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Introduction

High sensitivity detection of biotinylated
molecules using a high-resolution resistive pulse
sensor

Heyi Chen,t? Jacob Brown,t® Ge Zhang*® and Jiang Zhe (&) *@

Biotinylation is a widely used technique for tagging molecules to enable their detection, isolation, or
immobilization. Reliable detection of biotinylated molecules is critical for maintaining the integrity of
downstream processes and ensuring the accuracy of analytical and diagnostic assays. Here, we present a
novel strategy for a highly sensitive analysis of biotinylated targets based on gold nanoparticle counting.
This approach integrates a high-resolution microfluidic resistive pulse sensor with a competitive nanodi-
mer formation assay. In this method, biotinylated targets inhibit nanodimer formation between biotin-
and streptavidin-modified gold nanoparticles, resulting in fewer nanodimers being produced. The change
in nanodimer quantity is then measured by the resistive pulse sensor, allowing both the presence and
concentration of the biotinylated target to be quantified. Using biotinylated BSA as a model target, we
demonstrated that changes as small as 0.7606 pg mL™* produced a significantly detectable shift in dimer
ratio. Leveraging its single-particle detection capability, this strategy provides ultra-sensitive quantification
with minimal calibration and sample preparation. The ability of our approach to universally detect biotiny-
lated molecules holds great potential to advance a wide range of biotinylation applications in biotechnol-
ogy, diagnostics and tissue engineering.

labeling but also to quantify targets and enable downstream
applications.®?” Without reliable and high sensitivity detec-

Biotinylation, the covalent attachment of biotin to proteins,
nucleic acids, or other molecules, is a widely used technique
in molecular biology, biochemistry, and biotechnology.
Biotinylated targets provide versatile tools across a broad range
of biological and biomedical applications. Biotinylated pro-
teins are commonly employed for affinity purification,"?
immobilization on biosensor surfaces,>* or detection in
assays.>® Biotinylated DNA or RNA enables capture, enrich-
ment, and detection in nucleic acid assays, including pull-
downs to study protein-DNA interactions or preparation of
next-generation sequencing libraries.”"" Biotinylated cells
facilitate specific labeling,'*"® isolation,"*' or tracking in
flow cytometry,"®'” imaging,'® or adoptive transfer
experiments."”*® Additionally, biotinylated small molecules,
antibodies, or nanoparticles can be used to assemble complex
molecular scaffolds,>?* deliver therapeutics,>® or monitor
2526 in vitro and in vivo. Detecting bioti-
nylated molecules is critical not only to confirm successful

molecular interactions
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tion, the benefits of biotinylation, such as high specificity,
strong binding, and broad applicability, cannot be fully
utilized.

Several approaches are commonly employed to measure
biotinylated targets, each with unique advantages and limit-
ations. Enzyme-linked detection, including Enzyme-Linked
Immunosorbent Assay (ELISA)*® and Western blot,>® uses
streptavidin conjugated to enzymes to generate colorimetric or
chemiluminescent signals, providing high sensitivity and
quantitative readouts, though non-specific binding may intro-
duce background noise.”® Fluorescent detection leverages
streptavidin-fluorophore conjugates for direct visualization via
microscopy or flow cytometry, allowing spatial resolution®
and multiplexing,®* but requires careful control for photo-
bleaching and specialized instrumentation. Affinity-based
capture immobilizes biotinylated molecules on streptavidin-
coated beads or surfaces for purification,**** pull-downs,>>*
or interaction studies;*>*® while highly specific, the strong
biotin-streptavidin interaction can complicate elution.** Mass
spectrometry-based detection enables sensitive identification
and quantification of multiple biotinylated targets simul-
taneously, though it requires extensive sample preparation and
specialized equipment.’’*° Finally, Surface-Enhanced Raman
Scattering (SERS) exploits surface plasma resonances to
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enhance Raman scattering signals therefore offering an ultra-
high sensitivity measurement.*®*' However, its practical use is
limited by challenges such as complex optical setup and
instrumentation requirements, non-specific adsorption and
potential laser-induced damage to biotinylated targets.*>*

Resistive pulse sensors (RPSs) have been used to detect
micro/nano-scale objects for decades. RPS has a simple struc-
ture yet offers unique advantages of counting single particles
one by one in continuous flow. This uniqueness has enabled
highly sensitive, in situ detection of biomolecules, including
proteins,**** peptides,*®*” and DNAs.**" Specifically, in com-
bination with antigen-antibody based immunoaggregation
and immunodisaggregation of microparticles, Han et al.’>"
and Liu et al.>* used RPSs to detect biomarkers and cell secre-
tome. However, immunoaggregation and immunodisaggrega-
tion require well-controlled experimental conditions (e.g.,
time, temperature, etc.) to eliminate nonspecific aggregation
or disaggregation; the detection range of measurement is rela-
tively narrow (e.g. in the range of 0.01 ng mL ™" to 100 ng mL ™"
for VEGF™"). Further, Xu et al. reported ultra-sensitive detec-
tion of adenosine by integrating a target-responsive aptamer-
based nanoparticle release system with a high-resolution resis-
tive pulse sensor.”> While this method offered a wider detec-
tion range (e.g. 0.1 nM to 10” nM), it requires specific aptamer
design for target biomolecules to enable the specificity of the
detection. Designing aptamers that specifically recognize
target molecules is time-consuming and labor-intensive,
requiring careful optimization of both the aptamer’s sequence
and structure.

Here we present a novel gold nanoparticle-based strategy
for a highly sensitive analysis of a wide variety of biotinylated
targets. This approach combines a high-resolution microflui-
dic resistive pulse sensor with a competitive nanodimer for-
mation assay. Using this strategy, biotinylated targets inhibit
nanodimer formation between biotin- and streptavidin-modi-
fied gold nanoparticles, and the resulting changes are detected
by the resistive pulse sensor. Due to its single-particle detec-
tion capability, this method achieves ultra-sensitive detection
while requiring minimal calibration and sample preparation.

Materials and method
Materials

The following materials were purchased from Thermo Fisher
Scientific: Dulbecco’s Phosphate-Buffered Salt Solution 1x
(product# MT21031CV), 400 nm Gold Nanoparticles (product#
J67106.AC), and Triton X-100 non-ionic surfactant (product#
AAA16046AE). The following materials were purchased from
Cytodiagnostics: 200 nm Reactant Free Gold Nanoparticles
(product# GRF-200-20), 150 nm Reactant Free Gold
Nanoparticles (product# GRF-150-20), and 250 nm Reactant
Free Gold Nanoparticles (product# GRF-250-20). The following
materials were purchased from NanoPartz: Mono-Streptavidin
Functionalized = Spherical Gold  Nanoparticle (C11-
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200MS-DIH-50-1), Mono-Biotin Functionalized Spherical Gold
Nanoparticle (C11-200MB-DIH-50-1).

Principal

Monofunctionalized biotin gold nanoparticles (Biotin-AuNPs)
and monofunctionalized streptavidin gold nanoparticles
(Streptavidin-AuNPs) take advantage of biotin-streptavidin
binding to form the gold nano-dimers. However, in the pres-
ence of biotinylated target biomolecules, they tend to bind
with Streptavidin-AuNPs and block the binding site for Biotin-
AuNPs. As a result, fewer gold nano-dimers will be formed.
Hence, the percentage of nano-dimers is indicative of the
amount of biotinylated target molecules present during the
protein binding process. Here, we utilize a microfluidic resis-
tive pulse sensor (RPS) to accurately count the nano-monomers
(i.e. single Biotin-AuNPs or Streptavidin-AuNPs) and nano-
dimers, from which the percentage of nano-dimers within the
total count can be calculated, and the concentration of biotiny-
lated target biomolecules can be determined.

To detect gold nano-monomer/nano-dimer in situ in a con-
tinuous flow, we designed a microfluidic RPS shown in Fig. 1b.
The RPS sensor utilizes the Coulter counter principle.’® An
electrical field is applied across the electrolyte filled sensing
channel to form an electric field and a current flow. As a gold
nano-monomer/nano-dimer passes through the sensing
channel, it distorts the electric field and causes a current/resis-
tance change of the sensing channel.’” As a result, a voltage
pulse is generated, which reflects the passage of the particle.
The magnitude and the pulse width of the voltage pulse are
indicative of the particle’s size and travel velocity.>®>°

The microfluidic RPS device consists of a constricted
sensing channel with Ag/AgCl electrodes on both sides, and an
inlet/outlet reservoir on either end. The nominal dimension of
the sensing channel is 2 pm (width) x 2 pm (height) x 10 pm
(length). A Wheatstone bridge circuit was implemented to
apply an electric field and detect the change of resistance
within the sensing channel, shown in Fig. 1d. The Wheatstone
bridge consists of the sensing channel itself, R.pannel, two fixed
resistors, R; and R,, and a potentiometer, R;. A steady DC
voltage was applied at V;j, to generate the necessary electric
field. R, and R, were set to 460 kQ to be comparable to the
sensing channel’s resistance (~460 kQ) to create a balanced
state of the Wheatstone bridge. R; was adjusted at the begin-
ning of each test so that the voltage drop between ® and @
was zero. When a gold nano-monomer or nano-dimer passes
through the sensing channel, it induces a change in the
channel resistance, Rchannel, Which results in a voltage change
between @ and @. This voltage change is then amplified by
an AD620BN differential amplifier and measured by the DAQ
as Vour. The gain of the OP-Amp was 4491 from setting the
gain resistor to be 11 Q. The volume difference between a gold
nano-monomer and a gold nano-dimer would generate a
different voltage change magnitude as seen in Fig. 1c. From
this difference in voltage change magnitude, the microfluidic
RPS can differentiate a gold nano-monomer from a gold nano-
dimer.

Nanoscale, 2025, 17, 27900-27910 | 27901
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(a). Molecular detection through selective tagging with streptavidin-functionalized gold nanoparticles (Streptavidin-AuNPs) and subsequent
dimerization of remaining biotin-functionalized Biotin-AuNPs and Streptavidin-AuNPs. (b).

Illustration of the resistive sensor for gold nano-

monomer/nano-dimer measurement. (c). Illustration of the voltage pulses induced by monomers and dimers. (d). Circuit used to measure the
voltage pulses. (e). Microscope image of the sensing channel in the microfluidic resistive pulse sensor on a glass substrate.

Design

Device fabrication. The microfluidic RPS was manufactured
using the standard soft lithography method. The structures of
the sensing channel and the reservoirs were patterned on a
silicon wafer using the epoxy-based SU8-6002 negative photo-
resist (MicroChem, MA, USA). A 2-um thick layer of the SU8
6002 photoresist was spin-coated on a 4-inch silicon wafer in
three steps: (1) 500 rpm speed for 10 s; (2) 4000 rpm speed for
40 s; (3) 1500 rpm speed for 15 s. After spin coating, the
silicon wafer was soft baked on a hot plate for 5 min at 95 °C.
Next, the silicon wafer was exposed to UV radiation at 80 m]
ecm 2. The silicon wafer was then subjected to post exposure
bake at 95 °C for 5 min. SU-8 developer is used to develop the
structure pattern through a 20 s immersion, followed by an
ethanol and DI water rinse. A final hard bake was
implemented at 180 °C for 1 h to complete the fabrication of
the micro mold. To fabricate the microchannels, the polydi-
methylsiloxane (PDMS, Dow Corning Sylgard 184 Silicone
Elastomer Kit) was prepared and poured onto the silicon wafer

27902 | Nanoscale, 2025, 17, 27900-27910

in a container and then degassed. The PDMS was subsequently
cured for 2 h at 65 °C. The inlet and outlet channels were
punched with 1.5 mm biopsy punches; the two Ag/AgCl elec-
trode holes were punched with a 1.0 mm biopsy punch.
1.5 mm Ag/AgCl electrodes were inserted into these holes to
allow an interference fit. Finally, the PDMS slab was bonded to
a glass microscope slide using air plasma treatment at
200 mTorr, 100 W, for 35 s. The dimensions of the sensing
channel were measured using a surface profilometer (Dektak
150, Veeco Instrument, NY, USA). The channel measured
1.8058 + 0.0116 um in height, 1.5559 + 0.0506 pm in width,
and 10.8309 + 0.1553 pm in length. Fig. 1e shows a magnified
view of the sensing channel.

Nano-dimer fabrication. Nano-dimers were fabricated by
conjugating mono-functionalized biotin-bound nanoparticles
(Biotin-AuNPs) and monofunctionalized streptavidin-bound
gold nanoparticles (Streptavidin-AuNPs). First, 200 + 10 nm
Biotin-AuNPs and Streptavidin-AuNPs in DI water (Nanopartz™)
were diluted to a concentration of 2.00 x 10"° ¢t mL™" and
sonicated (Branson 2800, Branson™) separately for 30 s.

This journal is © The Royal Society of Chemistry 2025
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The nanoparticle suspensions were blocked by separately
mixing with equal volumes of 2 wt% bovine serum albumin
(BSA) aqueous solution on a shaker (Benchmark Scientific,
Inc., Orbi-Shaker Jr.™) at 150 rpm for 24 hours. Next, the BSA
was removed from the nanoparticle by six rounds of centrifu-
gation for 10 minutes at 16 000g (Centrifuge 5415R, Eppendorf)
and resuspension to 1.00 x 10” ct mL " (0.01661 pM) in ultrapure
water. To conjugate Biotin-AuNPs and Streptavidin-AuNPs at
different ratios, blocked nanoparticles were mixed at two separate
ratios (1:1, 1:2) and incubated on a shaker (150 rpm, 24 h). To
form competitively conjugated nanoparticle dimers, first,
different solutions of biotin-labeled bovine albumin (bBSA) were
diluted in ultrapure water. These solutions were made to have
specific ratios of bBSA molecules to Biotin-AuNPs to Streptavidin-
AuNPs (Biotin-AuNPs : Streptavidin-AuNPs : bBSA). For example,
the 1:1:1 Biotin-AuNPs: Streptavidin-AuNPs : bBSA samples
were conjugated with a 0.01661 pM bBSA solution mixed equal
volumes of Biotin-AuNP and Streptavidin-AuNP suspensions,
resulting in a ratio of one molecule of bBSA to each Biotin-AuNP
and  Streptavidin-AuNP.  The  Biotin-AuNPs: Streptavidin-
AuNPs : bBSA solutions were mixed at different molecular ratios
(0.5, 1, 2, 5, and 10) and incubated for 2 4 h, as previously
described, to form competitively conjugated nano-dimers. Lastly,
the conjugated nano-dimer suspensions were cleaned with the
same centrifugation and resuspension steps as before and finally
resuspended at a concentration of 0.50 x 10° ¢t ml™". To com-
plete the sample preparation, the conjugated nano-dimer suspen-
sions were diluted with DPBS with 0.01%v/v of Triton X-100 sur-
factant to ~5 x 107 ct mL ™" for testing.

Experiment setup

For each test, air was first bled out of the microfluidic RPS
with 0.2 pm filtered DPBS. Then Ag/AgCl electrodes were
inserted into the electrode holes, followed by loading the
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sample solution into the inlet reservoir. Using a flow controller
(Flow EZ, Fluigent), the pressure was kept constant at 2.5 kPa
for every test. A DC voltage of 500 mV was applied across the
two Ag/AgCl electrodes. The change in voltage across the
Wheatstone bridge as the gold nanoparticles flow through the
sensing channel was amplified by a differential amplifier
(AD620BN, Analog Devices). The amplified voltage trace was
recorded with a DAQ board (NI USB-6361, National
Instruments) and accompanying software (LabVIEW, National
Instruments) at a 500 kHz sampling rate. MATLAB was used to
post-process the acquired data.

Results and discussion
Validation of RPS

To validate the high-speed nanoparticle counting capability of
the RPS, reactant-free 200 nm gold nanoparticles were used.
The gold nanoparticles were diluted with 1x DPBS to the
desired concentrations. Once diluted, the samples were then
loaded into the inlet of the device. Fig. 2a-c shows the raw
voltage signals induced by the 200 nm gold nanoparticles
passing through the resistive pulse sensor at three different
concentrations. Within the same time frame, the higher con-
centration samples were seen to have induced denser voltage
pulses than the lower concentration samples. Fig. 2d shows a
count rate per hour at 1.44 x 10’ ct mL™", 7.2 x 10’ ct mL™,
and 1.44 x 10® ct mL™", indicating the RPS can scan dense
gold nanoparticles with high counting speed. Fig. 2e shows
the peak magnitude of voltage pulses, which are tightly
grouped at 0.2057 + 0.0188 V.

To validate the RPS’s capability to differentiate different-
sized gold nanoparticles, reactant-free gold nanoparticles of
150 nm, 200 nm, 250 nm, and 400 nm were used. Gold nano-
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Fig. 2 Typical voltage pulses induced by 200 nm gold nanoparticles passing through the RPS. (a) At ~1.44 x 108 ct mL™* (b) at ~7.2 x 107 ct mL™* (c)
at ~1.44 x 107 ct mL™* (d) count rate per hour at 1.44 x 107 ct mL™%, 7.2 x 107 ct mL™%, and 1.44 x 10® ct mL™* (e) voltage pulse magnitude distribution

of 200 nm gold nanoparticles.
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Fig. 3 Validation of the microfluidic resistive pulse device. (a) A typical voltage pulse of 150 nm, 200 nm, 250 nm, and 400 nm gold nanoparticles
(note the scaling difference for the 400 nm gold nanoparticles) (b) 150 nm, 200 nm, 250 nm, and 400 nm gold nanoparticles measured AR/R magni-
tude and the theoretical AR/R magnitude calculated from size based on the Deblois’s formula.®® (c) Measured and calculated concentration of

200 nm and 250 nm gold nanoparticles.

particles of each size were suspended in 1x DPBS and loaded
into the RPS; resistive pulses were then recorded. Fig. 3a
shows typical voltage pulses by different-sized gold nano-
particles. To create the correlation curve between nanoparticle
size and resistive pulse magnitude, voltage pulses (AV/V) by
150 nm, 200 nm, 250 nm, and 400 nm were measured, which
were then converted to AR/R with the known Ry, R, and R;
values after accounting for the operational amplifier gain.
Fig. 3b presents the experimental AR/R values vs. gold nano-
particle sizes. The relation is fitted with an exponential best fit
correlation curve.

% =1.293 x 107" x @**"° (1)
where d is the diameter of the gold nanoparticles in nano-
meters. This correlation curve clearly shows the device can dis-
tinguish/measure the sizes of different nanoparticles. It is
worth noting that the AR/R changes induced by gold nano-
particles are distinctively larger than those predicted from
Deblois’s formula.®® This echoed previous studies that found
that the material composition of nanoparticles affects the
resistive pulse magnitude, specifically that conductive particles
generate greater RPS signal magnitude than insulating par-
ticles.®® In short, gold nanoparticle size can be determined
from the calibration curve in Fig. 3b.

To demonstrate the accuracy of the nanoparticles counting
of the RPS at lower concentrations, the 200 nm and 250 nm
gold nanoparticles were diluted to 6.27 x 10° ct mL ™" and 2.83
x 10° ¢t mL ™", respectively (shown as the red dashed lines in
Fig. 3a). Each sample was then loaded into the RPS. Voltage
pulse traces were recorded. The measurement was run 5 times
in the RPS with a 1x DPBS flushing in between each run.

To obtain the concentration values shown in Fig. 3c, we
first obtained the flow rate ‘f* at the microchannel based on
the set pressure, channel dimensions, viscosity, and density of
the DPBS. Second, the total fluid volume “’ through the

27904 | Nanoscale, 2025, 17, 27900-27910

sensing channel within a time period ‘¢’ was calculated by v =
f-t. Lastly, the number of voltage pulses ‘n’ within the period ‘¢
was then measured; each pulse represents one gold nano-
particle passing the sensing channel. The concentration was
obtained as n/v. As shown in Fig. 3c, the 200 nm and 250 nm
gold nanoparticles concentrations were measured to be 6.062
x 10° + 0.225 x 10° ct mL™" and 2.414 x 10° + 0.352 x 10° ct
mL ™", respectively, which matched well with the nominal con-
centration. The small difference could possibly be caused by
the settlement of a small number of gold nanoparticles on the
channel substrate.

We selected AuNP concentrations ranging from 2.83 x 10°
ct mL™" to 1.44 x 10° ct mL™?, so that it would be rare that two
AuNPs would enter the sensing channel at the exact same
time. In the event that multiple nanoparticles are present in
the sensing channel at different moments, the voltage pulse
would exhibit a stepped pyramid structure, from which the
individual AuNPs can be identified.

Validation of the formation of nano-dimers

Monofunctionalized biotin gold nanoparticles (Biotin-AuNPs)
and monofunctionalized gold nanoparticles (Streptavidin-
AuNPs) were taken from their original packaging. Nominal
sizes of these gold nanoparticles are 200 + 25 nm. Both Biotin-
AuNPs and Streptavidin-AuNPs suspensions were diluted to
1.0 x 107 np mL™" (0.01661 pM), and the suspensions were
blocked with 100 pL of 2% BSA and incubated on a shaker at
150 rpm for 24 h. Blocked gold nanoparticles were washed six
times by centrifugation at 16 000g, 5 min. To conjugate Biotin-
AuNPs and Streptavidin-AuNPs to different ratios of nano-
dimers, blocked gold nanoparticles were mixed at various
ratios (1:1, 1:2) and incubated on a shaker (150 rpm, 24 h).
To form competitively conjugated nano-dimers, an equal
number of blocked, functionalized gold nanoparticles were
mixed with biotin-labeled bovine albumin (bBSA) at different
molar ratios. All conjugated gold nanoparticles were washed

This journal is © The Royal Society of Chemistry 2025
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six times by centrifugation (16 000g, 5 min) and resuspended
in 100 pL for testing.

To validate the formation of the nano-dimers through
biotin-streptavidin binding, we used the microfluidic RPS to
measure the nano-dimers formed through the resistive pulse
magnitude. This measurement also creates a baseline to be
referenced in later tests where biotinylated BSA was used to
alter the dimerization ratios through competitive binding with
Biotin-AuNPs. The Biotin-AuNPs and the Streptavidin-AuNPs
were mixed at a 1:1 and 1:2 ratio. The samples were loaded
separately into the microfluidic device, and the voltage pulses
(AV/V) induced by the gold nano-monomers and gold nano-
dimers were recorded and converted to AR/R. As the volume of
the Biotin-AuNP or Streptavidin-AuNP nano-monomer is 1 of
the size of the formed nano-dimers, the resistive pulse sensor
had distinctive resistive pulses as shown in Fig. 4a. The sizes
of Biotin-AuNPs and Streptavidin-AuNPs were calculated from
the correlation curve shown in Fig. 3b, 199.8565 + 15.2850 nm,
which matched with the nominal size, 200 nm + 10 nm well.
Similarly, from the pulses generated by the nano-dimers. We
calculate the equivalent dimeter of the nano-dimers to be
254.1566 + 13.6963 nm, which is in good agreement of its
equivalent diameter (i.e. /2 x 200° =252nm). From the
measured voltage pulses we can identify nano-dimers from
nano-monomers and count them accurately via pulse magni-
tude. From these counts with a ~30-minute time frame, the
nano-dimer ratio was calculated. 6 sample sets were measured
for each mixing ratio. Fig. 4b shows the measurement results.
Measurements show 45.612 + 4.389% dimer ratio when mixing
Biotin-AuNPs : Streptavidin-AuNPs mixing ratio was 1:1. The
nano-dimer ratio dropped to 29.706 + 3.675% when the Biotin-
AuNPs : Streptavidin-AuNPs mixing ratio was changed to 1:2.
The change in nano-dimer ratios was also visually confirmed
with TEM imaging seen in Fig. 4c. The measured nano-dimer
ratios were consistent with the theoretical calculations (red
dashed lines in Fig. 4b).

Per the specification sheet from NanoPartz, the manufac-
turer of the Streptavidin-AuNPs and Biotin-AuNPs, these NPs
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have a ~70% functionalization ratio. At a 1:1 Biotin-
AuNP : Streptavidin-AuNP mixing ratio, assuming that 70 out
of 100 of the functionalized Biotin-AuNPs and Streptavidin-
AuNPs bond with each other to form nano-dimers, 70 nano-
dimers would be formed, with the remaining unfunctionalized
Biotin-AuNPs and Streptavidin-AuNPs leaving behind 30 nano-
monomers each. This would create a total of 130 nanoparticles
(70 nano-dimers and 60 nano-monomers), yielding a theore-
tical maximum of 53.8% nano-dimer ratio via streptavidin-
biotin binding (shown as the red dashed line in Fig. 4b). A
change in the Biotin-AuNP: Streptavidin-AuNP mixing ratio
would change the ratio of nano-dimers due to a change in
available protein for binding. At a 1:2 Biotin-
AuNP : Streptavidin-AuNP ratio, the theoretical nano-dimer
ratio was estimated to be 30.4%. Compared to the theoretical
predictions, the measured nano-dimer ratio at 1:2 Biotin-
AuNP : Streptavidin-AuNP matched very well with the theore-
tical prediction. At 1:1 Biotin-AuNP: Streptavidin-AuNP, the
measured nano-dimer ratio was 45.6%, which is 18% lower
than the maximum prediction (53.8%). Note that the predicted
maximum nano-dimer ratio is an ideal value that is difficult to
obtain due to functionalization variances in the Biotin-AuNPs
and Streptavidin-AuNPs, which is common in mono-
functionalization of gold nanoparticles.®>®® Nevertheless, the
nano-dimer ratios at 1: 1 Biotin-AuNP : Streptavidin-AuNP were
higher because more binding site pairs were available.

Testing of biotinylated molecules

Next, to simulate the biotinylated molecule detection, biotiny-
lated BSA (bBSA), was used as a model target molecule to
compete against Biotin-AuNPs in protein binding with the
Streptavidin-AuNPs. In principle, by introducing the bBSA at
increasing ratios, the number of free Streptavidin-AuNPs avail-
able for dimerization with Biotin-AuNPs decreases. By correlat-
ing the dimer ratio with Biotin-AuNP: Streptavidin-
AuNP : bBSA ratios, the number of biotinylated molecules can
be estimated.
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(a) Typical voltage pulses by a nano-monomer and a nano-dimer. (b) Nano-dimer ratio of Biotin-AuNP : Streptavidin-AuNP at 1:1 and

1:2 mixing ratio. (c) TEM Images of Biotin-AuNP : Streptavidin-AuNP at 1:1 ratio and 1: 2 ratio. (The scale bar represents 1.0 pm.)
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We used the microfluidic device to measure the nano-
dimer ratio of the following Biotin-AuNP: Streptavidin-
AuNP : bBSA mixing ratios: 1:1:0, 1:1:0.5, 1:1:1, 1:1:2,
1:1:5,and 1:1:10. The results are shown in Fig. 5. Note that
the nano-dimer ratio of MB : MS mixing ratio of 1: 1 previously
measured in Fig. 3 (with no bBSA) is labeled here as 1:1:0.
The total NP concentration was maintained at ~1 x 10’ ct
mL ™" during dimer conjugation. The bBSA solutions based on
molecular ratios were made by serial dilutions to ensure the
Biotin-AuNP : Streptavidin-AuNP : bBSA ratio during dimer con-
jugation. A Student’s T-test was also performed to establish
the significance of the difference between each Biotin-
AuNP : Streptavidin-AuNP : bBSA mixing ratios.

Fig. 5 indicates that the nano-dimer ratios decreased with
increasing the bBSA ratio. TEM images of the Biotin-
AuNP : Streptavidin-AuNP : bBSA mixing ratios were presented
in Fig. 5 to validate the measured tendency. This tendency

View Article Online
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closely resembled a one-phase exponential decay, an expected
result in competitive binding assays, where bBSA acts as a
binding inhibitor and the dimerization percentage acts as the
signal. In competitive binding assays, the signal is indirectly
proportional to the concentration of the analyte and the
relationship between the signal and analyte concentration can
be defined using a one-phase exponential decay as a cali-
bration curve.®! Using nonlinear regression, we fit a one-phase
exponential decay curve to the measured dimer ratios as a
function of bBSA ratio in Fig. 5. A R* value of 0.9765 was
obtained.

At a Biotin-AuNP: Streptavidin-AuNP : bBSA mixing ratio of
1:1:0.5, the nanoparticles had a concentration of 0.01661
pM, and the bBSA concentration was 0.00831 pM. According to
the bBSA certificate of analysis, the molar mass of the bBSA is
68 629 g mol ", resulting in 0.5 parts being equivalent to 0.570
pg mL™" in our tests. A Student’s T-test shows a p-value of
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Fig.5 The measured dimer concentration at different Biotin-AuNPs,

Streptavidin-AuNPs and biotinylated BSA mixing ratios (Biotin-

AuNP : Streptavidin-AuNP : bBSA) and accompanying TEM images. (The scale bar represents 1.0 um.) Each error bar represents the standard deviation

of 6 tests.
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0.0142 between the ratios of 1:1:0 and 1:1:0.5, demonstrat-
ing the microfluidic device’s ability to detect a minimum con-
centration of 0.570 pg mL™". As bBSA increases by another 0.5
parts, a p-value of 0.0001315 was shown between 1:1:0.5 and
1:1:1. Note that a similar sample matrix and calibration
approach were used in our method to derive the LoD and LoQ
for comparison with ELISA or magneto-ELISA. From Fig. 5, we
used equations given by Armbruster et al. and Taleuzzaman
et al. that extrapolated on Clinical and Laboratory Standards
Institute (CLSI) EP17 guideline for LoD and LoQ.*>°® Details
of the formula and the calculations are provided in SI. The
LoD and LoQ were calculated to be 0.7606 pg mL™" and 2.3044
pg mL™"' respectively. In comparison, commercially available
Biotin detection ELISA kits such as IDK® Biotin ELISA and
Biotin Quantitative Determination ELISA typically have higher
LoD and LoQ values.®”*® IDK® Biotin ELISA reported a LoD of
32.4 pg mL™* and LoQ of 41.8 pg mL™',% while Biotin
Quantitative Determination ELISA reported a LoD of 190 pg
mL ™" and LoQ of ~310 pg mL~".°® More advanced ELISA, such
as magneto-ELISA reports a LoD as low as 2 pg mL™ . Our
method shows significantly lower LoD and LoQ and a signifi-
cant improvement in sensitivity against existing methods.

Fig. 5 presents a standard curve for biotinylated bio-
molecules. A detectable difference in values indicates that our
method can quantify the concentration of bBSA in the range of
0.5 parts to 10 parts or 0.570 pg mL™* to 11.4 pg mL™". It can
be inferred that when the mixing ratios of Biotin-
AuNP : Streptavidin-AuNP : biotinylated biomolecules are main-
tained, the nano-dimer ratio would follow a similar trend
shown in Fig. 5. Based on binding kinetics, the proportion of
streptavidin binding sites occupied by biotinylated bio-
molecules vs. Biotin-AuNPs is only dictated by changes in rela-
tive concentration and the complex formation and dissociation
constants, properties inherent to the biotin-streptavidin
complex.”® This suggests that this system could be used with a
wide range of concentrations of biotinylated molecules. Due to
the single entity detection of our technique paired with our
utilization of enzyme kinetics, in principle, our system has the
capability to measure biomolecules at even much lower con-
centrations. Note here that while measurement uncertainty in
dimer ratio exists among samples, it has minimum effect on
the overall relationship between biotinylated molecules ratio
and dimer ratio. The statistics analysis showed that there
existed distinctive differences in dimer ratios as bBSA were
added at all concentrations (see Fig. 5).

We also conducted a negative control test using VEGF
protein with a high concentration (1:1:4076 Biotin-
AuNP : Streptavidin-AuNP : VEGF). The details and results are
provided in SI. A T-test suggests that the presence of VEGF
protein did not affect the biotin-streptavidin binding, nor did
it affect the dimer ratio and thus the biotinylated biomolecule
detection.

BSA has high structural similarity to human serum
albumin (HSA),”"”> which comprises about 60% of plasma
proteins, making it one of the most common proteins in the
human body.”*’* Additionally, BSA is one of the most

This journal is © The Royal Society of Chemistry 2025
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thoroughly studied, consistently produced, and stable pro-
teins, widely used as a reliable standard and blocking agent
for biomolecular assays.”>”> While bBSA was used to demon-
strate the detection of biotinylated biomolecules, this method
would work for other biotinylated biomolecules. Biotin-strep-
tavidin binding has an extremely high binding affinity that is
largely unaffected by interactions with its target ligand.”® As
examples, biotinylated antibodies, antigens, DNA/RNA, lipids
and hormones have all been used in numerous detection-
based applications ranging from diagnostic immunoassays,
diagnostics and drug delivery that can also compete against
Biotin-AuNPs in protein binding with the Streptavidin-AuNPs
and change the nano-dimer ratio.

In this study, biotinylated BSA (bBSA) was used as a model
target to validate our approach. Our strategy relies on the
biotin-streptavidin interaction, which has exceptionally high
binding affinity and is widely applicable across various biotiny-
lated biomolecules. For instance, biotinylated antibodies, anti-
gens, nucleic acids, lipids, and hormones have all been success-
fully employed in biotin-streptavidin-based detection platforms
for diagnostics, biosensing, and drug delivery. In principle, our
device should therefore be compatible with a broad range of bio-
tinylated species, as they can compete with Biotin-AuNPs for
streptavidin binding and alter the nano-dimer ratio, which is
the basis of our detection mechanism. However, the detection
sensitivity, specificity, and kinetics may vary depending on the
molecular size and biotin valency of the target. Larger bio-
molecules may impose steric hindrance, slowing the binding
rate and reducing effective affinity, thereby impacting sensitivity
and response time. Additionally, biotin valency can influence
interaction strength. Higher valency enhances binding sensi-
tivity but may compromise specificity due to increased risk of
nonspecific aggregation. These factors will be systematically
evaluated in future studies to further optimize the performance
of our device across diverse biotinylated targets.

Biotin interference is a potential limitation of our device
when applied directly to clinical samples, as free biotin may
compete with the biotinylated target for streptavidin binding
and reduce detection accuracy. Therefore, clinical samples
would need to be pretreated to remove or reduce free biotin
prior to testing. Additionally, spike-recovery experiments
should be conducted to verify assay robustness and quantify
any bias introduced by residual free biotin before clinical
implementation.

In our tests, the total turnaround time of the assay time was
25 hours from preparing the sample to subsequent testing,
while the incubation time is 24 hours. Literature suggest that
utilizing similar binding techniques and conditions, other
nanoparticle-based systems were conjugated in as little as
30 min at room temperature.”””’® Factors such as agitation
speed, temperature, and analyte concentration likely impact
the adequate incubation time. In comparison, depending on
the type of assay, incubation time of traditional ELISA varies
between 4.5-hours to overnight.”°®' Additional time is
required for repeating washing steps and absorbance reading.
With the demonstration of the new assay method based on
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RPS sensing technology, we plan to optimize the conditions to
significantly reduce the incubation time in our future work.
Due to the small dimensions of the sensing channel, the
device can only analyze a small sample volume and has
limited throughput. However, the throughput can be improved
using parallel sensing channels in combination with signal
multiplexing strategies.®>%

During our test, we found small amounts of protein (e.g
biotin, streptavidin) adhered to the channel surface and they
attended to adhere to each other and form large protein clus-
ters, which would cause measurement uncertainty. In our
tests, we intentionally reduced the Streptavidin-AuNP : Biotin-
AuNP concentration to 5 x 10’ ¢t mL™" to reduce the post
aggregation of protein. Triton X-100, a non-ionic surfactant,
was used to treat the channel surface, which seemed to have
reduced protein adhesion and post aggregation. Recently,
Pluronic F-127 was reported to have successfully reduced
protein adhesion to PDMS surface.** This coating can be
potentially applied to our device to further reduce the protein
adhesion.

Conclusions

We present a novel method based on gold nanoparticle count-
ing for a highly sensitive analysis of biotinylated targets. This
method combines a high-resolution microfluidic resistive
pulse sensor with a competitive nano-dimer formation assay.
As biotinylated molecules inhibit nano-dimer formation
between biotin- and streptavidin-modified gold nanoparticles,
the concentration of the target biotinylated molecules can be
determined by counting the ratio of nano-dimers. The nano-
particle counting was conducted through resistive pulse
measurement with bBSA acting as the target biotinylated mole-
cule. Results showed that a change in bBSA as small as 0.7606
pg mL™' can create a statistically significant difference in
nano-dimer ratio. With the single nanoparticle detection
resolution, this method offers ultra-high sensitivity with
minimal calibration and sample preparation. Additionally,
bBSA concentration ratio vs. dimer ratio closely resembles a
one phase exponential decay. Other biotinylated molecules are
expected to follow this trend. Hence this method can be used
to detect and quantification of a variety of biotinylated bio-
molecules with similar sensitivity and shows great potential
for numerous fields in biology and biotechnology including
molecular biology, biochemistry, diagnostics and clinical
research, and tissue engineering.
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