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Point-of-care testing (POCT) devices are crucial for clinical diagnosis. Presently, clinical biochemical testing
heavily relies on advanced analytical equipment, often necessitating bulky machinery and extended assay
periods. This study presents a localized surface plasmon resonance biosensor-based POCT platform that
integrates microfluidic methods for rapid and cost-effective detection of ABO/Rh blood types. The
autonomous system enables high-throughput detection of ABO/Rh blood types with high specificity and

sensitivity within 20 minutes using a spectrum based readout. Additionally, we have integrated eight
Received 17th March 2025 internal microfluidic channels into the portable system to facilitate a high-throughput detection soluti
Accepted 30th April 2025 internal microfluidic channels into the portable system to facilitate a hig roughput detection solution.

Moreover, the incorporation of microfluidic channels minimizes sample cross-contamination, thereby

DOI: 10.1035/d5ra01921d enhancing detection precision. We believe this rapid, convenient, and cost-effective blood typing
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1. Introduction

In recent years, there has been an increased demand for
sensitive, specific, and robust testing devices in clinical diag-
nosis, healthcare, food safety control, and environmental
monitoring." Currently, colorimetric, fluorescence, electro-
chemical, chemiluminescent, and liquid crystal-based assays
have been developed for biosensing applications owing to their
excellent sensitivity and high selectivity.>® However, large
equipment is still required, limiting their usage to laboratory
conditions only. Furthermore, fluorescent dyes and quantum
dots used in these methods are limited by biological toxicity and
complex fabrication procedures, restricting their application in
rapid clinical diagnosis of acute pancreatitis. In this context, the
emergence of POCT devices with simple, light-weight, low-cost
and rapid detection has facilitated the development of devices
suited for out-of-the-laboratory applications without dedicated
instruments and laboratory conditions for sensing, detection
and analysis.”
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platform can serve as a valuable tool in clinical POCT applications.

Several studies®*'* have detailed various signal read-out
systems for POCT strategies, encompassing fluorescence,
ELISA assay, and chemiluminescence assays. Among these
technologies, Localized Surface Plasmon Resonance (LSPR)
stands out as a promising avenue for POCT by converting bio-
reaction signals into spectral signals. Specifically, LSPR sup-
ported by noble metal nanocrystals and nanostructures can
concentrate incident light into nanoscale spatial regions,
enabling various crucial applications, like surface-enhanced
Raman scattering and biosensing. In comparison to tradi-
tional and commercially available sensors reliant on propa-
gating Surface Plasmon Resonance (SPR), LSPR sensors offer
simplicity, cost-effectiveness, and suitability for measuring
local refractive index changes due to the adsorption of target
biomolecules."®** Furthermore, SPR devices typically necessi-
tate large-scale, expensive equipment, intricate optics, and
precise component alignment. Conversely, LSPR sensors
present distinct advantages for POCT applications, featuring
simpler structures, lower costs, easier miniaturization, and
label-free detection. Consequently, as an alternative to
conventional bulk SPR sensors, LSPR biosensors have been
proposed for developing miniaturized biosensors. Thus, with
advancements in miniaturized UV-Vis light spectrometers and
portable computing, LSPR biosensor configurations can be
downsized to package-box sizes. This facilitates the streamlined
design of LSPR devices tailored for POCT diagnostic
applications.

Moreover, over the last decades, microfluidic devices have
found widespread applications across diverse fields.'>™®
Poly(dimethylsiloxane)-based (PDMS-based) technology stands

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra01921d&domain=pdf&date_stamp=2025-05-05
http://orcid.org/0000-0002-5158-0645
http://orcid.org/0000-0002-2634-5512
https://doi.org/10.1039/d5ra01921d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01921d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015018

Open Access Article. Published on 06 May 2025. Downloaded on 3/15/2026 11:32:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

as a cornerstone in biochemical analysis among these devices,
primarily manufactured through soft lithography techniques.
However, traditional photolithography requires skilled
personnel, expensive equipment, and intricate fabrication
processes within a high-maintenance cleanroom. By contrast,
laser cutter technology employs poly(methylmethacrylate)
(PMMA) to fabricate microchannels on double-sided adhesive
tape, integrating it with a plastic slab and a glass slide to create
a microdevice. Importantly, this method bypasses the need for
costly photolithography instruments. Well-designed micro-
channels can achieve both high-throughput detection and
prevent sample cross-contamination effectively. Therefore,
coupling LSPR biosensors with microfluidic devices signifi-
cantly enhances the detection capabilities of POCT devices.

Blood transfusion is widely applied in various clinical
treatments for patients experiencing massive blood loss, severe
anemia, and coagulation defects. Each year, it's estimated that
more than 75 million units of blood are collected and trans-
fused to address various clinical issues, particularly critical
lifesaving procedures.”?* Consequently, matching the donor's
blood group with the patient’s is crucial because agglutination
resulting from incorrect blood group transfusions can lead to
fatal consequences. The International Society of Blood Trans-
fusion (ISBT) classifies blood groups into several systems.
Among these groups, ABO and RhD are two of the most clini-
cally significant major blood types, distinguished by the pres-
ence or absence of isoagglutinins A, B, and/or D on the surface
of red blood cells (RBCs).?> However, due to the lack of a robust,
reliable bedside pretransfusion test method, several cases of
ABO incompatible transfusions are still reported worldwide
every year. Hence, there is still a need for a reliable and highly
sensitive POCT method for blood transfusions.

This study introduces an LSPR-based POCT platform
designed for clinical diagnostic applications. To minimize
required equipment, we opted for a portable spectrometer as
optical sensors for detecting LSPR spectra. Simultaneously, we
utilized bio-functionalized gold nanoparticles (NPs) in LSPR
biochips for specific binding of target biomolecules. This
greatly simplifies and enhances the flexibility of optical align-
ment and light coupling compared to a prism-based SPR
configuration. The LSPR-based POCT platform doesn't neces-
sitate large or expensive optical components. Optical compo-
nents and sensing elements are interconnected using optical
fibers and affixed onto the portable spectrometer. Additionally,
eight microfluidic channels were integrated into the current
POCT platform to enable high-throughput testing. To deter-
mine the optimal biosensing capability (plasmonic sensitivity)
of the POCT platform, a proof-of-concept LSPR sensing of RBCs
was conducted. This study presents an LSPR-based POCT plat-
form as a rapid and robust method for ABO/Rh blood typing.

2. Materials and methods
2.1 Materials

11-Mercaptoundecanoic acid, N-(3-dimethylaminopropxyl)-N'-
ethylcarbodiimide hydrochloride, N-hydroxysuccinimide, and
bovine serum albumin were purchased from Sigma-Aldrich
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(Schnelldorf, Germany). Ethanol, acetone, chloroform, and
carbon tetrachloride were acquired from Sigma-Aldrich
(Schnelldorf, Germany). Phosphate-buffer saline (PBS buffer,
pH 7.4), carbonate buffer solution (CBS buffer, pH 9.6), and
acetate buffer (pH 3.6) were received from Sigma (Schnelldorf,
Germany). Antibodies were provided by the Wuhan Blood
Center, Wuhan, China, including anti-A mono-clonal IgM
antibody (Lot: 57 014), anti-B monoclonal IgM antibody (Lot: 57
033), and anti-D (Rh) monoclonal IgG/IgM mixed antibodies
(Lot: 57 011). A total of 22 RBCs samples in ethylenediamine-
tetraacetic acid (EDTA) blood collecting tubes were provided
by Wuhan Blood Center, Wuhan. Blood grouping was identified
by the Wuhan Blood Center using micro-column (gel) and the
slide agglutination assay. All procedures have been approved by
Wuhan Blood Center Ethics Committee and performed in
accordance with the ethical standards (no. KY2024-101).

For the all the rinsing steps and dilutions, ultrapure distilled
water (18.2 MQ cm) was used, which was produced by a milli-
pore Milli-Q water purification system (Molsheim, France). An
ultrasonic water bath (Elmasonic S30H) was used for sample
cleaning.

2.2 Design, fabrication of the microfluidic layer

The microfluidic layers were manufactured by using a CO, laser
cutter (Laser Technology, Shenzhen, China), with a resolution
of —100 um. The microfluidic layer has a dimension of 25 mm
x 75 mm. The microfluidic layer was fabricated by PMMA
(YongChip, Zhejiang, China). Inlets and outlets were drilled on
the plastic cover layer. After nitrogen-blowing-based cleaning,
double-sided adhesive films were used to assemble the two
layers.

2.3 Fabrication of well-organized gold NPs on glass
substrate

The fabrication of gold nanoparticles (NPs) followed the
procedure outlined in previous studies.”*** Initially, glass slides
(25 mm x 75 mm) were employed as substrates for depositing
a thin gold film. Prior to evaporation, the glass slides were
affixed to plastic vertical sample holders and immersed in
a cleaning solution comprising a mixture of detergent (Decon
90) and deionized water (in a 2 : 8, v/v ratio). Subsequently, the
samples were subjected to ultrasonication in a water bath at 50 ©
C for 15 minutes. Following this, the cleaned samples were
thoroughly rinsed with deionized water, dried under a stream of
N,, and subjected to three additional rounds of ultrasonication
washing in deionized water at 50 °C for 5 min each. Next,
a microfluidic layer was integrated onto the clean glass slides to
serve as a mask during the gold evaporation process. For the
evaporation step, the prepared glass slides with microfluidic
layer masks were positioned on a circular evaporation plate with
a diameter of 200 mm. Gold evaporation was carried out in an
evaporator using the electron beam evaporation mode at room
temperature under high vacuum conditions (pressure of 1.0 x
107° torr). The evaporation rate was maintained at approxi-
mately 0.01 nm s '. The thickness of the gold film was moni-
tored using a built-in quartz crystal sensor. After evaporation,
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a 4 nm gold film was coated onto the sample surface. Subse-
quently, the microfluidic layer masks were carefully removed
from each sample, and the patterned glass slide substrates were
transferred to a high-temperature oven for thermal annealing at
550 °C for 8 h in an oxygen atmosphere. This process resulted in
the formation of well-organized gold nanoparticles on the glass
substrate.

2.4 Surface characterization

Gold NPs were characterized by a scanning electron microscope
(SEM) (5-4800, Tokyo, Japan) and an atomic force microscope
(AFM) (Bruker ICON, USA) with cantilever ScanAsyst-Air in
silicon nitride with a tip height of 2.5-8.0 mm. A spring
constant of 4 N m™" and a reflective aluminum coating on the
back side in standard ScanAsyst-Air mode were used to char-
acterized the surface of the annealed coverslips for surface
morphology information.

Utilizing the microfluidic layer mask on the glass slide
surface facilitated the creation of 24 well-defined, independent
zones coated with gold NPs after the annealing process. For the
surface characterization (SEM and AFM), three small round
patterns within a single independent channel were specifically
chosen in this study.

2.5 LSPR spectra measurement by optical
spectrophotometer

It should be noted that the LSPR extinction spectra were
measured by a home-built transmission UV-Vis optical setup
including a @ = 50 pm fiber (Oceanhood, China) coupled with
an optical spectrophotometer (Oceanhood, XSM11639, China)
and a white exciting light source (DL2000-AD], Oceahood,
China). In the present study, for the annealed sample, we chose
8 independent patterns for testing LSPR spectra.

2.6 Gold NPs biofunctionalization for ABO/Rh blood typing

The annealed glass samples were first washed with an ethanol/
acetone mixture solvent (1:1 volume ratio) in an ultrasonic
water bath for 20 min at room temperature, followed by
washing with ethanol and drying under N, stream. Further, the
annealed glass substrate was immersed in 1 mL of 11-mercap-
toundecanoic acid (MUA) ethanolic solution (1 mM) for 12 h at
room temperature, followed by washing with ethanol and
drying under N, stream. The carboxylic group of the thiolated
surface was activated with a mixture of EDC/NHS aqueous
solution (0.4 mM/0.1 mM) at room temperature for 50 min.
After aqueous washing and drying, 20 pL of anti-A, -B, and -D
solutions antibody diluted in phosphate-buffered saline (PBS
0.1 mg mL™") was deposited onto the metal patterns for 5 h at
4 °C. Finally, 50 uL of 1% BSA was dripped onto gold NPs for
40 min to block unbound gold NPs surface and avoid nonspe-
cific absorption. After washing with PBS buffer and rinsing with
dd-H,0, the antibody-modified substrate was used as a biochip
for blood group typing. The plasmonic spectra corresponding to
each biofunctionalization step were recorded by using extinc-
tion measurements.
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2.7 Biosensors platform repeatability and long-term stability

Following the completion of the biofunctionalization process,
the sensor surface was thoroughly washed with phosphate-
buffered saline (PBS) and rinsed with deionized water (dd-
H,0). Subsequently, blood samples (AB/Rh") were introduced
for blood group typing. Notably, after each analytical cycle, the
biosensor surface was regenerated using a 10 mM glycine
solution,” and successive detection assays were conducted
iteratively until a significant decline in sensor performance was
observed, indicating the loss of functional detection capability.
All the test were repeated 3 times. Moreover, to assess the long-
term stability of the biosensor, biofunctionalized sensors were
stored at 4 °C and subsequently employed to analyze blood
samples (AB/Rh") after 1, 3, and 7 days of storage. Meanwhile,
due to time constraints, to simulate long-term storage condi-
tions, the biosensor was placed at 37 °C for 3 days and subse-
quently employed to analyze blood samples (AB/Rh"), thereby
approximating the effect of storage at 4 °C for a period of six
months.?®

2.8 Statistic analyze

SEM images were applied to estimation the size distribution of
metallic NPs using the Public Domain Image J software devel-
oped by the National Institutes of Health. AFM images were
analyzed using Gwyddion software to calculate the roughness
information and particle analyze for samples. Origin software
was used for the statistical analysis (linear regression and
smooth, differentiate or integrate curve) of all the experimental
data and for graphing the results.

3. Results and discussion
3.1 Working principle of the LSPR-based POCT platform

In our study, we initially investigated the capability of our LSPR-
based POCT platform in distinguishing between blood types,
encompassing ABO and Rh™*. As depicted in Fig. 1, the LSPR-
based POCT platform was structured with a glass support
plate, a layer of bio-functional gold NPs, a microfluidic layer,
and a plastic film cover. The glass support plate served to secure
the gold NPs and provided transparence for incident light to
stimulate the gold NPS, thereby exciting the LSPR. The second
layer comprised gold NPs, and notably, the POCT platform
includes eight microfluidic channels, each housing three round
testing holes (4 mm diameter). These testing holes were
embedded with gold NPs and modified with anti-A, -B, and -D,
respectively, for targeting specific RBCs. On top of the gold NPs
layer, the microfluidic device was utilized to create eight pallet
channels to facilitate high-throughput testing. This micro-
fluidic layer consists of a PMMA layer fabricated using a CO,
laser cutter based on a digital design. This fabrication method
was rapid, cost-effective, and conducive to high-throughput
production. Additionally, a plastic film cover was positioned
atop the device. Using a disposable syringe connected to the
inlet of the plastic film, we can apply uniform and stable posi-
tive pressure through simple hand-powered actuation. This
positive pressure propels the sample flow from the syringe into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scheme of the LSPR-based POCT platform. (A) A cartoon drawing of the LSPR-based microfluidics bio-sensing system. (B) Scheme
showing the sample loading method. (C) Scheme showing a brief on-chip detection protocol.

the three pretreated antibodies gold NPs reaction area. The
detection mechanism hinges on the blood antigen-antibody
specific reaction that occurs when RBCs interact with their
corresponding antibody-treated gold NPs, leading to the
binding of RBCs with gold NPs. Anti-A and anti-B antibodies
recognize antigens A and B on the RBC surfaces, determining A,
B, and O blood types. Meanwhile, the Rh-positive (Rh") antigen
interacts with anti-D antibody, facilitating Rh group screening.
Bound RBCs remain on the gold NPs surface, while non-binding
RBCs continue flowing through the channel. This interaction
enables the recognition of target RBCs by specific antibodies
modified on the nanoparticle surface. The resulting biochem-
ical interaction elevates the refractive index of the local
medium, transduced by plasmonic tuning of the resonant peak,
involving resonant wavelength shifts and/or maximum optical
density changes, detectable by the spectrometer. Typically, the
on-chip assay comprises two main steps. Initially, the blood
sample is introduced into the microfluidic channel and incu-
bated with bio-functional gold NPs for 10 min. Subsequently,
after washing testing channels with dd-H,O, the incident light
irradiates the sensing areas, and the spectrometer detects the
optical signal to read the testing results.

3.2 Characterization of the LSPR-based POCT platform

The fabrication process and experimental procedures for the
LSPR-based POCT platform are illustrated in Fig. 1 and S6.f
Specifically, the gold NPs on the solid glass substrate were
produced by vacuum-evaporating a gold thin film onto a flat
substrate and subsequently annealing it at high temperatures.
This method was chosen for its simplicity and cost-effectiveness
in generating stable and wuniform gold plasmonic

© 2025 The Author(s). Published by the Royal Society of Chemistry

nanostructures on the glass substrate. Notably, the well-
designed microfluidic PMMA layer on the glass substrate facil-
itates the creation of eight precisely defined microfluidic
channels coated with a gold thin film (4 nm) following the
evaporation process. These coated channels are then trans-
formed into gold nanoparticles through thermal annealing.
To verify the well-organized gold structures and their effec-
tive LSPR properties, we performed SEM, AFM and spectrom-
eter optical (LSPR) characterizations on the annealed samples
for channel morphology observation and LSPR property anal-
ysis. The AFM image (Fig. 2 & S1t) revealed a homogeneous
distribution of individual spherical gold NPs across the smooth
glass surface due to their effective dispersion during high-
temperature annealing (close to the glass transition tempera-
ture). The calculated average surface roughness R, and R, were
4.00 £ 0.43 and 5.01 + 0.72, respectively. Analyzing SEM images
revealed that the majority of gold NPs exhibited a diameter of 3-
6 nm (61.28%), confirming a uniform deposition of gold NPs on
the glass substrate, divided into distinct zones due to the
shadowing effect of the microfluidic PMMA layer mask.
Subsequently, LSPR spectra were obtained for the as-deposited
sample. For the annealed samples’ plasmonic property assess-
ment, eight independent areas from each microfluidic channel
of the device were selected for testing. As depicted in Fig. S1,7
the annealed sample with a nominal thickness of 4 nm
exhibited well-defined plasmonic peaks. Statistical data indi-
cated that the average plasmonic resonant wavelength was
located at 535.1 £ 1.5 nm, with a maximum optical density
recorded as 0.147 =+ 0.01. The relative standard deviation (RSD)
for resonant wavelength and maximum optical density was

lower than 0.28% and 5.53%, respectively, indicating

RSC Adv, 2025, 15, 14410-14419 | 14413
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annealed NPs in air (n = 1), dd-water (n = 1.33), acetone (n = 1.36), chloroform (n = 1.44), and carbon tetrachloride (n = 1.46). (D) Linear fitting for

different environments Rl on gold NPs.

a homogeneous LSPR property in the obtained gold nano-
structures. Moreover, as shown in the Fig. 2C and D, the plas-
monic performance of the annealed samples was assessed
using a home-built extinction measurement system in various
surrounding environments such as air (n = 1), dd-water (n =
1.33), acetone (n = 1.36), chloroform (n = 1.44), and carbon
tetrachloride (n = 1.46). The bulk refractive index sensitivity (S,
nmper RIU) for the annealed sample was calculated based on
the red shift of the resonant peak divided by changes in the
refractive index (RI). As illustrated in Fig. 2, depositing 5 uL of
dd-water on the annealed sample resulted in a resonant wave-
length red-shift of 13.06 &= 0.70 nm. Furthermore, changes in
the surrounding environment of the gold NPs with acetone,
chloroform, and carbon tetrachloride induced plasmonic peak
red-shifts of 6.3 + 0.8 nm, 7.1 + 3.1 nm, and 19 + 3 nm,
respectively. The calculated bulk refractive index sensitivity of
gold NPs, particularly within the range of 550-575 nm, is
provided in Table S1.f These findings underscore the remark-
able sensitivity of gold NPs to variations in the surrounding
refractive index.

To summarize, distinct zones of gold NPs were spatially
engineered on a glass substrate, achieved through the micro-
fluidic layer mask in conjunction with the deposition of
a continuous 4 nm gold film followed by annealing at 550 °C for
8 h. Surface characterization techniques and optical measure-
ments revealed that the annealed gold NPs exhibited a uniform
size and spherical shape, displaying well-defined LSPR resonant
peaks and excellent homogeneity in LSPR properties. Conse-
quently, these findings pave the way for the potential utilization
of well-organized in constructing a LSPR-based POCT platform
for typing red blood cells (RBCs).

14414 | RSC Adv,, 2025, 15, 14410-14419

3.3 Optimize antibodies immobilization on the gold NPs

The determination of ABO/Rh blood groups hinges on the
presence or absence of specific proteins and oligosaccharides
(antigens) like A, B, and D, which are prominently displayed on
the surface of red blood cells (RBCs). It's widely recognized that
RBCs directly bind to their corresponding antibodies. To facil-
itate the specific detection of different RBC groups, anti-A, -B,
and -D antibodies were employed for the functionalization of
gold NPs. For enhanced bio-modification of gold NPs, the gold
NPs' surface was activated using MUA and EDC/NHS.””"*°
Notably, a slight red-shift in the resonant wavelength was
observed post MUA and EDC/NHS modification (Fig. S21). To
optimize the immobilization of anti-A, -B, and -D antibodies
onto the gold NPs, various reaction buffers and a range of
antibody concentrations were explored. As illustrated in Fig. 3,
experimental findings indicated that the phosphate buffer (PBS)
was the most conducive buffer for antibody seeding onto the
gold NPs owing to its neutral pH environment. Moreover, 20 pL
anti-A, -B, and -D solutions at concentrations ranging from 5 to
200 pg mL~" were applied to different gold NPs. Transmission
spectra of gold NPs were recorded before and after antibody
immobilization. The redshift of 4y, denoted as AA = A ntibodies —
Ao, against varying concentrations of antibody proteins, was
plotted in Fig. 3B-D. The AA exhibited rapid initial growth with
smaller concentrations of antibodies followed by a constant
line, no concentration dependence. It is noteworthy that the
shift approached a constant value when the antibodies (A, B,
and D) exceeded 100 pg mL~". Therefore, in the present study,
we opted for PBS buffer as the optimized reaction buffer and
100 pg mL~' as the optimized concentration for antibody
immobilization.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4 Specificity and sensitivity test of LSPR-based POCT
platform for blood typing

This detection strategy of present biosensor is based on the
high specificity of antigen-antibody interactions, where red
blood cells (RBCs) react with gold nanoparticles (gold NPs)
functionalized with selective antibodies. Anti-A and anti-B
antibodies conjugated to the gold NP surface selectively recog-
nize A and B antigens expressed on RBC membranes, enabling
differentiation among A, B, and O blood groups. In parallel, Rh
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factor determination is achieved through the specific binding of
Rh-positive antigens to immobilized anti-D antibodies. RBCs
that express the target antigens adhere to the gold NP surface,
while those lacking the corresponding epitopes remain in
suspension and are carried downstream within the microfluidic
channel. This molecular recognition event induces a localized
increase in the refractive index, which is transduced into an
optical signal via plasmonic resonance. Resultant spectral
changes - such as shifts in resonance wavelength or alterations
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sponding optical microscope photo (H-M).

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 14410-14419 | 14415


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra01921d

Open Access Article. Published on 06 May 2025. Downloaded on 3/15/2026 11:32:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

in peak optical density — are subsequently measured using
a spectrometer. It should be noted that the platform's capability
to distinguish various blood types was investigated using stan-
dard A/Rh* and B/Rh" type RBCs. When blood type A/Rh* RBCs
were incubated onto the anti-A/anti-D gold NPs testing area,
a resonant peak red-shift of approximately 7.83 nm and 3.23 nm
was observed compared to the non-incubation condition,
indicative of the RBCs' attachment to the biosensor surface
(Fig. 4B-D). Conversely, there was minimal change in the
spectra of the anti-B gold NPs testing area after incubation with
blood type A (0.46 nm red-shift). Microscopic observations
revealed dense adherence of RBCs on the anti-A and anti-D gold
NPs testing areas post-incubation with blood type A, while
limited adherence was observed on the anti-B area, consistent
with the alterations in LSPR spectra. Similar testing results were
obtained with blood type B/Rh”, further corroborating these
findings. Consequently, the experimental results suggest that
our LSPR-based POCT platform effectively captures RBCs,
enabling specific identification of blood types.

Additionally, the LSPR-based POCT platform was utilized to
estimate RBCs concentrations in blood samples. To establish
the relationship between RBCs concentrations and LSPR reso-
nant wavelength changes and to investigate platform sensitivity,
we exposed the sensors to diluted RBCs suspensions with serial
concentrations ranging from 4 x 10° to 4 x 10° cells per mL. As
shown in the Fig. 5, the LSPR resonant wavelength displayed
a gradual red-shift corresponding to RBCs concentrations
increased. Notably, a substantial enhancement in the LSPR
resonant wavelength occurred in the range of 10” to 10° cells per
mL, whereas spectra differentiation was challenging at lower
concentrations. Linear fitting formulas [Y = 9.775X — 74.69, Y =
8.213X — 63.09, Y = 8.319X — 62.03] were obtained to elucidate
the relationship between different RBC concentrations and
LSPR resonant wavelength shifts. In summary, these findings
illustrate the exceptional detection sensitivity of the LSPR-based
POCT platform for blood typing.

Moreover, to evaluate the repeatability of the biosensor, the
sensing surface was regenerated using a glycine solution after

View Article Online
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each measurement. All tests were conducted using real blood
samples (AB/Rh") and repeated in triplicate to ensure repro-
ducibility. The experiment results (Fig. S6 and 7t) shown that
three independent experiments demonstrated high consis-
tency, indicating good reproducibility of the sensor perfor-
mance. Meanwhile, even after second time regeneration
(analytical cycle 3), the biosensor retained robust performance
in blood group typing, demonstrating its reusability and
repeatability. However, after third time regeneration (analytical
cycle 4), a significant decline in sensor performance was
observed, indicating the loss of functional detection capability.
Moreover, the long-term stability test of the biosensor was
conduct. The experiment results (Fig. S8t) shown that blood
group detection capability of the biosensors remained consis-
tent across various storage durations (p > 0.05), indicating that
sensor performed excellent long-time stability.

3.5 Clinical sample testing on LSPR-based POCT platform
for blood typing

To assess the practicality of our platform in analyzing patient
samples, we obtained blood samples from 21 patients previ-
ously screened in clinical laboratories for blood typing. The on-
chip assay procedure, as outlined in Fig. 6, was conducted on
a single microfluidic channel comprising three independent
anti-A, -B, and -D detection areas. Following a 10 min incuba-
tion period to facilitate RBCs binding to corresponding anti-
bodies, the samples were subsequently analyzed using
a portable spectrometer. The entire on-chip assay could be
completed within 20 min, encompassing sample loading,
incubation, washing, and readout time.

Fig. 6 presents the original LSPR resonant wavelength shifts
observed for all clinical samples, with corresponding quantita-
tive results and heat map results depicted in Fig. 6. A cutoff
value of 2 nm was established to differentiate between negative
and positive samples. Negative samples generated red-shift
signals close to the negative control (<2 nm), while positive
samples exhibited relatively higher red-shift values (>2 nm). The
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POCT platform's detection outcomes correlated well with the
clinical results, notwithstanding weak positive signals for anti-B
in sample #1 and #5 (2.77 and 2.76 nm red-shift, respectively).
Furthermore, in cases of leukemia, a decrease in red blood cells
can result in reduced surface antigens, complicating blood type
identification. Conventional methods may mistakenly catego-
rize blood samples from leukemia patients with type A blood as
type O due to this antigen reduction. However, our LSPR-based
POCT platform displayed sensitive detection capabilities in
accurately identifying the precise blood type in these cases
(Fig. S4A-Dt), in contrast to conventional methods (Fig. S4ET).
These outcomes highlight the reliability of the LSPR-based
POCT platform for the rapid determination of blood types.
Moreover, as shown in Table S2,7 in the present study, we report
a high-throughput localized surface plasmon resonance (LSPR)
biosensor for rapid and cost-effective ABO/Rh blood type
detection in point-of-care testing (POCT). This biosensor
enables blood typing within 10-20 minutes using less than 1 mL
of blood and does not rely on bulky instrumentation, making it
well-suited for POCT applications. In comparison, a paper-
based assay developed by J. Noiphung et al® achieved
a shorter detection time of approximately 10 minutes. However,
it exhibited limited accuracy, with only 85% accuracy reported
for type B blood typing. Additionally, the paper-based sensor is
single-use and cannot be reused, limiting its practicality in
high-throughput settings. The gel agglutination assay, which
has been approved by the U.S. Food and Drug Administration
for ABO and Rh typing,** demonstrates nearly 100% accuracy.
Nevertheless, its operation is more complex, requiring two
rounds of centrifugation lasting 5-10 minutes each. Further-
more, its dependence on bulky laboratory equipment renders it
unsuitable for POCT applications and limits its scalability for
high-throughput use. In contrast, our LSPR biosensor offers
a more practical, cost-effective, and high-throughput solution,

© 2025 The Author(s). Published by the Royal Society of Chemistry

particularly suitable for bedside emergency testing and use in
rural or resource-limited settings in developing countries.

4. Conclusions

In this work, we report a microfluidic-coupled localized surface
plasmon resonance (LSPR) biosensor for rapid and cost-
effective ABO/Rh blood type detection in Point-of-Care Testing
(POCT). Leveraging a microfluidic layer, our platform enables
convenient, high-throughput on-chip assays, ensuring swift and
contamination-reduced detection directly on the microfluidic
device. It achieves ABO/Rh blood typing within 20 minutes,
utilizing less than 1 mL of blood sample, with a detection
sensitivity of RBCs at 4 x 10’ cells per mL based on spectrom-
eter readouts. Testing clinical patient samples demonstrated
a 90% consistency between the on-chip test results and those
obtained through clinical tests. We believe this platform holds
significant potential for POCT in clinical blood typing, espe-
cially for patients requiring emergency blood transfusions,
offering promising benefits to human health.
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