Check for
updates

SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED PHYSICS

Nanoplasmonic aptasensor for sensitive, selective, and
real-time detection of dopamine from unprocessed

whole blood
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Neurotransmitters are crucial for the proper functioning of neural systems, with dopamine playing a pivotal role
in cognition, emotions, and motor control. Dysregulated dopamine levels are linked to various disorders, under-
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scoring the need for accurate detection in research and diagnostics. Single-stranded DNA (ssDNA) aptamers are
promising bioreceptors for dopamine detection due to their selectivity, improved stability, and synthesis feasibil-
ity. However, discrepancies in dopamine specificity have presented challenges. Here, we surface-functionalized a
nano-plasmonic biosensing platform with a dopamine-specific ssDNA aptamer for selective detection. The bio-
sensor, featuring narrowband hybrid plasmonic resonances, achieves high specificity through functionalization
with aptamers and passivation processes. Sensitivity and selectivity for dopamine detection are demonstrated
across a wide range of concentrations, including in diverse biological samples like protein solutions, cerebrospinal
fluid, and whole blood. These results highlight the potential of plasmonic “aptasensors” for developing rapid and
accurate diagnostic tools for disease monitoring, medical diagnostics, and targeted therapies.

INTRODUCTION
Neurotransmitters regulate neural function and well-being in ani-
mals, requiring a balanced interplay of neurological hormones for
proper bodily function. Among these, dopamine (1) stands out as a
critical neuromodulator, playing a pivotal role in regulating cogni-
tion (2), emotions such as happiness or pleasure (3, 4), and motor
skills (5, 6). Dysregulation of dopamine concentrations in humans
is associated with a range of neurodegenerative disorders such as
Parkinson’s (7) and Alzheimer’s disease (8), neurodevelopmental
conditions like attention-deficit hyperactivity disorder (ADHD) (9)
and Tourette syndrome (10), and psychological complications such
as bipolar and schizophrenia (11, 12). In addition, abnormal dopa-
mine levels can serve as a diagnostic indicator for specific types of
cancers (13-17). Hence, accurate and reliable detection of dopa-
mine concentrations is critically important for the development of
pharmaceutical drug research and medical therapies (18).
Conventional techniques use antibody-based enzyme-linked im-
munosorbent assay (ELISA) (19, 20) or high-performance liquid
chromatography (HPLC) for dopamine isolation, coupled with
detection methodologies including fluorescence spectrometry (21),
colorimetric analysis (22), mass spectrometry (23), or electrochemi-
cal reactivity (24-27). These methods, however, suffer from com-
plexities in assay preparation, feasibility, long response time, and
selectivity, making them unsuitable for point-of-care applications.
Moreover, detecting dopamine directly from unprocessed whole
blood with high accuracy and specificity poses considerable chal-
lenges, primarily due to its low concentration and the presence
of interfering molecules (28). Standard detection methods often
use indirect approaches targeting major dopamine metabolites
like homovanillic acid (HVA) (29) or use catecholamine tests that
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measure combined levels of dopamine, epinephrine, and norepi-
nephrine (30, 31) but lack specificity and require complex sample
preparation.

In recent decades, electrochemical methods, such as cyclic
voltammetry, have emerged as promising tools for the direct, label-
free detection of dopamine owing to its simplicity, low cost, and
rapid response (32). These methods involve modifying electrodes
with various sensing enhancers, offering a viable alternative for
detection (33-36). However, because dopamine and several other
structurally related catecholamine neurotransmitters have similar
redox potentials (37), achieving selectivity remains a major chal-
lenge, particularly in complex matrices such as blood or cerebro-
spinal fluid in the brain. Moreover, an electroactive environment
can generate unwanted oxidation products, leading to biofouling of
the electrodes, ultimately resulting in poor performance and sensor
instability (38). Optical sensors are a strong candidate in the sensi-
tive and label-free detection of such small molecules, with many
such studies been shown using photonic, plasmonic, or optoelec-
tronic response for quantitative analyses (39-42). These systems,
however, although versatile, still suffer from issues such as selectiv-
ity, reproducibility, and reliability.

Aptamers, artificial bioreceptors, have emerged as excellent can-
didates for the specific detection of several neurotransmitters (43,
44), including dopamine. These are usually short, single-stranded
RNA or DNA (ssRNA or ssDNA)-based oligomer proteins, having
a particular nucleotide sequence that can selectively bind to a spe-
cific target molecule with high affinity (45, 46). Aptamers can target
a wide variety of ligands (47), ranging from simple ions and small
molecules, such as neurotransmitters, to large macromolecules like
proteins, peptides, viruses, and even whole cells (48). Aptamers are
typically selected in vitro from an RNA or DNA pool via SELEX
(systematic evolution of ligands by exponential enrichment) proce-
dure (49, 50). Because of ease of synthesis, good shelf life, and high
specificity, they have found applicability as receptors in biosensors
for clinical diagnosis and therapy. Recent studies have shown sev-
eral dopamine-specific aptamers being developed (51), with the first
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one being an RNA-based aptamer (52). However, because of limited
stability and difficulty in synthesis of RNA (53), a DNA homolog
(57 base pairs) was subsequently developed to enhance specificity
and affinity for dopamine (54). More recently, a shorter DNA ap-
tamer (44 base pairs), obtained through direct selection (55), has
been reported to exhibit even higher affinity and selectivity (56).
Although, both DNA aptamers have shown potential for dopamine
detection across various studies (57-60), recent contradictory re-
sults (61) regarding their specificity have complicated efforts toward
a comprehensive understanding.

In this study, we assess the performance of an all-optical, surface-
functionalized plasmonic biosensing platform for the detection of
low concentrations of neurotransmitter dopamine directly from
diverse biological samples, including protein solutions, artificial
cerebrospinal fluid (aCSF), and unprocessed whole blood. The pro-
posed sensor exhibits highly sensitive narrowband hybrid plasmonic
resonances that is tunable across the visible to near-infrared (NIR)
spectral range, making it extremely responsive to local alterations as
shown in our earlier works (48, 62, 63). The sensor surface is func-
tionalized with dopamine-specific aptamers, followed by a passiv-
ation procedure to mitigate unwanted charge-induced biofouling
and nonspecific bindings. Here, we compare the efficacy of two
distinct dopamine-specific ssDNA aptamers, named 57-mer and
44-mer based on their respective base-pair lengths, to determine
their suitability for detecting dopamine concentrations in general
phosphate-buffered saline (PBS) solutions. Our results reveal supe-
rior binding affinity and sensitivity of the 44-mer at high concentra-
tions compared to the 57-mer counterpart. We experimentally
demonstrate a broad detection range spanning several orders of
magnitude, with a sub-nanomolar detection limit in standard 1x
PBS solution, bovine serum albumin (BSA) solution, and aCSF. All
these cases demonstrate a strong concentration-dependent signal
correlation with minimal interference. Additional tests exhibit good
selectivity against dopamine-related catecholamines and metabo-
lites. Last, integrating the optical biosensing platform with a flow-
based microfluidic channel setup allows real-time monitoring of
dopamine levels directly from unprocessed whole blood based on
a layout that we reported earlier (63), achieving a detection limit in the
range of 1 nM. The versatility of the proposed integrated platform

holds promise for simultaneous real-time detection of several neu-
rotransmitters with excellent selectivity. We envision that such
aptamer-integrated optical biosensors will serve as a robust plat-
form for label-free, noninvasive, and real-time detection of neu-
rotransmitters with exceptional specificity and sensitivity, with
minimal interference, revolutionizing biomedical/clinical diagnos-
tics and monitoring.

RESULTS

The proposed biosensing platform consists of a surface-functionalized,
highly sensitive plasmonic sensor integrated with a polydimethylsi-
loxane (PDMS)-based microfluidic chip for detection in physiologi-
cal fluids as shown in Fig. 1A. The plasmonic sensor consists of an
array of three-dimensional (3D) hole-disk arrangement of optically
thin metal that is asymmetrically coupled to an underlying resonant
cavity with a reflector underneath as shown in our previous works
(48, 62-65). Figure 1 (B and C) presents scanning electron micros-
copy (SEM) images of the nanostructured surface (top) and vertical
cross section (bottom) of a fabricated plasmonic biosensor, respec-
tively, providing detailed insights into its morphology and structure.
The nanostructured surface is fabricated using a large-area parallel
nanoimprinting method that enables fabrication of robust and reli-
able sensors, exhibiting multiple hybrid plasmonic resonances in the
visible-NIR spectral region (64, 65). This is due to the strong coupling
between the top localized surface plasmon (LSP) mode and the pho-
tonic cavity mode, resulting in strong, narrowband hybrid resonanc-
es that are highly sensitive to local changes in effective refractive
index. Previous works have shown the reliable replication of narrow-
band plasmonic responses, which can be enhanced through auto-
mated imprinting methods (48, 63). The cavity-coupled plasmonic
biosensor exhibits multifold enhancements in the local electric field
intensity over the nanostructured surface at the spectral hybrid plas-
monic resonances. The finite-difference time-domain (FDTD)-
simulated electric near-field magnitude profiles at different perspectives
at one such LSP resonance (LSPR; wavelength, 842 nm) are shown in
Fig. 1 (D, top, and E, cross section). The electric field mode in Fig. 1D
(xy plane) appears dipolar due to the polarization of the incident
excitation being linear in the xy plane (64). The cavity is composed of
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Fig. 1. Description of plasmonic biosensor platform. (A) Schematic of integrated plasmonic biosensor platform. Top inset shows specificity of surface-functionalized
DNA aptamer in presence of other interfering species, where the aptamer binds selectively to dopamine. Bottom inset shows a cartoon representation of the plasmonic
biosensor. (B and €) Scanning electron microscopy (SEM) image of the biosensor showing surface (B) and cross-sectional (C) view. (D and E) Finite-difference time-domain
(FDTD)-predicted local electric near-field enhancement at A = 842 nm, 2 nm above the surface (D) and cross section (bottom).
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an ultraviolet (UV)-cured negative epoxy resist SU-8 that offers
structural rigidity. To mitigate epoxy swelling during biosensing
applications, which can induce unpredictable and irreversible changes
in spectral information (66), a conformal and uniform coating of
20-nm aluminum oxide (AL,O3) layer is deposited using atomic layer
deposition (ALD) after nanoimprinting, which prevents undesired
fluid diffusion into the epoxy. In addition, the plasmonic surface is
made of optically thin gold (30 nm) coated via electron beam (eb-
eam) deposition, which ensures inertness and thus exhibits negligible
oxidation and reactivity in almost all environmental conditions (48).

In the first study, we determined the functionalizing assay (67)
appropriate for low-concentration dopamine detection. For this,
two custom-modified thiol-terminated (—S=S—) ssDNA-based ap-
tamers (Integrated DNA Technologies Inc.) of different base-pair
lengths, one having 57 base pairs and the other having 44 base pairs,
are chosen. The two custom ssDNA aptamers, named according to
their base-pair lengths as “57-mer” and “44-mer” have similar storage

A

conditions, activation, and surface functionalization protocols.
Figure 2A shows a schematic of the overall strategy for surface modifi-
cation and detection. The pristine sensors are initially functional-
ized with the thiol-activated aptamers that covalently bond to the
gold, creating a dopamine-specific selective monolayer. Even so,
detecting biomarkers in unfiltered or minimally purified bio-samples
(blood, plasma matrix, or cerebrospinal fluid) can be challenging
due to electrostatic accumulation of proteins on the negatively
charged gold surface, leading to unwanted biofilm adsorption. This
can hinder the actual positive signal acquired because of the desired
biomarker-selective binding. To mitigate this issue, a surface pas-
sivation technique based on self-assembled monolayer of thiol-
terminated 6-mercapto-1-hexanol (6-MCH) is subsequently coated
on the surface. This approach is a common strategy for passivating
gold-based platforms (67), helping to alleviate the problem of pro-
tein biofouling. Following the surface modification, the system’s
far-field reflectance response undergoes redshifts (Fig. 2C) slightly,
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Fig. 2. Aptameric surface functionalization for selective detection. (A) Representation of the neurotransmitter detection scheme: (i) The sensors are batch-prepared
and cleaned, (ii) the sensor surface is functionalized with a thiol-based dopamine specific DNA aptamer to create a monolayer, (iii) the surface is further passivated with
6-mercapto-1-hexanol (6-MCH) to reduce further biofouling from interfering species, and (iv) a buffer matrix containing different neurotransmitters and biomolecules is
introduced for selective dopamine (Dopa) binding to the sensor surface. (B and C) Atomic force microscopy (AFM) image of first-order mechanical phase (M1P) showing
the surface morphology before (B) and after (C) the binding events. (D) Experimental spectra of one of the plasmonic biosensor surface before (blue curve) and after (red
curve) the surface modification events. (E) Bridge plot showing the spectral change for corresponding surface modification events denoted in the x-coordinate. DAPA,

thiolated ssDNA aptamer.

Biswas et al., Sci. Adv. 10, eadp7460 (2024) 4 September 2024

30f9

202 ‘0 Jequeldss uoepliod enua) 10 AlSBAIUN T 610°80Us 10s MMM/ ST1Y LWoJJ papeo uMOq



SCIENCE ADVANCES | RESEARCH ARTICLE

which is taken as the baseline for our target analyte detection. After
the sensor’s functionalization with thiolated ssDNA aptamers and
surface passivation with MCH chemistry, the activated system is
ready for subsequent measurements and tests pertaining to aptamer
selection and dopamine detection via optical spectroscopy and
analysis (see Materials and Methods for details). Figure 2B presents
the biosensor surface topography imaged using atomic force mi-
croscopy (AFM). The surface profile here is represented by the first-
order mechanical phase amplitude (M1P) of the AFM tip, which
carries information regarding the “softness” of the surface. Because
of minimal thickness of the surface variations following aptameric
functionalization (a few nanometers), they are not discernible in the
z-variation profile (68), but a distinct change in surface morphology
can be observed in the phase profile (Fig. 2, B and C). The detailed
interpretation of M1P has been explained in Materials and Methods.

The primary investigation aims to evaluate the effectiveness of
two aptamers in detecting elevated levels of dopamine. For this pur-
pose, several concentrations of dopamine, ranging from 5 to 100 mM,
in PBS (1X) was prepared. PBS maintains a consistent pH, ensuring
biomolecular stability, and provides controlled ionic strength, mimick-
ing physiological conditions, which is crucial for preserving the
proper conformation and function of biomolecules. In addition,
PBS minimizes nonspecific interactions and biofouling, enhancing
sensor specificity and reliability. Subsequently, these concentrations
were incubated separately on two distinct biosensors: one function-
alized with a 57-mer aptamer and the other with a 44-mer aptamer.
After a 20-min incubation period, the biosensor surface is rinsed
with molecular-grade water and air-dried at room temperature for
5 min. The thiolated end of the aptamer covalently attaches to the
gold surface, while the active end selectively binds to the diluted
dopamine, inducing a conformational change that generates local
variations in the near field of the biosensing surface. The high sensi-
tivity of the plasmonic sensor’s optical near field to these fluctua-
tions results in a corresponding far-field response, manifesting as a
resonance redshift in the optical spectra. Figure 3 shows the corre-
sponding LSPR shifts obtained for the dopamine concentrations in
the abovementioned range. The 57-mer (Fig. 3A) shows a higher
baseline at control compared to the 44-mer (Fig. 3B), possibly due to
being a longer chain oligomer. Furthermore, at higher concentra-
tions, the 57-mer reaches saturation, whereas a linear trend can be
seen for the 44-mer. This can be explained by the fact that the LSPR
shift being detected is sensitive to near-field changes and that the
57-mer being a long chain does not sufficiently alter the plasmonic
near field after dopamine binding beyond a certain concentration.
Therefore, for the subsequent dopamine sensing measurements, we
chose the 44-mer aptamer for the sensor functionalization.

To assess surface coverage for efficient detection of low dopamine
concentrations, we initially tested two concentrations of aptamers,
1 and 10 pM, shown in fig. S3. For low dopamine concentration (1 nM)
in buffered solution, the device with 1 pM aptameric coverage falls
within the baseline resolution. The subsequent measurements
have therefore been performed with an aptamer concentration of
10 pM. Following this, we prepare several different concentrations of
dopamine in PBS solution and incubate them onto functionalized
sensor surfaces for 20 min. The incubated sensors are thoroughly
rinsed with molecular-grade water and air-dried, followed by subse-
quent optical spectra measurements. Figure 4A shows the LSPR shift
for various concentrations of dopamine in PBS up to a low concentra-
tion of 1 nM. We observe a good sigmoidal trend (like a cumulative

Biswas et al., Sci. Adv. 10, eadp7460 (2024) 4 September 2024
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Fig. 3. Comparison of detection threshold for two different dopamine specific
ssDNA aptamers. Spectral characterization of the sensor responses for different
concentrations of dopamine in PBS buffer for surface functionalization with (A) 57-base
pair DNA aptamer and (B) 44-base pair DNA aptamer.

distribution curve) in the measured LSPR shift with increasing dopa-
mine concentration, shown here up to 10 mM, indicating the wide
dynamic concentration range of the measurement setup. In addition,
dopamine presents several structurally related precursors and me-
tabolites that could potentially interfere with accurate detection and
hinder the reliability of the assay. Subsequently, we conducted mea-
surements to check for the specificity of the proposed detection plat-
form in presence of such interfering neurotransmitter species closely
related to dopamine. Figure 4B shows the LSPR shift obtained on
incubation of the biosensor with several potential interfering neu-
rotransmitter molecules like L-3,4-dihydroxyphenylalanine (L-DOPA),
epinephrine, 3,4-dihydroxyphenylacetic acid (DOPAC), and HVA,
prepared at a concentration of 10 mM in PBS, following a similar assay
protocol as the prior experiments. A baseline control measurement is
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Fig. 4. Detection and biofouling studies in different biological matrices. (A) LSPR shift versus concentration of dopamine in PBS. (B) Spectral characterization of sensor
response in the presence of interfering species [L-3,4-dihydroxyphenylalanine (L-DOPA), epinephrine, and HVA] compared to that of dopamine for the same concentration
(10 mM) in PBS buffer. (C) LSPR shift versus concentration of dopamine in BSA-spiked PBS solution and (D) in aCSF (1x). p, pico; n, nano, p, micro; m, milli.

established by incubating unperturbed PBS on the biosensor. The ob-
served shift for the equivalent concentration of dopamine in PBS is
also depicted. All measured responses for interfering species are con-
sistently at or below the baseline, in contrast to the response observed
for a similar concentration of dopamine, demonstrating exceptional
specificity and resistance to biofouling of the functionalized and pas-
sivated biosensing platform.

In real-world applications, a biosensor’s performance is crucial,
particularly in dynamic assays containing diverse interfering mol-
ecules such as proteins, lipids, blood cells, and neurotransmitters.
To evaluate the biosensor’s efficacy in such scenarios, assessments
were conducted across two different biological matrices: BSA and
aCSF. BSA, a standard protein with chemical similarity to human
serum albumin, was used for its established protein concentration
benchmark. Lyophilized BSA was dissolved in PBS buffer to create
a 0.1% w/v solution, to which varying concentrations of dopamine
were added and drop-casted onto the post-functionalized biosen-
sor surface. Similarly, aCSF spiked with dopamine was drop-casted
onto the passivated biosensors. After a 20-min incubation at room
temperature, the biosensors were gently rinsed, air-dried, and sub-
jected to optical spectrum collection. Figure 4 (C and D) illustrates
the LSPR shift for different dopamine concentrations in spiked BSA
and aCSF solutions, respectively. The LSPR shift observed for incu-
bation with unspiked BSA was ~0.47 + 0.07 nm, slightly higher
than in the previous case. In contrast, the LSPR shift for aCSF with-
out dopamine was notably higher at 2.31 + 0.59 nm. Nevertheless,
a consistent increasing trend in LSPR shift with dopamine concen-
tration was observed, indicative of the biosensor’s specificity and

Biswas et al., Sci. Adv. 10, eadp7460 (2024) 4 September 2024

resistance to surface binding effects. Furthermore, a consistent
monotonic trend in the LSPR shift for various dopamine concen-
trations underscores the biosensor’s superior selectivity, with mea-
sured detection limits of about 100 pM for BSA and 90 pM for aCSE.

The main hurdle in point-of-care diagnostics and portable bio-
sensor applications lies in effectively detecting biomarkers within
unprocessed or minimally processed complex samples like whole
blood, where biofouling as well as harsh environmental conditions
can disrupt bio-aflinity layers, rendering them ineffective for detec-
tion. To address this, we use a flow-based system incorporating a
functionalized plasmonic biosensor integrated with an on-chip,
transparent microfluidic flow channel derived from our earlier
works (48, 63). This setup, as schematically depicted in Fig. 5A, fea-
tures dual inlets and outlets for introducing a buffer solution and the
target detection matrix (e.g., whole blood). In our experimental pro-
tocol, bovine whole blood (~35% hematocrit) is spiked with dopa-
mine in PBS solution to generate varying dopamine concentrations
while maintaining consistent hematocrit levels (refer to Materials
and Methods for detailed procedures). Control samples consist of
whole blood mixed with an equivalent volume of unspiked PBS.

To initiate the experiment, PBS buffer is first introduced into the
functionalized sensor region via one inlet at a low flow rate until
the LSPR signal stabilizes. Subsequently, the PBS channel is sealed,
and the blood sample is introduced through the second inlet, cov-
ering the sensing region. After a 2-min flow period, the system is
allowed to incubate for 5 min. Following this incubation, the PBS
solution is reintroduced to remove excess blood components, in-
cluding blood cells, plasma, and proteins. Figure 5B illustrates
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at different stages during measurement. (C) LSPR shift versus concentration of dopamine spiked in bovine whole blood.

the dynamic evolution of the LSPR signal during these flow steps
for varying concentrations of dopamine in blood, including the un-
spiked blood (control). Throughout the blood flow phase, a consid-
erable redshift in the tracked LSPR signal is observed, persisting
during the incubation period with occasional perturbations due to
dynamic changes in the near-field refractive index resulting from
events like the introduction of macromolecular blood cells and
temporary loss of spectral tracking. However, flushing with the PBS
buffer restores the LSPR tracking signal, albeit with a slight baseline
shift attributable to dopamine binding. This change in the baseline
LSPR shift after flushing (Fig. 5B) is indicative of surface modifica-
tion via dopamine capture by the functionalized aptamers. Notably,
the control set, devoid of dopamine, exhibits an extremely small
baseline shift (~0.042 = 0.031 nm), indicating the exceptional sta-
bility and resistance of the biosensing surface against external con-
tamination. Figure 5C presents the experimentally determined
differential baseline LSPR shifts corresponding to different concen-
trations of spiked dopamine in blood, suggesting a limit of detec-
tion within the range of 1 nM. Compared to conventional detection
techniques requiring extensive sample preparation, our proposed
biosensing platform offers direct and highly specific detection of
neurotransmitter dopamine from whole blood within a rapid re-
sponse time of 5 min, paving the path forward for real-time moni-
toring of dopamine directly from unprocessed blood.

DISCUSSION

In recent years, there has been an increasing demand for blood-based
neurotransmitter detection methods that not only provide sensitive
and selective responses but also are affordable, reliable, and user-
friendly. Conventional techniques like HPLC and ELISA, paired with
various detection methods, are limited by complexities in sample
preparation, response time, and selectivity. In addition, traditional
blood detection methods often target major dopamine metabolites
like HVA or use catecholamine tests, but they lack specificity. Over-
all, the lack of sensitivity, specificity, long response times, high com-
plexity, and cost render these methods inadequate for point-of-care
applications.

Biswas et al., Sci. Adv. 10, eadp7460 (2024) 4 September 2024

In this context, aptamers, as artificial bioreceptors, present a
promising avenue for specific neurotransmitter detection. This work
presents an all-optical, aptamer-based plasmonic biosensor showcas-
ing exceptional sensitivity and selectivity in detecting the neurotrans-
mitter dopamine. The biosensor is surface-functionalized with a
thiol-modified aptamer with remarkable specificity toward dopa-
mine, while a self-assembled passivation layer based on MCH mini-
mizes biofouling. Optical sensing performance comparison between
two distinct thiol-modified ssDNA aptamers reveals the shorter-
chained 44-mer as the optimal candidate. In addition, sensing ex-
periments conducted in PBS solutions and biological matrices like
BSA-spiked solution and aCSF demonstrate excellent picomolar-
level concentration-dependent correlation and minimal cross-
interference from similar dopamine-related agents. Furthermore, the
biosensor’s ability to detect dopamine directly from whole blood,
with a detection limit of 1 nM and a rapid response time of 5 min,
exhibits superior selectivity and sensitivity, underscoring its poten-
tial for point-of-care diagnostics and portable biosensor applications.
Because of the stability of the thiol-gold covalent bond between the
modified aptamer and the sensor surface, sensor reusability is diffi-
cult, requiring an extensive chemical cleaning protocol, and hence is
discarded after every detection measurement. Nonetheless, the ease
of fabrication allows mass production of such biosensors in batches,
making it robust and reliable. Moreover, the microfluidic integrated
biosensing chip is capable of measuring neurotransmitter directly
and rapidly from minimally processed/unprocessed complex matri-
ces via simple optical response. This platform holds promise for
addressing unmet needs in real-time monitoring of neurological
biomarkers and improving patient care through early and accurate
detection of neurotransmitter imbalances.

MATERIALS AND METHODS

Biosensor fabrication

Inverse PDMS stamp fabrication

As an initial step, a pristine silicon wafer is cut and cleaned with
acetone, isopropyl alcohol, and deionized water, followed by nitro-
gen blow-dry. A thin layer of electron-resist (PMMA C4, Kayaku
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Advanced Materials) is spin-coated on the wafer to generate a thick-
ness of about 350 nm. An ebeam lithography system (Raith Nano-
fabrication GmbH) is used to generate the nanostructured hole-disk
pattern onto the coated wafer, followed by post-baking at 180°C and
then developed in methyl isobutyl ketone/isopropyl alcohol (1:3)
developer for 50 s to generate a master design pattern. This master
pattern is then used to create an inverse PDMS-based stamp that
would be used for subsequent nanoimprint lithography.

Plasmonic sensor fabrication

The fabrication protocol for the biosensors begins with fused silica
glass slides as the base substrate. These glass slides are cut into square
shapes and sonicated in an acetone bath for 1 hour, following which
they are cleaned with isopropyl alcohol and deionized water, and
blow-dried with inert nitrogen gas. The pristine glass slides are then
coated with a thin layer of 5-nm titanium (Ti) as an adhesion layer,
followed by 100 nm of gold (Au) via ebeam evaporation (AJA Inter-
national Inc.), to create the reflector base. This is followed by spin
coating of a negative-toned photoresist SU-8 2000.5 (Kayaku Ad-
vanced Materials) to generate a dielectric cavity (~760 nm). The sub-
strate is then pre-baked at 95°C for 1 min. The nanostructured
pattern is thermally nanoimprinted onto the SU-8 using the PDMS
inverse stamp fabricated before. This is followed by an exposure
under UV light (365 nm) for 5 min to cross-link and cure the pat-
terned photoresist. A 20-nm conformal layer of aluminum oxide
(AL O3) is deposited on the nanopatterned device using ALD (Ultra-
tech Savannah S200). Last, the substrate is coated with a 3-nm Ti and
30-nm Au via ebeam evaporation to generate the 3D separated hole
and disk metallic pattern. This concludes the fabrication process
of the plasmonic biosensor, which enables the production of many
samples in one batch.

Biosensor surface functionalization and

passivation protocols

Materials and reagents

The thiol-modified ssDNA aptamers were custom-synthesized and
received from Integrated DNA Technologies Inc. The two aptamers,
named aptly based on their base-pair lengths as 57-mer and 44-mer,
have the following base-pair sequences, respectively: (i) 5'-/
ThioMC6-D/-GTC TCT GTG TGC GCC AGA GAC ACT GGG
GCA GAT ATG GGC CAG CAC AGA ATG AGG CCC and (ii)
5'-/ThioMC6-D/CGA CGC CAG TTT GAA GGT TCG TTC GCA
GGT GTG GAG TGA CGT CG-3'. Both aptamers were centrifuged
at 1000 rpm for 5 min, and each of them was divided into 3-pl ali-
quots of 100 pM concentration, after which they were stored in the
freezer at —20°C until further use. Sodium chloride (NaCl; >99%),
sodium phosphate dibasic (Na,HPO4; >99%), potassium phos-
phate monobasic (KH,;POy; >99%), magnesium chloride (MgCly;
>95%), 6-MCH (99%), hydrolyzed polyvinyl alcohol (>99%), tris(2-
carboxyethyl) phosphine hydrochloride (TCEP), and dopamine
hydrochloride powder [(HO),C¢H3CH,CH,NH,-HCI] were all pur-
chased from Sigma-Aldrich. Potassium chloride (KCI; >99%) was
purchased from Thermo Fisher Scientific. Potassium hydroxide
(KOH; 10 M) was procured from LabChem (TCP Analytical Group).
Molecular-grade water was used for all experiments and was pur-
chased from InterMountain Life Sciences. BSA (lyophilized powder,
>96%) was purchased from Sigma-Aldrich. aCSF (sterile) solution
was purchased from BioChemazone, for which the pH was verified
to be ~7.36. Bovine whole blood (in sodium EDTA) was purchased
from Lampire Biological Laboratories.

Biswas et al., Sci. Adv. 10, eadp7460 (2024) 4 September 2024

Aptamer and buffer preparation

The PBS solution was freshly prepared by diluting NaCl, KCL,
Na,HPO,, and KHPOj in the standard ratio in molecular-grade
water. The pH was adjusted to be about 7.4 + 0.1. The folding buffer
for the aptamers was prepared by adding 2 mM MgCl, to PBS. The
reducing buffer was prepared by mixing TCEP in cold molecular-
grade water to achieve an initial stock concentration of 100 mM. The
pH is made neutral (~7.0) by adding 10 M KOH. Before aptamer
reduction, the reducing buffer is diluted with PBS to prepare 10 mM
solutions. The protocol for aptamer activation is similar for both
57-mer and 44-mer and is given as follows: A 3-pl frozen aptamer
aliquot is thawed at room temperature, after which it is diluted
with the folding buffer to prepare a concentration of 10 pM. This
mixture is placed in a water bath set at 95°C for 5 min to induce
aptamer folding. The mixture is then removed and allowed to cool
down at room temperature for 10 min. It is diluted further with the
reducing buffer in a 1:1 ratio and incubated for 15 min to allow
thiol-reduction. The final working concentration of the aptamer
solution is 10 pM.

Surface functionalization and passivation

Before functionalization, the biosensors are cleaned with ethanol
and dried with nitrogen gas, followed by 2 min of oxygen plasma
cleaning in a plasma chamber. Thick PDMS films (~2 mm) with
3-mm-diameter holes were prepared for aptamer confinement
over the sensor surface. The PDMS surface was made hydrophilic
by activation in an oxygen plasma chamber. The PDMS wells were
then placed on top of the sensors, and 4 pl of aptamer solution was
drop-casted in them. The samples are then sealed and allowed to
incubate for 4 hours. After incubation, the sensor surface is washed
with molecular-grade water three times to remove excess un-
bounded aptamers. After the functionalization procedure, 4 pl of
1 mM ethanolic solution of 6-MCH is added to each sensor region
for surface passivation. The samples are resealed in a petri dish and
stored at 4°C for 1 hour. After passivation, the unbounded 6-MCH
was removed by cleaning the surface three times with molecular-
grade water. This concludes the functionalization and passivation
protocol. The functionalized sensor surface is kept hydrated with a
small amount of binding buffer until it is used for the bio-detection
experiment.

Experimental characterization and analysis

Sample preparation

Dopamine hydrochloride powder is diluted in PBS solution to make
an initial concentration of 100 mM. This is further serially diluted
with PBS to prepare subsequent lower order of magnitude concen-
trations. The precursors and metabolites of dopamine (L-DOPA,
epinephrine, DOPAC, and HVA) were all prepared accordingly
by dilution in PBS. For dilution in BSA, an initial concentration of
100 pM of BSA in molecular-grade water is prepared. This is fur-
ther serial diluted with dopamine in PBS solution to achieve the
final appropriate concentration. Similarly, dopamine is diluted in
aCSF (as purchased) to create an initial concentration of 100 mM,
which is further serially diluted in aCSF to generate subsequent lower
concentrations. For dopamine solutions in whole blood, 30 pl of
10 pM dopamine in PBS was mixed with 270 pl of whole blood to
generate 1 pM concentration of dopamine in blood. The same protocol
was followed to prepare all subsequent concentrations of dopa-
mine, including the control solution, for which unspiked PBS was
mixed with whole blood.
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Optical characterization

A single illumination wavelength intensity-based detection schemes
do not provide nano- to picomolar-level detection resolution of
small molecules like dopamine. A spectrometer (or plate reader in
medical terminology) is a common medical device nowadays pres-
ent in most diagnostic centers/clinics/hospitals, making spectro-
scopic detection a viable, accurate, and technologically relevant
solution. For the optical measurements, we used a custom-build
setup comprising of a grating spectrometer (HR2000+, Ocean
Optics) with a 0.035-nm spectral resolution, in reflection mode. The
LSPR in the collected reflectance spectra is fitted with a quadratic
function around the tracked resonance. The sensor’s LSPR shift re-
sponse is calculated by subtracting the sensor’s initial LSPR response
from the final LSPR response achieved after biofluid drop-casting,
incubation, and flushing. The error bars shown on the bar charts
(Figs. 3 to 5) are calculated by the SD of multiple spectral LSPR
shifts measured. The measurement for each dopamine concentra-
tion in the fluid matrix has been performed at least five times. For
the dopamine spiked in aCSF-based LSPR shifts, measurements
were performed at least eight times for each dopamine concentra-
tion before averaging.

Microfluidic integration

For microfluidic measurements, a PDMS-based transparent micro-
fluidic chip, fabricated using a standard soft lithography technique,
is laminated onto the functionalized biosensor’s surface. Before
lamination, the chip’s surface is treated in oxygen plasma for 4 min
to promote adhesion and induce hydrophilicity. The chip is then af-
fixed in place using an acrylic clamp. A customized optical setup
integrated with a flow-based system is used. The optical setup con-
sists of the same grating spectrometer in reflection configuration,
being used with a LabVIEW (National Instrument)-based spectra
logging and resonance tracking software that collects reflectance
spectra dynamically every second. The software also controls the in-
tegrated flow system (ElveFlow Microfluidics) that redirects the
desired fluids through the microfluidic channels over the measure-
ment region. After each measurement, the microfluidic chip was
thoroughly cleaned with deionized water and ethanol, followed
by 10 min of sonication with acetone, and stored in scotch tapes for
further measurements.

AFM measurements

The surface morphology experiments were performed by an AFM
setup (NeaSpec GmbH). In addition to the surface topography map-
ping, first-order mechanical amplitude (M1A) and phase (MI1P)
maps were simultaneously acquired by the system. The M1P maps
are useful in identifying separate sample species showing inhomo-
geneity in adhesion and stiffness (68). Sub-nanometer thin layer of
aptamers on the gold surface can be readily isolated from the M1P
maps in contrast to the topography maps, where the height varia-
tions are close to the surface roughness.

Simulations

We conducted numerical simulations to determine the reflectance
spectra and spatial electromagnetic profile at resonance using an
FDTD-based software (Ansys Lumerical FDTD). The simulation
geometry consists of multiple stacked layers: an initial 100-nm gold
backside reflector and a dielectric cavity having variable thickness
denoted as L. The top surface of the cavity consists of a hole, gener-
ated as a custom surface to replicate the actual depressed hole as
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seen in the SEM images. The relief depth and diameter of the hole
were both kept fixed at 300 nm. The hole was coated conformally
with a 20-nm layer of aluminum oxide (AL,O3). Last, a 30-nm gold-
based separated disk and hole is generated on the top. The system
period is kept fixed at 580 nm. Antisymmetric boundary conditions
were applied along the x-boundaries and symmetric boundary con-
ditions along the y-boundaries. The refractive index of the dielectric
cavity was set at 1.59 for the whole range, equivalent to SU-8’s index.
The dispersion data for gold and Al,O; were taken from Palik’s
handbook (69). Two profile monitors were used to calculate the
electric field intensity profile at resonance: one vertically through
the middle of the unit cell and one horizontally 2 nm above the gold
surface of the unit cell.

Supplementary Materials
This PDF file includes:
Figs.S1to S6
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