiology research and
drug development as well as in disease diagnosis and
management.

Conventional analytical methods for DA detection are the
enzyme-linked immunosorbent assay (ELISA) or the high-
performance liquid chromatography (HPLC) as the analyte
separation method coupled with fluorometry, coulometry,
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electrochemical, or mass spectroscopies as detection techni-
ques.'' ™' Apart from the challenges associated with
selectivity, sample consumption and analysis times, these
methods require rigorous sample preparation to achieve the
desired specificity and sensitivity (detection limit/time of 1
nM/100 min for ELISA and 4 pM/60 min for HPLC). In
addition to the assay’s high costs, these techniques require
specialized laboratory equipment that prevents their translation
to point of care applications where the access to high-end
equipment is limited. With the aim to circumvent these
aforementioned limitations, a wide range of alternative
detection schemes have been previously reported, ranging
from electrochemical to optical sensors. In the case of
electrochemical detection, surface-modified microelectrodes
are typically employed to enhance its detection capability;' "
for instance, electrodes are modified with active sensing
materials such as metal or dielectric nanoparticles'® " or
conductive polymers.”"** Electrochemical techniques have the
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advantages of low cost and rapid detection. However, there are
limitations related to the intrinsic transduction mechanism,
such as electro-polymerization leading to biofouling, rendering
the device inactive. Another important concern is its reduced
selectivity due to oxidizable DA metabolites and other
compounds like ascorbic acid, which extensively interfere
with the detection of DA as they have similar oxidizing
potentials. Furthermore, the DA detection limits in buffer for
most sensitive electrodes are around 1 to 0.1 nM'*'” and 100
fM for field-effect-transistor design.”’ Optical DA sensors, on
the other hand, are based on localized”>™*® or propagat-
ing”’™* surface plasmon polariton (LSP and SPP, respec-
tively), which are enzymatically functionalized to bind to DA.
However, the main limitation in DA detection is its low mass
(153.18 Da); hence, the lowest detection limits are still within
1 nM for most LSP and SPP and 200 fM for SPP with
dedicated gold nanoparticle amplification mechanism.”’
Though previous publications demonstrate optical or electro-
chemical DA detection in buffer solutions' >’ and off-line
extracted serum/plasma,lé’lg"?’1 the direct detection from
biological body fluids, such as blood plasma, without sample
preparation or purification, still remains challenging and
unexplored.

In this work, we demonstrate an integrated enzyme-free DA
biosensor composed of an active nanostructured plasmonic
substrate (NPS) functionalized with oxygen-deficient cerium
oxide nanoparticles (CNP) and a passive plasma separator
microfluidic chip. The inorganic redox active CNP’s surface
acts as selective DA binding sites for the selective optical
detection on the NPS.** Traditional affinity layers for DA
detection, for example, those used in ELISA, employ
antibodies or cellular membrane receptors. Such biological
entities require specialized storage, handling, and preparation
to maintain their affinity, sensitivity, and to avoid denaturation.
In contrast, inorganic CNP do not suffer from these
constraints, which enhance the robustness, shelf life, and
reduce the assay cost considerably. When coupled to the
microfluidic system, the proposed device extracts blood plasma
directly from the inlet bloodstream without additional sample
preparation or purification and allows optical readout on the
CNP-coated NPS. In this initial demonstration, the detection
limits of DA were measured 100 fM and 1 nM, in simulated
body fluid and blood plasma, respectively. Furthermore, the
sensor’s response was compared with common interfering
species, and it was found that DA’s response exceeds at least by
5.3- and 20-times for ascorbic acid and epinephrine,
respectively. No interference was observed for 3,4-dihydrox-
yphenylacetic acid (DOPAC).

The integrated device incorporates three essential elements:
the sensitive NPS,*>* the selective CNP functionalizing the
sensor’s surface and the microfluidic plasma separator as
shown in Figure la. The active NPS is formed by a gold hole-
disk array coupled to an asymmetric photonic cavity fabricated
using the nanoimprinting technique (see Supporting Informa-
tion for more information), which proved to be robust and
reliable in producing reproducible narrowband cavity-coupled
plasmonic. This information is shown in Figure S1, where the
statistical distribution of 930 spectral responses in 103
manually imprinted samples is summarized (mean plasmonic
resonance at 823 nm with standard deviation of 16 nm). With
the aid on an automated imprinting technique the sensor
reproducibility could be dramatically improved. The NPS
creates enhanced near-field via excitation of narrow line width
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Figure 1. Integrated enzyme-free dopamine sensing. (a) Schematic
representation of the integrated device composed of a plasmonic
sensor coupled to a microfluidic chip containing the plasma separator
module. (b) Top view and cross-section SEM of one CNP-
functionalized plasmonic substrate. (c) Experimental spectra of one
fabricated device (red), its spectral response after CNP coating
(green), and after DA incubation at one representative concentration
(blue). Right panels represent graphically these three phenomeno-
logical events.

hybrid cavity-coupled localized surface plasmonic resonance
(LSPR), whose resonance location is determined by the hole/
disk diameter and cavity thickness.”>~>* The LSPR is sensitive
to minute perturbations in the optical density of the
surrounding environment induced by subwavelength inorganic
film accumulation or organic biomolecules, bulk refractive
index, or isolated nanoparticles.””*> Any of these possible
interaction scenarios induce an accumulation of polarization
charges on the substrate producing the LSPR to redshift
nonselectively.

The surface selectivity is introduced by binding the
complementary analyte surfactant to the active plasmonic
surface such as an antibody against the target antigen for
selective binding. In this study, the NPS’s surface is modified
with CNP, which have strong affinity toward electroactive
compounds such as DA.*** Figure 1b shows a scanning
electron microscope image of a representative CNP coated
plasmonic surface. Upon mutual redox activity, DA binds on
the CNP’s surface inducing a change in the CNP effective
refractive index.’**® This effect is manifested in the LSPR
response, which experiences a resonance shift proportional to
the overall surface coverage. This mechanism is observed in
Figure lc containing the reflectance spectra measured
experimentally at three stages of the characterization process:
bare plasmonic substrate, after CNP coating, and after CNP
+DA coating (see Supporting Information for more details).
The overall sensor response is determined by the LSPR shift
from CNP to the DA binding state; see Figure lc.

The passive microfluidic plasma separator chip exploits a
series of cascaded hydrodynamic and biophysical effects. In the
first effect, the Zweifach-Fung bifurcation law, a microfluidic
channel that bifurcates into two outlets with asymmetric flow
rate ratio, at least 2.5:1, imposes a selective drag force on red

and white blood cells (BCs) toward the path with higher
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pressure.””*? As a result, the channel with large flow resistance

carries the BCs-free plasma, while the one with low flow
resistance carries the residual media containing the large
density of BCs toward the waste reservoir outlet. Such a
separation method is further amplified by the fact that BCs
migrate toward the center of the flow channel, or blood vessel
in biological systems, with cross-sections less than 300 pm
leaving a BCs-free layer on the walls. Also known as the
Fahraeus effect, its influence on BCs migration to the center
increases as the channel contracts, a self-regulated effect
exploited by the vascular system. Finally, inertial focusing
permits BCs migration to the center due to the balance
between lift and drag forces produced in channel bends.*'~*
Along with the Fahraeus effect the inertial focusing obtained by
the contracting bent further enhances the plasma separation at
the bifurcation (see Figure S4). The device channels the
separated plasma toward the active plasmonic biosensing area
as observed in Figure la where the spectroscopic optical
interrogation takes place. The synergetic interaction among
these elements enables efficient extraction of plasma from the
complex biological fluids such as blood.

At the nano scale (3—5 nm diameter), CNP support the
coexistence of Ce*" and Ce*" oxidation states on its surface
forming oxygen vacancies in the crystal lattice.”***™* These
oxygen vacancies act like catalytic hotspots that induce unique
redox reactions with electroactive compounds such as
serotonin, epinephrine, DA, and norepinephrine.36 Previous
studies showed that due to the redox reaction CNP interaction
with DA form charge complexes, thereby oxidizing dop-
amine.*® This results in dopaquinone—CNP hybrid complexes
with an intermediate semiquinone state observed as a red shift
in the characteristic UV—visible spectra. The ratio Ce**/Ce**
on the surface (CeSR) of CNP is the metrics for CNP redox
activity, which regulates its enhanced catalytic property and
controls the extent of reaction with different electrochemical
compounds, that is, DA. To understand the CeSR effect
toward DA interaction, two relatively different CNP
compositions were prepared that exhibit different surface
chemistry: CNP1 with CeSR > 1 and CNP2 with CeSR < 1
(see Supporting Information for more details). These two
particles were carefully formulated to have similar spherical
shape and size with diameter of 3—5 nm that differ only in
their surface chemistry, see Figure S2a. The X-ray photo-
electron spectroscopy (XPS) characterization shows that
CNP1 has a CeSR of 2.57 and CNP2 has that of 0.68 as
seen Figure S2b. The DA—CNP interaction is studied using in
situ UV—visible spectro-electrochemistry analysis on both of
these CeSR compositions (see Supporting Information for
more details). This study helps to gauge the change in surface
chemistry of CNP in the presence of dopamine by oxidizing
the solution using an external potential applied to the CNP—
DA solution.

Dopamine has two distinct absorption peaks corresponding
to two oxidation states. In pristine unoxidized DA, an
absorption peak at 281 nm dominates the UV—visible
spectrum. An increasing external potential (0—0.8 V) oxidizes
DA and a second absorption peak starts appearing at 390 nm,
while the peak at 281 nm diminishes simultaneously, as
observed in Figure 2a. Moreover, CNP1 (CeSR > 1; more
Ce*" on the surface) solution has a Ce*" extinction peak at 290
nm. Upon oxidation, its Ce** surface concentration further
increases indicated by the increase in the peak height of the
290 nm extinction peak in Figure 2c. On the other hand,
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Figure 2. CNP—dopamine interaction analysis in situ. (a) Dopamine
UV—visible spectro-electrochemical analysis as a function of external
potential: 0, 0.1 0.5, and 0.8 V. (b) Optical images of dopamine and
its interaction with CNP1 (CeSR > 1) and CNP2 (CeSR < 1). UV—
visible spectro-electrochemical analysis of pristine (top) and mixed
with dopamine (bottom) for (c) CNP1 and (d) CNP2 as a function
of oxidizing potential: 0, 0.1, 0.5, and 0.8 V.

CNP2 (CeSR < 1; more Ce** on the surface) solution has a
distinctive Ce®" peak at 253 nm with negligible Ce*" extinction
peak. Upon oxidation, the increase in Ce*" concentration is
manifested as a baseline upshift resulting in the formation of
Ce*" as observed in Figure 2d. Now, when CNP1 interacts
with DA, the free unoxidized state population decreases (drop
of extinction peak at 281 nm), whereas the absorption intensity
of Ce*" peak remains unchanged as observed in Figure 2c. It is
important to notice that the absence of free oxidized DA,
whose extinction peak does not strongly show at 390 nm,
suggests its absorption onto the CNP surface, which indicates a
strong interaction between CNP1 and DA. However, when
CNP2 interacts with DA, the spectra indicate a superposition
of oxidized CNP2 (observed by the increase in the Ce** at 290
nm) and DA (population inversion as in Figure 2a)
individually. Such a behavior indicates hardly any interaction
upon increasing the oxidation potential as shown in Figure 2d.
In other words, the oxidation behavior of CNP2 and dopamine
are mutually independent of each other.

In addition, the DA—CNP complex formation was visually
observed. Initially both CNP formulations and DA appear
clear. Once mixed, there is an immediate change in color for
CNP1+DA (dark brownish see Figure 2b) compared to hardly
any change observed in CNP2+DA as shown in Figure 2b.
This suggests the rapid formation of charge transfer complex,
in the form of nanoparticle coating, with a decrease of free
unoxidized DA. As previously suggested, the oxidation of
dopamine by CNP leads to formation of reactive dopaquinone
intermediates, which bind to the surface of CNP. This
distinctly suggests that the oxidation followed by the binding
on surface of CNP leads to a decline of free DA concentration,
thereby indicating the preference of DA oxidation for CNP
with CeSR > 1.°° The CNP (from here on refereeing to
CNP1) affinity toward DA is exploited as an enzyme-free DA
inorganic ligand in this on-chip biosensing demonstration.
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Figure 3. Characterization in aqueous solution. (a) Dopamine sensing characterization in SBF from 100 fM to 100 nM. Control experiments
represent the sensors response in the absence of CNP coating and buffer effect. Inset represents the characterization flowchart. The shaded area
represents the baseline of the sensor. (b) Interfering species response test: DOPAC, ascorbic acid, epinephrine, and dopamine at 100 nM in SBF.
(c¢) Dopamine sensing feasibility test in spiked sheep plasma. Control experiments represent the sensors response in the absence of CNP coating
and buffer (plasma) effect. Error bars represent the standard deviation from the mean (n = 9).

The first characterization is to validate the DA detection
capability on this CNP-functionalized NPS. NPS were coated
with poly(vinyl alcohol) (PVA) stabilized CNP. To improve
uniformity and area coverage, denser CNP layer was used,
which in turn improved the sensor reproducibility and
sensitivity. The optimization was done using different
PVA:CNP solution ratio and spin coating cycles producing
different surface coverage as observed in Figure S3a, followed
by 100 nM DA incubation (see Supporting Information for
more details). It was observed that the denser the surface
coverage due to additional coating cycles, the larger the
spectral shift; however, considerable CNP agglomeration
accompanied this process as well. Such an effect hinders the
sensitivity of the device due to the decline in oxidizability
efficiency produced by the lower surface area of agglomerated
CNP, which is observed in the sensor’s response plotted in
Figure S3b. Considering this trade-off, eight coating cycles
were found to be optimum.

Upon surface functionalization optimization, the sensor’s
response was characterized. DA at various concentrations was
incubated in simulated body fluid (SBF), a buffer whose ion
concentration is close to that of human blood plasma, as well
as different control samples and plotted in Figure 3a (see
Supporting Information for more details). DA in SBF with
concentration between 100 fM and 100 nM produced a
plasmonic shift according to its concentration and follows a
standard sigmoid response fitted curve (R* = 0.98) in Figure
3a. The estimated limit of detection is 45 fM determined when
the standard sigmoid curve falls to 10% of its maximum
(EC10), which is an order of magnitude smaller than that of
previous SP-based DA sensing using plasmonic nanoparticles
as signal amplification.’® In addition, three control measure-
ments were carried out: SBF incubation on an uncoated
sensor, CNP coated sensor, and just PVA coated sensor. All
these responses produced a residual response introduced by
the combination of the sensor substrates and its functionalizing
constituents in the absence of DA, which fall below the
detection limit. Such a residual response of A4l &~ 1.48 nm
observed in the shaded area in Figure 3a is the baseline of the

device, which works as the reference to account positive
response from the sensor. Then the sensor’s response was
tested against common DA interfering species, such as
DOPAC, ascorbic acid, and epinephrine. It is clear that
CNP’s response to DOPAC is negligible as observed in Figure
3b, while it is at least 5.3- and 20-times larger than ascorbic
acid and epinephrine, respectively, which indicates its
selectivity toward DA.

Next, DA detection feasibility in a more complex matrix,
such as blood plasma, was tested. Two concentrations of DA,
10 and 100 nM, were spiked in purchased sheep plasma and
then incubated on the sensors (see Supporting Information for
more details). In this particular situation, plasma, which is
composed of a wide range of proteins, undergoes electrostatic
surface binding on the sensor’s surface. This undesirable effect
introduces a larger background as observed in the plasmonic
shift in Figure 3c in presence and absence of DA, compared to
those in Figure 3a and b. Nevertheless, the sensor produced
two distinguishable signals in response to the DA. These
characterizations demonstrate the enzyme-free detection of DA
in buffers, such as SBF, as well as in complex biological fluids
such as blood plasma.

The final demonstration corresponds to the direct detection
of DA in plasma obtained from whole blood. The integrated
device incorporates a microfluidic module that performs in-line
blood plasma separation as shown in Figure la. The
microfluidic channel footprint, adapted from previous
reports,””*” is shown in Figure S4. This module extracts a
portion of the blood plasma and directs it toward the active
CNP coated NPS. The microfluidic chip is laminated on a
previously fabricated and CNP functionalized plasmonic
substrate and held together with the help of an acrylic clamp
as observed in Figure SS. Two inlets provide access of
phosphate-buffered saline (PBS) buffer and whole blood into
the chip. The external fluid distribution configuration is drawn
in Figure S6. In first instance, the PBS solution is flown into
the channel at ~0.02 mL/min to stabilize the sensor,
producing a baseline (A4) response. Next, the blood flow is
introduced at ~0.1 mL/min to produce plasma separation, as
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Figure 4. Dopamine detection from whole blood. (a) Microfluidic chip containing the in-line plasma separation. Colored channels are represented
with colored solutions for illustration purposes. Bottom panel shows plasma separation demonstration on one device tested with HCT 22.3%
flowing at ~0.1 mL/min. (b) DA detection directly from in-line separated plasma for four samples, 100 nM, 10 nM, 1 nM, and control (without
DA), in whole blood with HCT 22.3%. Four events are observed: stabilization in buffer, plasma separation, plasma incubation, and flush. (c)
Sensor’s response for DA detection in whole blood through the integrated plasma separator chip for three samples at 100 nM, 10 nM, and 1 nM
and a control. Error bars indicate the sensorgrams standard deviation from the mean.

seen in Figure 4a, bottom panel. This high-speed plasma
solution is flown for approximately one to 2 min until full
plasma separation occurs. Then the flow is stopped to allow
further interaction between the freestanding DA in the
separated plasma solution and the CNP attached to the
sensor’s surface. During the plasma separation and incubation
steps, proteins bind to the surface as observed in Figure 3¢ and
Figure 4b resulting in the inherent sensor baseline response
after the flushing step. At the same time, DA is captured on the
CNP surface proportional to the total free DA in the solution
producing a total sensor response of Al,. The total sensor
response at this state will correspond to A4,—AA4,. Finally, the
plasma is flushed with PBS cleaning the proteins from the
sensor surface. However, residual protein electrostatically
attached to the surface produces background spectral shift
(AA;). The sensor response toward DA is then estimated as
the total response minus the final background: (A4,—4y)—AAL,.
Figure 4b shows the LSPR time evolution during the assay in
the integrated device for three DA concentrations, 100 nM, 10
nM, and 1 nM, along with one control sample without DA.
The combined sensor response for these four samples is
plotted in Figure 4c, which indicates detection of DA in the
range of 1 nM. This initial detection range typically benefit in
the detection of DA in dopamine-secretting paragangliomas
tumors whose typical levels are from 1 to 363 nM
concentrations.” Standard analytical methods for DA detec-
tion, see Table S1, reach low detection limits or selectivity at
the trade-off between long assay times and laborious sample
preparations protocols. In contrast to other detection
techniques like ELISA or HPLC where extensive sample
preparation is required, the proposed method preforms
detection directly from whole blood. The preliminary 1 nM
detection limit and 5 min detection time from whole blood are
comparable and well within the standard norms. These
systematic measurements show that with additional design
optimization the detection limit can be further reduced.
Moreover, this principle can be straightforwardly extrapolated

for the direct detection of various biomarkers directly from
blood even in the presence of various interfering species.

In this work, we present for the first time the demonstration
of DA detection from a complex biological fluid using an
enzyme-free DA plasmonic biosensor integrated with a
dynamic blood plasma separator chip. The relevance of this
work not only relies on the enzyme-free selective detection of
DA in the plasmonic sensor, but also the successful detection
from a complex matrix such as whole blood without sample
preparation in an integrated microfluidic device. This concept
opens up the opportunity for more complex label-free assays to
be developed to target potential antigen and biomarkers in raw
biological fluids using sensitive plasmonic substrates. However,
performing the detection of DA, as well as other antigen or
biomarkers, in plasma without preparation or purification is
susceptible to inherent protein fouling from the high protein
content in biological fluids, and hence, further work is still
needed to establish a generalized detection protocol. Overall,
the proposed label-free plasmonic biosensors have proven their
potential in low-concentration detection of biomarkers based
on a low cost integrated platform for future point of care
applications.
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