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Abstract

Through enabling whole blood detection in point-of-care testing (POCT), sedimentation-based plasma separation promises
to enhance the functionality and extend the application range of lateral flow assays (LFAs). To streamline the entire process
from the introduction of the blood sample to the generation of quantitative immune-fluorescence results, we combined a sim-
ple plasma separation technique, an immunoreaction, and a micropump-driven external suction control system in a polymer
channel-based LFA. Our primary objective was to eliminate the reliance on sample-absorbing separation membranes, the use
of active separation forces commonly found in POCT, and ultimately allowing finger prick testing. Combining the principle
of agglutination of red blood cells with an on-device sedimentation-based separation, our device allows for the efficient and
fast separation of plasma from a 25-pL blood volume within a mere 10 min and overcomes limitations such as clogging,
analyte adsorption, and blood pre-dilution. To simplify this process, we stored the agglutination agent in a dried state on the
test and incorporated a filter trench to initiate sedimentation-based separation. The separated plasma was then moved to the
integrated mixing area, initiating the immunoreaction by rehydration of probe-specific fluorophore-conjugated antibodies. The
biotinylated immune complex was subsequently trapped in the streptavidin-rich detection zone and quantitatively analyzed
using a fluorescence microscope. Normalized to the centrifugation-based separation, our device demonstrated high separa-
tion efficiency of 96% and a yield of 7.23 uL. (=72%). Furthermore, we elaborate on its user-friendly nature and demonstrate
its proof-of-concept through an all-dried ready-to-go NT-proBNP lateral flow immunoassay with clinical blood samples.
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Introduction

Medical professionals commonly employ blood tests as a pri-
mary diagnostic method to detect various conditions. This
procedure entails examining a small blood sample for any
deviations or abnormalities in the individual’s biochemical
profile, which may indicate the presence of a pathological
disorder [1]. Whole blood is one of the most complex and
relevant body fluids that is used in clinical analysis [2]. Its
analysis typically requires costly bench-top instruments and
skilled personnel, making it unsuitable in resource-limited
surroundings [3]. Moreover, conventional blood tests are
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relatively complex and time cumbersome (> 1 h) requiring
large sample volumes [4, 5]. The utilization of POCT tech-
nology has exhibited the ability to scale down the size of
laboratory instruments and assays, resulting in economically
favored, reproducible, and faster detection systems. The suc-
cess of POCT systems lies in the integrated separation mecha-
nism in order to circumvent bulky bench-top centrifuges to
generate human plasma, removing the necessity for sam-
ple handling, transport, and storage. The plasma extraction
through a patented separation membrane such as asymmetric
polysulfone membrane (APM), Fusion 5, and others is the
gold standard. Its well-defined pore size retains the blood cells
in the membrane while the plasma can be further analyzed.
Especially, in low-setting surroundings, the separation mem-
brane has been shown advantageous. Previous studies have
indicated that the accuracy of testing results heavily relies on
the quality of plasma, which can be negatively impacted by
blood cell-related issues like hemolysis and leukolysis [6, 7].
The separation of blood cells is primarily aimed at achieving
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a reproducible detection read-out as the presence of red blood
cells and their lysed fragments can obstruct the visibility of
test and control lines, leading to inaccurate results [8]. None-
theless, employing the separation membrane also brings about
limitations, including blood clogging [9], potential interac-
tions with analytes [10], as well as relatively high sample
volumes, caused by the membrane’s high dead volume. This,
in turn, might cause discomfort for the patient, as the blood
needs to be drawn from a vein rather than through a finger
prick. Therefore, recent studies have concentrated on plasma
separation techniques suitable for small finger prick sample
volumes [11-13], which can generally be categorized into
active and passive methods [14]. Active separation includes
external fluid control forces, whereas, in passive separation,
no external forces are required for the separation process,
making the system more suitable for the POCT environment
[15]. The majority of the reported separation techniques, how-
ever, come with three major disadvantages. Firstly, expensive
and cumbersome bench-top instruments are required, hinder-
ing the application in low-resource settings [16]. Secondly,
the device involves sophisticated geometric structures [17],
posing a challenge in achieving consistent fabrication and
hindering the scalability process [18]. Thirdly, these tech-
niques exhibit limited efficiency in separating plasma from
high hematocrit samples, necessitating off-chip dilution of
whole blood before analysis, thereby introducing cost and
complexity to the procedure and diluting the target analyte,
which presents a challenge in precisely detecting such mini-
mal levels of analytes, especially when working with small
finger prick volumes [19-21]. Affordable technologies capa-
ble of achieving efficient blood-plasma separation at the
point of need, while ensuring reliability and effectiveness,
are in demand. Plasma separation by sedimentation has been
used for decades and relies on the gravitational density dis-
parities between plasma and blood cells (prgcs=1100 kg/m?®,
pwacs = 1050-1090 kg/m’, and p = 1030 kg/m’) [14].
Blood cells in whole blood tend to sediment based on their
differing densities, allowing the plasma to remain on top as
a result of this separation process [22]. Sedimentation offers
advantages as it eliminates the need for expensive equipment
and highly trained personnel. One major limitation of this
process, however, is the time it takes for blood cells to settle
towards the bottom. Scaling down the dimension and inte-
grating the process into a microfluidic system shortens the
sedimentation time as the blood cells are effectively separated
within shorter distances. Dimov et al., for example, observed
that the gravitational force acting on blood cells is consider-
ably greater than that on plasma within a filter trench, which
allows the plasma and blood cells to segregate into an upper
and a lower layer [23]. However, the self-contained system
exhibited an unstable separation rate, and it necessitated rel-
atively low flow rates to achieve 100% filtration efficiency.
Such low flow rates are impractical when dealing with larger
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blood volumes. Yang et al. further developed the integration
of the gravitational separation mechanism in a microfluidic
design [24]. The device requires a heater to create a vacuum
or a low-pressure environment for fluid transportation, but this
introduces considerable variability and can be further affected
by temperature fluctuations from the external environment.
Additionally, only 2 uL of plasma could be separated from
10 uLL whole blood. Therefore, we proceeded to explore the
filter trench while considering the impact of an aggregation
agent that facilitates the clustering of red blood cells during
the sedimentation phase, thereby enhancing the sedimentation
rate. Consequently, we designed a lateral flow channel assay
including a sedimentation-based erythrocyte separator that
separates red blood cells (RBCs) from plasma in only 10 min.
A filter trench not only acts as a physical barrier for the blood
cells but also enables the RBCs to sediment, leading to high
separation efficiency with low-cost ingredients. By improving
the filter trench depth and sedimentation time, the separation
efficiency can be increased. Eventually, the assessment of the
practicality of utilizing our device for the separation of clinical
blood samples in the context of an immunochemical test was
conducted. By controlling the fluid movement via a micro-
pump, the separated plasma passes through the trench and is
analyzed in a fluorescence sandwich-based immunoreaction.

Materials and methods

The biotinylated capture antibody (polyclonal NT-proBNP
sheep-IgG-biotin, cAb), antigen (NT-proBNP (1-76) amid)
in whole blood, probe antibody (monoclonal NT-proBNP
mouse-IgG), probe antibody—modified fluorescence nano-
particles (Ab-fluorescence NPs), albumin (97%), and poly
streptavidin (pSA) were provided by Roche Diagnostics
GmbH (Mannheim, Germany). Hydrochloric acid (HCI,
0.1 M, 1 M), sodium chloride (NaCl, p.a.), bovine serum
albumin (BSA,>96%), poly(diallyldimethylammonium
chloride) (PDDA, M,, 200,000-350,000, 20 wt.% in
H,0), poly(acrylic acid, sodium salt) solution (average
M,, 15,000, 35 wt.% in H,0), ethylenediaminetetraacetic
acid (EDTA, >98.5%), sodium hydroxide (NaOH, 1 M),
poly(ethylene glycol)-block-poly(propylene glycol)-block-
poly(ethylene glycol) (Synperonic® PE/P84), sodium azide,
and Tween 20 (>97%) were supplied from Sigma-Aldrich
(www.sigmaaldrich.com). HetaSep™ (www.stemcell.com)
was utilized as agglutination agent.

Lateral flow channel fabrication with filter trench

The lateral flow channel was composed of an inlet, a channel, a
filter trench, a detection zone, and an outlet that was connected
to the micropump (Fig. S1). For the construction of the lateral
flow channel, a slightly modified procedure of Yang et al. was
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used [24]. The platform is built-up out of four layers: (1) the
substrate (Melinex®329, 175 um), (2) a capillary-given spacer
(Melinex®329, 250 um), both were purchased from Dupont
Teijin Films (www.dupontteijinfilms.com), (3) the filter trench-
given foam spacer was customized by ATP Adhesive Systems
(atp-ag.com), and (4) the cover foil Hostaphan RN 100 was pur-
chased from Mitsubishi Polyester Film (www.m-petfilm.de). The
capillary-given spacer and the filter trench-given spacer were
coated with double-sided adhesive tape on both sides, which was
supplied by Henkel-Adhesives (www.henkel-adhesives.com).
The channel (dimension: 90 mm X 1.5 mm X 0.28 mm), filter
trench (dimension: 10 mmX 1.5 mm X 3 mm), the inlet (dimen-
sion: 4.5 mmx3 mmx0.28 mm), and outlet (dimension: @
1.5 mm) were designed by using the CorelDraw 2016 software
and were then engraved.

To create the all-in-one, single-step immunoassay,
the bio-recognition line on the substrate (Melinex®329,
175 um) was patterned perpendicular to the flow direction
with 1-mm-wide lines of a polyelectrolyte-poly streptavi-
din multilayer using the layer-by-layer approach before
assembling the device. Briefly, poly streptavidin (500 uL,
10 mgemL™") and polydiallyldimethylammonium chloride
(500 pL, 0.5% (w/v)) were mixed at pH 7.4 and 150 mM
NacCl to produce PDDA-poly streptavidin complexes. To
assemble the detection zone, the PDDA-poly streptavidin
complexes and polyacrylic acid (0.5% (w/v), pH 4.55, PAA)
were alternately deposited for 60 s onto the plastic slide
through a shape-giving mold. The repetition of this alter-
native coating procedure was carried out for four cycles to
create the detection zone. Capture Abs at a concentration of
2.5 ugemL ™! and the Ab-fluorescence NPs at a concentration
of 2% (w/v) were individually dispensed onto the immuno-
assay support, with 2 uL of each reagent. For the plasma
separation, 6 uL of the aggregation agent was dispensed in
the sample application zone. The dispensed reagents were
then dried using a drying cabinet at a temperature of 50 °C
for a duration of 10 min. Following the drying process, the
support, spacer, and cover foil were assembled as shown in
Figure S1 of the Electronic Supplementary Material (ESM).

Human blood sample

Samples of human blood from healthy donors were provided
from Roche Diagnostics (Mannheim, Germany) in vacutain-
ers with 7.2 mg K2 ethylenediaminetetraacetic acid (EDTA).

Quantification of the plasma purity

For the quantification of the plasma purity, we followed
the procedure of Sneha Maria et al. with slight changes
[25]. Briefly, the plasma purity was examined in the lat-
eral flow channel by comparing the grayscale intensities

of the plasma obtained by the proposed device (Ig,enen)
and the plasma obtained from the centrifuge (I eniuge)-
As RBC:s are darker in color than plasma, their presence in
the sample can reduce the grayscale intensity of the chan-
nel. Hence, the plasma purity was expressed as followed:

I renci
purityp,asmu = 100% = __gfrench (D

g_centrifuge

Quantification of the recovered plasma volume

The volumes of the plasma present in the channel and the
volume of the plasma in whole blood after centrifuge were
measured, by comparing the distance of transported plasma
in the channel, and the following formula was applied:

vozumeplasma = hch[mne[ * Wehannel * dplasma (2)
where, Dopannes Wenannetr ad dpjaqm, Tepresent the channel

height, channel width, and traveled distance of plasma,
respectively.

Performance of the bioassay

A sandwich immunoassay with spiked blood samples was
carried out to investigate the assay performance of the lat-
eral flow channel assay. The samples were prepared in
human whole blood through dilution of an AG stock solution
(0-9000 pgemL~") for analysis. For the immunoassay, 25 L of
the spiked sample was applied on the sample application area.
The sample was immediately transported to the filter trench
with a flow rate of 60 uLsmin~! by the external vent control.
After the separation time of 10 min, the separated plasma was
further transported to the outlet with a flow rate of 2 uLemin™",
crossing the detection zone. The immunoassay was performed
at room temperature and fluorescence signals could be obtained
after 35 min. For the calculation of the limit of detection (LOD),
the logistic fit parameter for the lower curve asymptote A and
the standard deviation of the blank SD (blank):

LOD = A + 3.3 % SD(blank) 3)

The concentration of the antigen in the sample is deter-
mined by correlating the fluorescence intensity to a cali-
bration curve constructed using known antigen concentra-
tion standards.

Supporting instruments

The drying processes were carried out using a dry-
ing cabinet set at a temperature of 50 °C (FED 400 E2,
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www.binder-world.com). The fluid control equipment
and software used in this study were custom-made and
supplied by Roche Diagnostics GmbH (Mannheim, Ger-
many) (Fig. S2a). The fluorescence images were captured
using a fluorescence microscope equipped with a LINOS
lens (www.excelitas.com) and an HTC camera featur-
ing a Sony CCD sensor ICX285AL (www.sony.com)
(Fig. S2b). Illumination was provided by a XENON XBO
R 100W/45 OFR lamp (www.osram.com), and specific
excitation and detection filters (633-nm excitation and
685-nm detection) were utilized (www.semrock.com).
The imaging software used for data acquisition was pro-
vided by Roche Diagnostics (Mannheim, Germany). The
fluorescence images were taken with an exposure time of
25 ms. Image processing and data analysis were carried
out with ImagelJ and Origin 2021.

Results and discussion

Design and operational principle behind the lateral
flow channel assay device

The integrated blood-plasma separation biosensing system
should exhibit reproducible functionality, fast and high sepa-
ration efficiency, and compatibility with finger prick sam-
ple volumes. Our setup enables sensitive analyte detection

within ~20 min with minimal user intervention. The pro-
posed device includes the sample application port, the filter
trench, the straight capillary channel with a mixing zone, the
detection zone, and the outlet valve that is connected to the
micropump (Fig. 1). After applying the blood sample at the
inlet, the micropump controls the fluid movement, guiding
the sample towards the filter trench. Within the filter trench,
the agglutination agent prompts the red blood cells to aggre-
gate. Subsequently, the sample was halted for a specified
duration to ensure stable sedimentation of the blood cells.
Finally, the microprocessor selectively activated the pump
to sequentially move the sample from the plasma separation
module towards the reaction zone, reconstituting the probe
antibodies and initiating the immunoreaction. In the detec-
tion zone, streptavidin is immobilized on the bottom of the
channel for capturing the biotinylated sandwich complex.
Through the process of blood cell separation, we aim to mini-
mize the impairment of the fluorescence signal and reduce
any potential obstructions caused by the presence of hemo-
globin in red blood cells. In our device, the separated plasma
is further transported to the outlet and then the detection zone
is fluorescently analyzed for quantitative signals (Fig. S3).

Plasma separation efficiency

For the separation process to work efficiently, the time that
blood cells remain in the trench must be long enough to
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Fig. 1 Schematic (not to scale) of the lateral flow channel assay with
integrated plasma separation. After introducing the sample to the inlet
(1), the sample is transported to the filter trench by the fluid control
system. In the filter trench, the RBCs are aggregated and separated
from the plasma through sedimentation (2). The separated plasma is
then moved from the plasma separation module towards the reaction

@ Springer

introduce
sample o

Sedimentation-
based
Separation

Detection
zone

zone, reconstituting the probe antibodies and initiating the immunore-
action. In the detection zone, streptavidin is immobilized on the bot-
tom of the channel for capturing the biotinylated sandwich complex
(3). Adapted from “PDMS microfluidic chip fabrication”, by BioRen-
der.com (2023). Retrieved from https://app.biorender.com/biorender-
templates


http://www.binder-world.com
http://www.excelitas.com
http://www.sony.com
http://www.osram.com
http://www.semrock.com
https://app.biorender.com/biorender-templates
https://app.biorender.com/biorender-templates

Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP detection

31

cause sedimentation and entrapment within the trench.
Therefore, the impact of various parameters including trench
depth and separation time on the efficacy of plasma separa-
tion to enhance the effectiveness of the trench filter were
studied (Fig. 2a). Specifically, a volume of 25 pL undiluted
whole blood was introduced into the platform and subse-
quently transported to the filter trench for varying dura-
tions of separation. The experimental results confirmed that
longer sedimentation times led to an increase in the volume
of obtained plasma. This outcome was in line with expec-
tations, as the extended sedimentation period allowed the
blood cells more time to settle, resulting in a greater volume
of separated plasma. Additionally, increasing the depth of
the trench also led to an increase in plasma volume. In fact,
increasing the depth of the filter trench was found to enhance
the sedimentation effect, as gravity had a significant impact
on blood cells in the trench [22]. Insufficient or no separa-
tion of blood was observed in cases of shorter sedimentation
times (1-2 min) and shallow trenches (1-2 mm). For the
sedimentation time of 10 min, the trench depth of 2.5 mm
and 3 mm yielded the highest plasma volumes, measuring
7.23 pL and 7.29 pL, respectively. This corresponds to a
plasma yield of 72% and 73% compared to that achieved
through centrifugal separation (=10.05 pL). This suggests
that increasing the trench depth at this dimension does
not lead to an enhancement in plasma yield. The overall
observed decrease in relative plasma volume can be attrib-
uted to the presence of minor volumes of plasma that remain
in the filter as dead volume, which cannot be effectively
separated. This phenomenon accounts for the reduced over-
all plasma volume obtained in the process. Additionally, it
was noted that a minor fraction of whole blood experienced

a 12
[ J4min[_] 6min[llll 8min[Jlll 10min
10
ER
g j
3 6+
)
> j
©
€ 44
)
o
3
| ’Jr‘
oL 1l
trench depthl  1mm | 1.5mm | 2mm | 2.5mm | 3mm Ic

Fig.2 Optimization of the separated plasma volume (a) and optimi-
zation of the plasma purity (b) with respect to the trench depth and

the time for separation. “c” represents the plasma separation through
centrifugation. The lateral flow channel was loaded with 25 L of

non-specific adsorption at the device inlet, resulting in a
decrease in the overall plasma volume obtained. This also
highlights the discrepancy in plasma volume between the
proposed separation method and the centrifugal separation
process. Given the relatively comparable obtained plasma
volumes for both trench depths, the choice for further experi-
mentation was at 2.5 mm due to the potential reduction in
material costs associated with this specific trench depth. All-
in-all, these findings contribute to the understanding of key
factors influencing plasma separation in the proposed system
and offer guidance for optimizing the design and operation
parameters of the lateral flow channel.

Plasma purity

The evaluation of plasma purity was performed by analyzing
the variation in grayscale intensity within a defined section
of the channel containing the separated plasma [25]. This
analysis aimed to assess the effectiveness of plasma puri-
fication in both the proposed approaches and the conven-
tional centrifugation process. By comparing the grayscale
intensities, we were able to quantify the level of impurities
present in the obtained plasma and determine the efficiency
of the separation methods. Due to the darker color of RBCs,
the grayscale intensities in the presence of RBCs will be
significantly lower compared to a sample without RBCs.
The grayscale intensities of the separated plasma showed
that the purity of the plasma obtained from the proposed
approaches is similar to the plasma obtained using centrifu-
gation (Fig. 2b). Furthermore, since photometric absorption
was not applicable with the tested volume, visual inspection
of the separated plasma samples showed no visible signs
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whole blood (hematocrit, 44%), and the purity as well as the volume
of plasma obtained was measured. Error bars represent the standard
deviation (n=4)
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of hemolysis, such as discoloration or the presence of red
blood cell remnants [26]. This provided additional evidence
supporting the absence of hemolysis during the plasma sepa-
ration process, further ensuring the integrity and quality of
the obtained plasma samples. However, it should be noted
that platelets, which have lower sedimentation rates due to
its smaller size (diameter ~2 pum) [27], may be present in the
extracted plasma. It is worth mentioning that the presence
of platelets does not notably interfere with the fluorescence
read-out, consistent with existing findings [22, 28]. None-
theless, should there be a requirement to identify platelets
within the sample, a range of imaging techniques can be
employed [29]. Overall, the findings demonstrate the effec-
tiveness of the proposed approach in achieving high-quality
plasma separation [11, 12, 23] and shows its potential for
various biomedical applications.

Table 1 provides a comprehensive summary and com-
parison of the performance characteristics of the proposed
device for blood separation in contrast to the conventional
centrifuge-based method, highlighting its potential for prac-
tical and efficient blood separation applications. Included are
key parameters such as separation efficiency, plasma volume
yield, processing time, and equipment requirements, which
demonstrate that the proposed device achieved comparable
performance. The device demonstrated high separation effi-
ciency and yields a substantial volume of plasma with mini-
mal loss. Additionally, the processing time was significantly
reduced, offering a time-efficient alternative. Furthermore,
the proposed device required minimal equipment, making it
a cost-effective and accessible solution. However, it should
be noted that the overall higher mean error in the separation
efficiency and the separation yield may arise from variations
in the manual fabrication of the test.

Combination of on-device plasma separation
with analyte detection

Following the proof-of-principle and optimization of the
blood separation, the proposed separation mechanism was
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Fig. 3 Plot of fluorescence intensity against logarithm of antigen con-
centration. Fluorescent read-out of the analyte in 25 uL whole blood
with logistic fit (black line) and using the integrated plasma separa-
tion with logistic fit (blue line). Standard deviations were calculated
based on four parallel measurements on four different LFAs, while
outliers were removed after Q-test (confidence interval 95%). Error
bars represent mean values + 1o (n>4)

implemented into a sandwich-based lateral flow assay. The
platform was tested with real human blood samples, spiked
with different concentrations of NT-proBNP (Fig. 3). The
25 pL undiluted whole blood is introduced to the sensor and
guided towards the filter trench. Along the way, the dry-spot-
ted biotinylated capture Abs are resolubilized, initiating the
immunoreaction. After 10 min of sedimentation time in the
filter trench, the separated plasma is further transported to
the dry-spotted Ab-fluorescence NPs, initiating the formation
of the sandwich complex. The sample is then transported to
the detection site where the channel’s bottom is immobilized
with streptavidin. Finally, the presence of the biotinylated
sandwich complex can be detected at the detection zone,
resulting in highly sensitive and specific detection of the
target analyte. The immunoassay without blood separation

Table 1 Comparison of
performance characteristics of
the separation techniques

Separation technique

Filter trench Centrifuge
Performance characteristics Mean sd Mean sd
Plasma purity 96% 6% Set to 100% 2%
Plasma volume obtained 7.23 uL 0.74 L 10.05 uL 0.63 uL
Separation yield 2% 7% Set to 100% 6%
Time for extraction 10 min 15 min
Required equipment Portable pump Bench-top centrifuge

25 pL undiluted whole blood (hct 44%) was used for each test. Samples were run in triplicates and the
mean and the standard deviation are reported. Results were normalized to the average volume of plasma
and purity obtained from centrifugation (10.05 uL, 100%) (n=23)

@ Springer



Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP detection 3113

and the proposed on-chip plasma separation showed similar
curve shapes, suggesting comparable dynamic ranges. For
the measurements with integrated blood separation, a limit of
detection (LOD) of 365 pgemL~! with a mean error of 18%
was calculated in comparison to 283 pgemL ™" and 14% mean
error for the centrifugation-based plasma preparation. At the
sample application zone and in the filter trench, resulting
from manual fabrication variations are likely to be the reason
for the higher LOD for our platform.

But may also be caused by the lower plasma separation
yield (Table 1). At the same time, the assay without blood
separation demonstrated inferior signal responses in the
analyte concentration range above 500 pgemL~' and below
9000 pgemL~". Moreover, the biosensor would provide a LOD
of 1680 pg-mL_l, and a mean error of 26%, hence, result-
ing in an about fivefold higher LOD for whole blood on-chip
analysis. This discrepancy can be attributed to the adsorption
of blood cells, particularly RBCs, onto the test line, leading
to the absorption of the fluorescence signal due to their broad
absorption spectra [30]. In addition, higher background signals
were observed at low analyte concentrations (< 500 pgemL ™),
resulting in the data points to not be statistically significantly
different with the sample size of n=4 used. Still, the achieved
LOD value and the statistically significant data fall within
the threshold range used to evaluate heart failure severity and
the risk of hospitalization [31]. The improved detection limit
was expected due to the prevention of blood cell adsorption
in the detection zone and the interaction with the read-out.
Thus, the on-strip blood separation drastically improves the
detection capabilities. Currently, commercially available NT-
proBNP tests, such as the Cobas h 232 provided by Roche
Diagnostics, demonstrate superior temporal and analytical
performance with a LOD of 60 pgemL~" and a detection time
of only 12 min. This suggests that there is still potential for
enhancement in our developed platform. Nonetheless, the
assay showcased in this study presents a notable benefit by
demanding a notably smaller blood volume (25 pL. compared
to 150 pL). This reduction is attributed to the diminished dead
volume stemming from the unused filtration membrane and
nitrocellulose membrane. This not only increases convenience
for the patient but also allows for sample collection via a sim-
ple finger prick, eliminating the necessity for skilled personnel
and significantly cutting down costs for testing. As a result,
our platform is well suited for home-testing and point-of-care
applications in low-resource settings.

Conclusion

In summary, we proposed a self-contained lateral flow
channel assay with an integrated sedimentation-based sepa-
ration of red blood cells from plasma, enabling sensitive

quantification of the HF biomarker NT-proBNP in undiluted
whole blood. The platform relies on the gravity-based sedi-
mentation of agglutinated RBCs in a filter trench allowing
for the subsequent immunoreaction to take place without
blood cell interference and also demonstrates resilience
against potential clogging that can arise in pore-based fil-
tration mechanisms. The proposed biosensor is capable not
only of handling small quantities of undiluted whole blood
(25 pL), which improves the patients’ comfort as the sample
volume can be conveniently obtained via a finger prick, but
also possesses a cost-effective production approach since no
complex geometric um-structures are required. This facili-
tates consistent manufacturing and seamless scalability of
production. Utilizing minimal hardware, including a port-
able pump and a fluorescence detection camera, the plat-
form demonstrated the desired control over the flow rate
and compatibility with a fluorescence immunoassay, while
retaining the straightforward one-step detection feature
found in conventional LFAs. Consequently, this uncompli-
cated plasma separation method can easily be applied to the
POCT in clinical and home testing settings. Future enhance-
ments will focus on further reducing sample volume require-
ments by avoiding analyte loss in both the inlet and the filter
trench through an optimization of the test design’s geometric
structure. Furthermore, moving towards real-world applica-
tion, an evaluation of the separation efficiency with varying
hematocrit levels in blood samples will be essential. In the
end, the system’s applicability extends beyond NT-proBNP
detection and can be applied to a broader range of clinically
relevant blood biomarkers.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-024-05271-3.

Acknowledgements We thank the E-Lab (Roche Diagnostics GmbH)
for the technical support.

Author contribution Dan Strohmaier-Nguyen: investigation, valida-
tion, visualization, formal analysis, writing—original draft prepara-
tion. Carina Horn: conceptualization, supervision, writing—review
and editing. Antje J. Baeumner: conceptualization, supervision, writ-
ing—review and editing.

The manuscript was written through contributions of all authors. All
authors have agreed to the final version of the manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Ethics approval This study received ethical approval from the Ethical
Review Committee for Roche Mannheim under the approval number
[IQS_RICHT_RD_93002_DOK_D 2022], ensuring that the study
adheres to established ethical guidelines since the source of biological
material involves humans.

Competing interests The authors declare that they have no known
competing financial interests or personal relationships that could have

@ Springer


https://doi.org/10.1007/s00216-024-05271-3

3114

Strohmaier-Nguyen D. et al.

appeared to influence the work reported in this paper. Antje J. Baeum-
ner is editor of this journal but was not involved in the peer review of
this article.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Chen X, et al. Non-invasive early detection of cancer four years
before conventional diagnosis using a blood test. [Online]. Avail-
able: https://www.nature.com/articles/S41467-020-17316-Z#
Sec2. (Accessed: 12 Jul 2023).

2. Anderson NL, Anderson NG. The human plasma proteome: his-
tory, character, and diagnostic prospects. Molecular & Cellular
Proteomics. 2002;1(11):845-67. https://doi.org/10.1074/Mcp.
R200007-Mcp200.

3. Sharma S, Zapatero-Rodriguez J, Estrela P, O’kennedy R,. Point-
of-care diagnostics in low resource settings: present status and
future role of microfluidics. Biosensors. 2015;5(3):577-601.
https://doi.org/10.3390/Bios5030577.

4. Adkins JN, et al. Toward a human blood serum proteome: analysis
by multidimensional separation coupled with mass spectrometry.
Mol Cell Proteomics. 2002;1(12):947-55. https://doi.org/10.1074/
Mcp.M200066-Mcp200.

5. Sanchez-Giron F, Alvarez-Mora F. Reduction of blood loss from
laboratory testing in hospitalized adult patients using small-vol-
ume (pediatric) tubes. Arch Pathol Lab Med. 2008;132(12):1916—
9. https://doi.org/10.1043/1543-2165-132.12.1916.

6. Mielczarek WS, Obaje EA, Bachmann TT, Kersaudy-Kerhoas M.
Microfluidic blood plasma separation for medical diagnostics: is
it worth it? Lab On A Chip. 2016;16(18):3441-8. https://doi.org/
10.1039/C61c00833;.

7. Biagini RE, et al. Rapid, sensitive, and specific lateral-flow immu-
nochromatographic device to measure anti-anthrax protective anti-
gen immunoglobulin G in serum and whole blood. Clinical And
Vaccine Immunology : Cvi. 2006;13(5):541-6. https://doi.org/10.
1128/Cvi.13.5.541-546.2006.

8. Golden A, et al. Extended result reading window in lateral flow
tests detecting exposure to Onchocerca volvulus: a new tech-
nology to improve epidemiological surveillance tools. PLoS
ONE. 2013;8(7):E69231. https://doi.org/10.1371/Journal .Pone.
0069231.

9. LuZ, Rey E, Vemulapati S, Srinivasan B, Mehta S, Erickson D.
High-yield paper-based quantitative blood separation system. Lab
Chip. 2018;18(24):3865-71. https://doi.org/10.1039/C81c00717a.

10. Homsy A, et al. Development and validation of a low cost blood
filtration element separating plasma from undiluted whole blood.
Biomicrofluidics. 2012;6(1):12804—128049. https://doi.org/10.
1063/1.3672188.

@ Springer

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Cheah E, Tran DP, Amen MT, Arrua RD, Hilder EF, Thierry
B. Integrated platform addressing the finger-prick blood process-
ing challenges of point-of-care electrical biomarker testing. Anal
Chem. 2022;94(2):1256-63. https://doi.org/10.1021/Acs.Analc
hem.1c04470.

Garcia-Rey S, Nielsen JB, Nordin GP, Woolley AT, Basabe-
Desmonts L, Benito-Lopez F. High-resolution 3D printing
fabrication of a microfluidic platform for blood plasma sepa-
ration. Polymers. 2022;14:13. https://doi.org/10.3390/Polym
14132537.

Lenz KD, et al. A centrifugal microfluidic cross-flow filtration
platform to separate serum from whole blood for the detection of
amphiphilic biomarkers. Sci Rep. 2021;11(1):5287. https://doi.
org/10.1038/S41598-021-84353-Z.

Khatoon S, Ahmad G. A review on the recent developments in
passive plasma separators and lab-on-chip microfluidic devices.
In Asec 2022. 2023;37.

Wang Y, Nunna BB, Talukder N, Etienne EE, Lee ES. Blood
plasma self-separation technologies during the self-driven flow
in microfluidic platforms. Bioengineering (Basel, Switzerland).
2021;8:7. https://doi.org/10.3390/Bioengineering8070094.

Lutz S, et al. A fully integrated microfluidic platform for highly
sensitive analysis of immunochemical parameters. Analyst.
2017;142(22):4206—14. https://doi.org/10.1039/C7an00547d.
Maurya A, Murallidharan JS, Sharma A, Agarwal A. Microflu-
idics geometries involved in effective blood plasma separation.
Microfluid Nanofluid. 2022;26(10):73. https://doi.org/10.1007/
S$10404-022-02578-4.

Chin CD, Linder V. Sia SK (2012) “Commercialization of
microfluidic point-of-care diagnostic devices.” Lab Chip.
2012;12(12):2118-34. https://doi.org/10.1039/C21c21204h.
Hauser J, Lenk G, Hansson J, Beck O, Stemme G, Roxhed N.
High-yield passive plasma filtration from human finger prick
blood. Anal Chem. 2018;90(22):13393-9. https://doi.org/10.1021/
Acs.Analchem.8b03175.

Son JH, et al. Hemolysis-free blood plasma separation. Lab Chip.
2014;14(13):2287-92. https://doi.org/10.1039/C41c00149d.
Thorslund S, Klett O, Nikolajeff F, Markides K, Bergquist
J. A hybrid poly(dimethylsiloxane) microsystem for on-chip
whole blood filtration optimized for steroid screening. Biomed
Microdevices. 2006;8(1):73-9. https://doi.org/10.1007/
S$10544-006-6385-7.

Kuroda C et al. Microfluidic sedimentation system for separation
of plasma from whole blood. In Ieee Sensors 2014 Proceedings,
Valencia, Spain. 2014. pp. 1854-1857.

Dimov IK, et al. Stand-alone self-powered integrated microfluidic
blood analysis system (SIMBAS). Lab Chip. 2011;11(5):845-50.
https://doi.org/10.1039/C01c00403k.

Yang C-H, Hsieh Y-L, Tsou P-H, Li B-R. Thermopneumatic
suction integrated microfluidic blood analysis system. Plos One.
2019;14(3):E0208676. https://doi.org/10.1371/Journal.Pone.
0208676#.

Maria MS, Rakesh PE, Chandra TS, Sen AK. Capillary flow
of blood in a microchannel with differential wetting for blood
plasma separation and on-chip glucose detection. Biomicrofluid-
ics. 2016;10(5):54108. https://doi.org/10.1063/1.4962874.

A quick-reference tool for hemolysis status | Division of Vec-
tor-Borne Diseases | Ncezid | Cdc. [Online]. Available: https://
www.cdc.gov/ncezid/dvbd/specimensub/hemolysis-palette.html.
Accessed: 17 Oct2023.

Popel AS, Johnson PC. Microcirculation and hemorheology. Ann
Rev Fluid Mech. 2005;37:43—-69. https://doi.org/10.1146/Annur
ev.Fluid.37.042604.133933.

Vemulapati S, Erickson D. H.E.R.M.E.S: rapid blood-plasma
separation at the point-of-need. Lab Chip. 2018;18(21):3285-92.
https://doi.org/10.1039/C81c00939b.


http://creativecommons.org/licenses/by/4.0/
https://www.nature.com/articles/S41467-020-17316-Z#Sec2
https://www.nature.com/articles/S41467-020-17316-Z#Sec2
https://doi.org/10.1074/Mcp.R200007-Mcp200
https://doi.org/10.1074/Mcp.R200007-Mcp200
https://doi.org/10.3390/Bios5030577
https://doi.org/10.1074/Mcp.M200066-Mcp200
https://doi.org/10.1074/Mcp.M200066-Mcp200
https://doi.org/10.1043/1543-2165-132.12.1916
https://doi.org/10.1039/C6lc00833j
https://doi.org/10.1039/C6lc00833j
https://doi.org/10.1128/Cvi.13.5.541-546.2006
https://doi.org/10.1128/Cvi.13.5.541-546.2006
https://doi.org/10.1371/Journal.Pone.0069231
https://doi.org/10.1371/Journal.Pone.0069231
https://doi.org/10.1039/C8lc00717a
https://doi.org/10.1063/1.3672188
https://doi.org/10.1063/1.3672188
https://doi.org/10.1021/Acs.Analchem.1c04470
https://doi.org/10.1021/Acs.Analchem.1c04470
https://doi.org/10.3390/Polym14132537
https://doi.org/10.3390/Polym14132537
https://doi.org/10.1038/S41598-021-84353-Z
https://doi.org/10.1038/S41598-021-84353-Z
https://doi.org/10.3390/Bioengineering8070094
https://doi.org/10.1039/C7an00547d
https://doi.org/10.1007/S10404-022-02578-4
https://doi.org/10.1007/S10404-022-02578-4
https://doi.org/10.1039/C2lc21204h
https://doi.org/10.1021/Acs.Analchem.8b03175
https://doi.org/10.1021/Acs.Analchem.8b03175
https://doi.org/10.1039/C4lc00149d
https://doi.org/10.1007/S10544-006-6385-7
https://doi.org/10.1007/S10544-006-6385-7
https://doi.org/10.1039/C0lc00403k
https://doi.org/10.1371/Journal.Pone.0208676#
https://doi.org/10.1371/Journal.Pone.0208676#
https://doi.org/10.1063/1.4962874
https://www.cdc.gov/ncezid/dvbd/specimensub/hemolysis-palette.html
https://www.cdc.gov/ncezid/dvbd/specimensub/hemolysis-palette.html
https://doi.org/10.1146/Annurev.Fluid.37.042604.133933
https://doi.org/10.1146/Annurev.Fluid.37.042604.133933
https://doi.org/10.1039/C8lc00939b

Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP detection

3115

29. Montague SJ, Lim YJ, Lee WM, Gardiner EE. Imaging plate-
let processes and function-current and emerging approaches for
imaging in vitro and in vivo. Front Immunol. 2020;11:78. https://
doi.org/10.3389/Fimmu.2020.00078.

30. Shrirao AB, Schloss RS, Fritz Z, Shrirao MV, Rosen R, Yarmush
ML. Autofluorescence of blood and its application in biomedical
and clinical research. Biotechnol Bioeng. 2021;118(12):4550-76.
https://doi.org/10.1002/Bit.27933.

31. Kim H-N, Januzzi JL. Natriuretic peptide testing in heart failure.
Circulation. 2011;123(18):2015-9. https://doi.org/10.1161/Circu
lationaha.110.979500.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Antje J. Baeumner is Director of
the Institute of Analytical Chem-
istry, Chemo- and Biosensors at
the University of Regensburg and
remains Adjunct Professor in her
former home institution, the
Dept. of Biological and Environ-
mental Engineering at Cornell
University in Ithaca, NY, USA.
She is also Director of the Branch
Bioanalytics and Bioprocesses of
the Fraunhofer Institute of Cell
Therapy and Immunology, 1ZI-
BB. She is Chair-Editor of the
Springer Nature Journal Analyti-
cal and Bioanalytical Chemistry

(ABC) and was chair of the 2022 Gordon Research Conference on
Nanotechnology for Agriculture and Food Systems. Her research is

Chemo- and Biosensors at the
University of Regensburg, Ger-
many. His main focus is the
development and miniaturization
of one-step bioassays for the
detection of relevant cardiac bio-
markers in blood. Further
research interests include biosen-
sors, blood separation, and
microfluidics.

Carina Horn is leading the
Department Assay Development
Strip Disposables for Point-of-
Care at Roche Diagnostics
GmbH in Mannheim. The goals
are delivering ease-of-use solu-
tions for patients to diagnose
various parameters (glucose,
liver parameters, cardiac param-
eters) in blood, urine, or other
sample types, with special
emphasis on the commercializa-
tion and fabrication in industrial
settings.

Dan Strohmaier-Nguyen is a focused on the development of biosensors and microTotal Analysis Sys-

PhD student in the group of Prof. tems for the on-site detection of pathogens and toxins in food, the envi-
Antje J. Baeumner at the Insti- ronment and for clinical diagnostics with special emphasis on the devel-
tute of Analytical Chemistry, opment of novel nanomaterials.

@ Springer


https://doi.org/10.3389/Fimmu.2020.00078
https://doi.org/10.3389/Fimmu.2020.00078
https://doi.org/10.1002/Bit.27933
https://doi.org/10.1161/Circulationaha.110.979500
https://doi.org/10.1161/Circulationaha.110.979500

	Sample-to-answer lateral flow assay with integrated plasma separation and NT-proBNP detection
	Abstract
	Introduction
	Materials and methods
	Lateral flow channel fabrication with filter trench
	Human blood sample
	Quantification of the plasma purity
	Quantification of the recovered plasma volume
	Performance of the bioassay
	Supporting instruments

	Results and discussion
	Design and operational principle behind the lateral flow channel assay device
	Plasma separation efficiency
	Plasma purity
	Combination of on-device plasma separation with analyte detection

	Conclusion
	Acknowledgements 
	References


