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ABSTRACT: We report a streamlined, cost-effective point-of-care
platform for the quantitative detection of monoclonal antibodies
for therapeutic drug monitoring, addressing the limitations of
bulky, complex, and expensive instrumentation required for standard
analytical techniques. In contrast to conventional immunoassays that
rely on primary/secondary antibodies for quantification, our method
leverages a DNA circuit for the recognition of the target monoclonal
antibody coupled with CRISPR-Cas12a signal amplification. This
assay is integrated into a microfluidic chip that enables a single-step
workflow, eliminating the multiple incubations and reagent addition
steps typical of laboratory methods. The platform demonstrates
quantitative detection of a model anti-hemagglutinin antibody
within a 60-min sample-to-answer timeframe, in the nanomolar
range, with a chip manufacturing cost below 1€ and reagent stability confirmed at –20 °C for over one month. This proof-of-concept
illustrates the potential of simplified CRISPR-based assays for decentralized rapid protein quantification in clinical settings.
KEYWORDS: CRISPR-Cas12, point-of-care, diagnostics, microfluidics, lab-on-a-chip, therapeutic drug monitoring, monoclonal antibodies

Therapeutic antibodies have revolutionized the treatment
of various diseases, including cancers, autoimmune disor‐

ders, and infectious diseases such as COVID-19. Monoclonal
antibodies (mAbs), due to their specificity and ability to be
mass-produced, have become a cornerstone in modern thera‐
peutic strategies.1–6

Monitoring mAb levels in patients is crucial to ensure therapeu‐
tic efficacy and minimize the risk of adverse effects such as infusion
reactions, infections, and immune-related adverse events. Routine
monitoring also helps in identifying development of resistance
to therapy due to anti-drug antibodies, which can neutralize the
therapeutic effects of mAbs and lead to treatment failure.7–10

The gold standard techniques for monitoring mAbs include
immunoassays and chromatography.11,12 Enzyme-linked immuno‐
sorbent assay (ELISA) and Western blot are widely used for
immunoassays due to their high sensitivity and specificity, but
they require multiple steps, which are time-consuming and prone
to variability. On the other hand, high-performance liquid chro‐
matography coupled with mass spectrometry (HPLC-MS) offers
higher precision and sensitivity in detecting and quantifying mAbs.
Despite its advantages, HPLC-MS is complex and highly expensive
and requires specialized personnel.

To address these limitations, point-of-care (POC) devices
have been proposed to enable rapid, on-site mAbs monitoring.
By decentralizing diagnostics from traditional laboratories, POC

platforms facilitate timely dosage adjustments. To ensure clinical
utility, such platforms must operate within concentrations that
range around 150–220 μg mL–1 (1000–1500 nM) in serum.13–16

In this landscape, an innovative approach to detect mAb
includes aptamer-based recognition elements, which provide
rapid and cost-effective detection but are susceptible to pH and
ionic force alterations.17–23 Optical biosensors leveraging surface
plasmon resonance (SPR) offer real-time and on-line monitoring
capability24,25 but are sensitive to external interferences and require
precise control during production.

In recent years, several research groups have expanded the appli‐
cation of clustered regularly interspaced short palindromic repeat
(CRISPR) and CRISPR-associated proteins (Cas), CRISPR-Cas,
beyond nucleic acid detection to include, for example, heavy
metals, small molecules such as adenosine triphosphate (ATP),
and proteins such as mAbs.26 These new sensing assays were
realized by coupling CRISPR systems with aptamers or antibodies
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as recognition elements.27–32 Despite their novelty and sensitivity,
they do not match what is demanded for POC applications due to
the lack of isothermal processes, the need to prepare the reagents
on site, the costs of reagents, and the requirement for complex
laboratory equipment.

In this study, we present the development of a user-friendly
CRISPR-based microfluidic chip designed for the quantification
of non-nucleic acid analytes. As a sensing mechanism, we integra‐
ted the optical assay described by Bagheri et al.,33 which leverages
antigen-conjugated DNA strands to modulate Cas12a cleavage
activity. This assay (Figure 1) was selected due to its simplicity:
it requires neither washing steps nor sample preamplification,
and it offers straightforward adaptability for the detection of
other biomarkers. As a robust and cost-effective model for mAbs,
we selected the mouse monoclonal anti-hemagglutinin from
influenza A (antiHA) to optimize the microfluidic integration
and reactants’ lyophilization parameters. We first optimized the
assay protocol to reduce the procedural complexity and enhance
the reagent stability. Subsequently, we incorporated it into a
cost-effective microfluidic platform, enabling rapid and quantita‐
tive detection of mAb, designed for ease of use in resource-limited
and field settings. To assess the transition from a laboratory-based
format to a POC compatible device, we systematically evaluated
the assay’s limit-of-detection (LOD) and apparent dissociation
constant (K1/2), thereby quantifying the impact of integration on
overall performance.

Chemicals: Tris buffer (pH 7.4) contained NaCl (Sigma)
50 mM, MgCl2 (Sigma) 10 mM, and Tris-HCl (Sigma) 10 mM.
For lyophilization studies, sucrose, dextran, and trehalose were

obtained from Sigma, while NEB 2.1 buffer was sourced from New
England Biolabs. Bovine serum albumin (BSA), poly(ethylene
glycol) (PEG), and dextran surface blocking agents were procured
from Sigma. The LbCas12a enzyme was purchased from New
England Biolabs.

For IgG testing, the following antibodies were employed:
antiHA 12CA5 (Roche), human polyclonal IgG from sera
(Jackson  Immunoresearch), mouse monoclonal antihuman
C-reactive protein (CRP) (R&D Systems), mouse monoclonal
antihuman placental growth factor (PlGF) (R&D Systems),
mouse monoclonal antihuman interferon γ-induced protein
10 (CXCL10) (R&D Systems), and rabbit polyclonal anti
E.  coli (Abcam).

The ELISA benchmark test was run using NaCO3, Tween 20,
phosphate buffer saline (PBS) pH 7.4, NaOH, anti-mouse IgG
(whole molecule)-alkaline phosphatase antibody produced in
goat, and alkaline phosphatase yellow (p-nitrophenyl phosphate)
liquid substrate system for ELISA purchased from Sigma.

To evaluate the assay sensitivity in a real matrix, human serum
from an AB male donor (collected from clotted blood, Sigma) was
utilized. The oligonucleotide sequences used in this work are listed
in Table 1.

PNA-peptide was supplied by HLB Panagene; split 1, translator,
reporter, and crRNA were ordered from Metabion. Split  2,
containing a polarity inversion, was purchased from LGC Bio‐
search Technologies.

Multistep Assay: Prior to starting the assay, the oligos were
annealed under the following conditions: PNA and DNA at 90  °C
for 2 min, crRNA at 65 °C for 5 min. The multistep assay required

Figure 1. Mouse antiHA mAb detection scheme. (1) The sensing module includes two identical peptide nucleic acid (PNA) oligonucleotides,
modified with the HA epitope (blue triangles) recognized by the antibody. Each PNA is hybridized to a single-stranded DNA (ssDNA), called split.
(2) The translator module consists of a fluorophore-quencher labeled ssDNA molecular beacon reporter and a ssDNA, named translator, containing
the target sequence (TS) for the ribonucleoprotein (RNP) and the not-complemented anti-protospacer adjacent motif (anti-PAM) sequence. (3) The
CRISPR module comprises the RNP formed by Cas12a conjugated to its CRISPR DNA (crRNA). (4) Upon binding with antiHA, the co-localization
of the HA peptide modified splits leads the hairpin-to-duplex conformational change of the translator, followed by PAM complementation. The active
translator triggers the Cas12a trans-cleavage, resulting in the generation of a fluorescence signal. The arrows indicate oligos 3′ end. Note that Split #2
features a polarity inversion at the end of the flexible linker (purple segment), which is explicitly denoted by a perpendicular line crossing between the
purple and orange segments.

Table 1. List of All the Oligonucleotides in This Work
oligo sequence

PNA-peptide N-term-YPYDVPDYA-C-term-5'-CAG TGG CGT-3'
split 1 5' -CGG TTT TGA CCG GCA TCG GCT TCA ATC ATT CAG ACG TTT TTT TTT TAC GCC ACT G-3'
split 2 3'-GTC ACC GCA-5'-TTT TTT TTT TCG TCT GTT GAT AGG GTA AGA-3'
translator 5'-TCT TAC CCT ATC TGA TTG AAG CCG ATG CCG GTC AAA ACC GGC ATC GGA TTC AAT CA-3'
reporter FAM-5'-CTCTCATTTTTTTTTTAGAGAG-3'-BHQ1
crRNA 5'-UAA UUU CUA CUA AGU GUA GAU ACC GGC AUC GGC UUC AAU CA-3'

ACS Sensors pubs.acs.org/acssensors Article

B https://doi.org/10.1021/acssensors.5c04532
ACS Sens. XXXX, XXX, XXX-XXX

https://pubs.acs.org/doi/10.1021/acssensors.5c04532?fig=fig1&ref=pdf
http://pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.5c04532


an initial incubation of crRNA and Cas12a (200:200 nM) at
37  °C for 30 min to form the RNP. In parallel, the sensing module
was prepared by incubating split 1, split 2, and PNA-peptide
oligos (300:300:600 nM) for 5 min at 37 °C. Subsequently,
the solution was combined with the translator and the reporter
solution (1:100  nM), along with antiHA. After a 20 min incu‐
bation, the performed RNP was added to the active translator
solution. Final concentrations were as follows: 30:30:60 nM for
split 1:split  2:PNA-peptide, 1:100 nM for translator:reporter,
and 20 nM for the RNP. Fluorescence signals were recorded
after 90 min by exciting at 485 nm and measuring emission at
535 nm using a Tecan Infinite 200 Pro fluorescence reader while
maintaining a constant temperature of 37 °C.

One-Pot Assay: A one-pot assay was performed by preannealing
the oligos, as described above, followed by the sequential addition
of all reagents in the following order: split 1, split 2, PNA-peptide,
translator, reporter, crRNA, and LbCas12a. Due to the number
of required reagents and the necessity of multiple pipetting steps,
a delay of approximately 5 min between the first and the last
addition was introduced before sample measure. The temperature
was maintained at a constant 37 °C, and fluorescence was measured
after 60 min.

Reagent Lyophilization: Lyophilization was carried out by freez‐
ing the solutions overnight at –80 °C, followed by vacuum for 8 h
at –53 °C with a Christ A 1–4 freeze-dryer.

Surface Blocking: All the blocked surfaces were soaked in the
blocking agent solution overnight at 4 °C and successively rinsed
with Milli-Q water.

Lyophilized Assay and Modules’ Freeze-Drying Optimization:
The lyophilized assay was designed to be multistep, streamlining
both prior and parallel operations. The test involved adding the
antiHA solution to reconstitute the sensing module, mixing the
components, and then transferring the solution to the subsequent
tube containing the translator module. After mixing and waiting for
20 min, the solution was added to the tube containing the CRISPR
module, and fluorescence was recorded after 60 min.

In order to reduce the assay complexity using the freeze-dried
format, all the oligonucleotides were preannealed and preincuba‐
ted immediately before initiating the lyophilization process. To
optimize the lyophilization of the CRISPR module, the assay was
simplified by replacing the translator and sensing module with a
double-stranded DNA active translator, containing the TS and the
PAM, previously annealed at 90 °C for 2 min at a concentration
of 1 nM. To optimize the freeze-drying excipients of sensing and
translator modules instead, the antiHA assay was selected, with
RNP prepared on site.

Chip Fabrication: The chip was fabricated by lamination of
poly(methyl methacrylate) (PMMA) with a thickness of 5 mm,
cyclic olefin copolymer (COC) film of 60 μm, and 140 μm thick
double-sided adhesive tape. The plastic materials were laser cut
using a Trotec Speedy 300 CO2 laser cutter, and all the cutting
parameters are reported in Figure S1. To avoid strong unspecific
adsorption, the tape was blocked with 1% bovine serum albumin
(BSA) solution in Tris buffer at pH 7.4. Reagents were incubated
and annealed as described in the lyophilized assay procedure and
subsequently automatically dispensed using an M2MD Scienion
nanoliter dispenser using a NDC H coated tip, depositing about
48  nL per jet for a total of 24 jets per assay module, for a total of
1.17  ± 0.04 μL per module.

Optimization of the Flow Rate: A fluorescein solution was
dispensed on the chip and allowed to dry completely. Upon recon‐

stitution with 13 μL of Milli-Q water, the resulting concentration
was calculated to be 30 μM. Fluorescence intensity was then
measured under varying flow rates and compared to a control,
which consisted of a freshly prepared 30 μM fluorescein solution.

Chip Assay: The chip was placed on a heater to maintain a
constant temperature of 37 °C and connected to a peristaltic pump
via the outlet. 13 μL of antiHA solution was poured into a funnel
connected to the chip’s inlet. The solution was then aspirated
with the pump until it reached the sensing module, where it was
incubated for 3 min, to allow reaching the proper temperature.
Subsequently, the liquid was pumped back into the funnel to
ensure uniform mixing. The solution was then directed to the
translator module zone and allowed to react for 20 min before
being pumped back into the funnel. The active translator was then
transferred to the CRISPR module and left reconstituting the
reagent for 3 min. Finally, the solution was pumped through the
reading well, and the fluorescence signal was recorded after 30 min
in a 3D-printed chip holder.

AntiHA Antibody Detection Using ELISA: For antiHA antibody
detection using ELISA, antiHA detection using ELISA as the ref‐
erence method was performed following a standard protocol and
colorimetric detection.34 Briefly, a transparent 96 well microtiter
plate was coated with 100 μL of the HA peptide-PNA as the capture
element at 0.5 μg/mL in 50 mM carbonate buffer pH 9.0, which
was incubated overnight at 4 °C. The wells were then washed
3  times, and all washing steps otherwise stated consisted of cycles
of emptying the content in the wells and adding 200 μL per well
of washing buffer: 0.05% v/v Tween 20 in PBS. Next, to prevent
unspecific adsorption, 200 μL of blocking solution, 2% w/v BSA
in PBS, was added to each well and incubated for 2 h at 37 °C.
Then, 3 washing cycles were performed, and 100 μL of the sample
containing the antiHA mAb in its corresponding conditions, either
buffer or 1% v/v serum, was added to its corresponding well and
incubated for 1 h at 37 °C. Following this, 3 washing cycles were
run, and 100 μL of goat anti-mouse IgG labeled with alkaline
phosphatase (ALP) at 0.25 μg/mL in 1% w/v BSA and 0.05% v/v
Tween 20 in PBS was added to each well and incubated for 1 h at
37  °C. Finally, 3 standard washing cycles and 1 final washing cycle
in PBS were performed, and then, 100 μL of ALP substrate was
added to each well. The reaction was stopped after 7 min by adding
25 μL of 3 M NaOH per well. The absorbance signal was read at
420 nm using a Tecan Infinite M200 Pro.

Data Analysis: The calibration curves were plotted by collecting
the fluorescence intensity at 90 min for the multistep assay, 60 min
for the one-pot and lyophilization in tube tests, and 30 min
for the microfluidic chip test. Binding curves were fitted with a
4-parameters logistic regression

F = Fmin +
(Fmax – Fmin)

1 +
K1/2

[ Target ]

nH

where Fmax and Fmin are the maximum and minimum fluorescence
intensities, respectively, and K1/2 is the concentration of the target
at a half-maximum fluorescence signal. [Target] is the target con‐
centration, and nH is the Hill coefficient. The LOD was calculated as
the blank value summed to 3 times its standard deviation. All these
analyses were completed using Prism-GraphPad software.

We adopted the assay developed by Bagheri et al.33 to quantify
antiHA as model mAb. The calibration curve obtained in buffer
was used as a benchmark to track the sensitivity changes during
the transition from an in-tube assay for research applications to a
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device. The calibration curve (Figure 2b and Figure S2a for kinetic
profiles), derived from the fluorescence measurements that are
taken after 90 min, demonstrated a linear range between 29 and
332 nM antiHA (R2 = 0.97), K1/2 = 99 nM, and a LOD of 25 nM.
Although, considering a dilution step, the assay shows a sensitivity
within the relevant mAb range falling around 1000 nM,13–16 the
procedure requires further optimization to improve its usability
for nonexpert users. Consequently, we simplified this protocol to
make it suitable for POC applications.

To enhance the assay’s ease of use, we eliminated all the
incubation steps and adopted a one-pot format (Figure 2c). It
was hypothesized that the optimal conditions for the multistep
assay might differ from those for the one-pot test. Therefore,
reagent concentrations were optimized by sequentially adding
each chemical as the last component in the tube, before the mAb
(Figure S3). Once the optimal concentration was identified, it was
fixed for all subsequent optimization steps. The objective was to
maximize the signal gain within a 60-min measurement timeframe,
to be in line with the POC concept.

Fluorescence signal analysis revealed slower reaction kinetics, as
indicated by the flatter slopes (Figure S3a). This behavior is likely
attributed to the competition among antiHA binding to the sensing
module, spontaneous hybridization events between the splits and
the translator, and the minor off-target cleavage activity of the
CRISPR module toward the inactive translator and the reporter.
Additionally, the sequence in which the reagents were added was
found to significantly influence the signal intensity, highlighting
the importance of maintaining a multistep protocol to ensure opti‐
mal assay performances. Optimization experiments confirmed
that the introduction of the sensing module at the beginning of the
reaction is critical to maximize the signal-to-noise ratio, as can be
seen in Figure S3c. This sequence dependence is justified by the
intrinsic limitations of manual assay execution. While a theoretical
one-pot reaction assumes instantaneous mixing of all components

and, thus, should be indifferent to the order of addition, achieving
this in practice due to constrains of real-world settings proved
difficult because of the inevitable sample handling that introduced
a lag time.

Consequently, we assessed the performance of the one-pot
assay compared to the multistep one, and we obtained a calibration
curve in buffer using the optimized conditions (Figure 2d and
Figure S2b for kinetic data), which exhibited less sensitivity,
with a LOD of 86 nM and a narrow linear range up to 136 nM
antiHA (R2 = 0.89). These findings highlight the necessity of
a microfluidic implementation to ensure better control over the
reagent interaction. Consequently, these results drove the decision
of streamlining of the multistep protocol through an automated
on-chip reagent mixing, first developing a lyophilization strategy to
integrate and stabilize the reactants within the device.

Since the one-pot protocol was not satisfactory in terms of sen‐
sitivity, we have also investigated the approach of using the lyophi‐
lized assay in tube. This approach was mandatory to implement the
assay in a ready-to-use POC sensing device with improved shelf-life
and a reduced number of steps required for testing. For this
purpose, all modules were preannealed and preincubated before
initiating the lyophilization process (Figure 3a). This approach
minimized the number of required steps and facilitated the storage
of chemicals in a portable and ready-to-use format. However,
freeze-drying is a complex procedure, especially when aiming to
preserve enzymatic activity. To address this challenge, we first opti‐
mized the buffers, then validated the method in buffer solution, and
established the mid-term shelf-life of the lyophilized chemicals.

The sensing, translator, and CRISPR modules were separated
into three distinct tubes to maintain the multistep format. The ini‐
tial optimization focused on the CRISPR module, which includes
the LbCas12a enzyme and crRNA. According to the literature,35–45

we selected sucrose and trehalose as cryoprotectants to maintain
the RNP hydration shell, alongside dextran as a bulky agent to

Figure 2. Assay format comparison. (a) Multistep procedure and (b) antiHA calibration curve obtained in Tris-buffer after 90 min of cleavage
(N  =  3). (c) One-pot assay execution scheme. The numbers indicate the order of the added reagents. (d) Calibration curve obtained in Tris-buffer
after 60 min (N = 3). The dotted black line represents the average value of the blank (antiHA 0 nM), while the gray band represents its standard
deviation. Note that in (b), the standard deviation for some measurement points is not clearly visible due to its low value.
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prevent structural collapse after dehydration. Additionally, we
compared the buffer recommended for Cas12a’s optimal cleavage
(NEB 2.1, pH 8.0) with the optimal buffer for antiHA binding
(Tris buffer, pH 7.4). The results in Figure S4a indicate that
adding 10%  w/v sucrose and 2.5% w/v dextran to the NEB
buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 10 μg
mL–1 BSA pH 7.9 at 25 °C) significantly aids in preserving
the RNP activity during lyophilization. However, the reaction
kinetics were slower, likely due to the increased viscosity of the
solution. Subsequently, the translator and sensing modules were
also freeze-dried, either in separate tubes or combined, to reduce
the number of steps required in the assay. Figure S4b reveals
that the optimal conditions involve freeze-drying reagents in
two separate tubes with a minimum of 2.5% w/v sucrose in Tris
buffer (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, pH
7.4 at 25 °C), resulting in higher signal gain without significantly

affecting the solution’s viscosity in our operational settings and
reagent costs, such as using higher concentrations with similar
signal-to-noise ratios.

Surface blocking of the tube was optimized to prevent nonspe‐
cific adsorption of compounds to the walls, thereby reducing
their loss and preserving effective concentration. Blocking agents
such as BSA, PEG, and dextran were tested to reduce protein
binding.46 As shown in Figure S5, BSA, PEG, and dextran gen‐
erated a higher blank signal with a steeper slope compared to
the unblocked tube, which exhibited the lowest degradation
and/or cleavage of the reporter. The reporter degradation was
attributed to trace nuclease contamination within the reagents,
coupled with the BSA/PEG/dextran stabilization effect during
the freeze-drying process, which enhances the unspecific cleav‐
age activity of the RNP. Thus, the following lyophilization tests
were made without blocking the tube surface.

Figure 3. Lyophilized assay characterization. (a) Schematics of the test. (b) AntiHA calibration curve in Tris-buffer. The fluorescence signal was
recorded after 60 min. The dotted black line represents the average values of the blank (antiHA 0 nM), while the gray band represents its standard
deviation (N = 3). (c) Fluorescence signal from the shelf-life experiment (N = 3). (d) Specificity of the lyophilized assay tested using 300 nM
nonspecific target antibodies (N = 3). (e) Evaluation of the matrix effect at different serum dilutions (N = 3). (f) Fluorescence signal in 1% v/v serum
supplemented with increasing antiHA concentrations, recorded after 60 min (N = 3).
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Successively, the assay sensitivity was tested in buffer solution.
The assay was conducted in 20 min from the addition of the mAb to
the beginning of fluorescence measurement. The calibration curve
in Figure 3b (Figure S6 for kinetic profiles) shows a linear range
from 136 to 478 nM (R2 = 0.99), K1/2 = 255 nM, and a LOD of
78  nM for a 60-min measurement.

The diminished sensitivity, compared to the on-site multistep
format, is consistent with a partial loss of RNP activity during
freeze-drying. The concomitant K1/2 upward shift could point to
the lyophilization process itself inducing partial aggregation of
the peptide-conjugated sensing module, thereby altering epitope
accessibility upon reconstitution. Despite this attenuated linear
range response, the LOD remains similar to the version prepared
on site. This is due to the low fluorescence of the negative control,
which begins to increase after approximately 40 min, but with a sig‐
nificantly lower slope compared to the sample containing antiHA.

After successfully freezing the drying agents, we evaluated their
shelf-life over one month to test and ensure the stability of dried
chemicals. We investigated the storage stability of the freeze-dried
bioassay at +4 °C and –20 °C to address the logistical demand
of decentralized advanced clinical testing, such as at the patient
bedside and local clinics. The data in Figure S7 indicates that the
modules are not stable over time at 4 °C, with signal intensity
decreasing, whereas those stored at –20 °C under vacuum retained
their activity for at least 25 days (Figure 3c). Kinetic analysis of
freeze-dried reagents stored at +4 °C showed similar cleavage rates
to those stored at –20 °C, reaching the fluorescence plateau at
about 60 min. However, after eight days of storage at +4 °C, the
fluorescence signal kinetics slowed down, without reaching the
plateau after 60 min, indicating a decrease in cleavage activity.

The CRISPR assay was tested against various antibodies to
determine its specificity and assess potential interferences. As
illustrated in Figure 3d, the assay’s performance is affected by both
monoclonal and polyclonal IgG antibodies. Polyclonal human
IgG significantly interfered, producing 31% of the signal com‐
pared to antiHA. This finding suggests that while the assay can
still distinguish between the biomarker and other antibodies,
substantial interference is anticipated when transitioning to serum
measurements due to the high concentration of IgG.

To demonstrate the capability of quantifying mAbs in human
serum, matrix dilution was first optimized to balance sensitivity,
minimize interference, and ensure minimal dilution to keep a
higher analyte concentration. As shown in Figure 3e, 1% v/v
serum dilution was selected because it successfully reduced the
background signal, mainly caused by bilirubin conjugated to
human serum albumin, to a plateau and significantly decreased
the amount of interferents obtaining a higher signal-to-noise ratio.
After establishing the optimal serum dilution, the assay sensitivity
was tested in diluted spiked serum.

The results in Figure 3f show a decrease in the signal span due to
the increased fluorescence signal of the negative control. However,
the high reproducibility of this signal positively impacts the LOD
(2 nM) and K1/2 (131 nM), thereby enabling the detection
of antiHA in a linear range reaching 1000 nM (R2 = 0.99).
A comparative analysis with a benchmark ELISA (Figure S8)
confirmed the lower K1/2 value in serum (2 nM) than those
observed in buffer (28 nM). We attribute this enhancement to the
matrix-induced stabilization of the mAb tertiary structure, coupled
with a higher ionic strength that facilitates the binding between the
mAb and the HA-peptide. The spike-and-recovery test (Table 2)
showed that the determined levels of antiHA are accurate with

an average coefficient of variation (CV) of 9% in the linear range.
Subsequently, the next step was to integrate the assay into a POC
prototype using a microfluidic chip.

To demonstrate the potential for POC implementation, we
selected the lyophilized assay and integrated it into a microfluidic
chip showcasing CRISPR-based quantification of mAbs. Given
the necessity to maintain a sequential process of additions, the
chip was designed with an internal serpentine channel divided into
three sections (Figure 4a), each dedicated to a specific module
of the assay. To ensure that low production costs are suitable for
POC applications, the chip was fabricated using cost-effective
materials such as PMMA, COC films, and double-sided adhesive
tape (Figure 4b) and assembled by lamination. The 60 μm COC
film was chosen for its high transparency at the wavelengths used
for our fluorescence measurements. The 5 mm PMMA served as a
rigid element and provided sufficient thickness to enhance mixing.
Double-sided adhesive tape was used to bond the layers and create
the serpentine channel. The final assembled chip (Figure 4c) and
corresponding dimensions (Figure S9) were used to run the assay
and successively inserted in a custom-made holder (Figure S10) to
be compatible with the fluorescence reader.

Meanwhile, in the bulk tube assay, the optimization (Figure S5)
shows that the addition of blocking agents increased the back‐
ground noise, in the microfluidic channels, the surface-to-volume
ratio is higher. Therefore, as a trade-off between surface passivation
and signal-to-noise ratio, the walls of the adhesive channels
were blocked with 1% BSA before the automatic dispensing of
reagents and successive chip lamination (Figure S11). Next, we
optimized the flow rate within the serpentine channel to ensure
efficient reagent reconstitution. We established that the flow rate
at 30 μL min–1 is optimal to reconstitute the chemicals dried on
chip with the highest recovery (Figure S12). Fine-tuning of the
flow conditions also ensured proper reaction kinetics across the
three assay modules and consistent signal generation, particularly
important given the sequential nature of the microfluidic setup.

The calibration curve obtained in buffer, after 30 min, in
Figure 4d (Figure S13 for kinetic data) shows a LOD of 6 nM, a
linear range of 54–3000 nM (R2 = 0.96), and a K1/2 = 487 nM.

This on-chip behavior reflects an interplay between the bio‐
chemical reaction and the transport phenomena imposed by
the microfluidic format. The reduced fluorescence signal was
compensated for a better sensitivity in terms of LOD, attributed to
the more precise volume dispensing and a more controlled volume
at the reading window. Beyond these factors, we rationalize the
lower LOD favored by the high surface-to-volume ratio inherent

Table 2. Recovery Test of the Lyophilized CRISPR Assay
with Spiked antiHA in Serum 1% v/v (N= 3)

spiked antiHA (nM) detected antiHA (nM) recovery (%) CV (%)

8 7 ± 1 96.83 13.64
25 25 ± 5 101.79 20.93
35 34 ± 2 97.74 5.26
50 46 ± 3 91.84 7.33
60 56 ± 4 93.32 7.53
75 76 ± 4 100.72 4.80
90 87 ± 3 96.32 2.96
180 181 ± 8 100.34 4.40
600 587 ± 91 97.82 15.56
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to the microchannels, which shorten the diffusion path length
and enhance local reaction kinetics compared to the bulk format.
The concurrent rise in K1/2 and the broadening of the linear
range might, in turn, be related to the laminar flow regime, which
hinder perfect mixing. The parabolic velocity profile is expected
to establish a concentration gradient in which reagent density

is maximal at the liquid front and progressively diluted toward
the channel center. Such uneven distribution, in contrast to the
homogeneous mixing of bulk solutions, results in the observed
shift in K1/2 and an extended linear range.

Compared to the benchmark ELISA, other microfluidic
systems, and electrochemical sensors used to detect mAbs

Figure 4. CRISPR chip layout and assay integration. (a) Microfluidic geometry design and (b) cross-sectional view showing the chip layers. (c)
Photo of the final CRISPR chip assembly taken after filling with a colored dye to show the channels and (d) evaluation of its sensitivity with a
calibration curve in Tris-buffer; the dashed line represents the blank value, while the gray band is its standard deviation. Fluorescence values taken after
30 min (N = 3). (e) Evaluation of CRISPR assay sensitivity parameters in buffer across the transition from the benchmark multistep in-tube assay
to on-chip integrated formats. On the top of the table, comparisons with other techniques such as ELISA, microfluidic ELISA, and electrochemical
sensors.21,33,46–48
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(Figure 4e), we obtained a microfluidic chip that strikes a balance
between the portability of the lyophilized CRISPR assay and the
extended linear range of the beginning multistep prepared on
site, all in a ready-to-use, single step assay. The platform enables
successful quantification of antiHA within the desired nanomolar
range in 30 min, supporting its suitability for POC application.

A key advantage of the system lies in its modularity. Since
the signal transduction relies on target-induced co-localization
of DNA strands and it is orthogonal to the antigen–antibody
recognition mechanism, the platform can be readily adapted for the
quantification of other clinical biomarkers,49,50 potentially even at
lower concentrations. Similar co-localization assays have already
been validated for the detection of Cetuximab, Trastuzumab, and
bispecific antibodies.49,51–55

While these precedents establish the generality of the approach,
its translation to a specific target depends on the sensing module
molecular engineering. Taking the antiHA system as a robust
model and on the basis of prior work with therapeutic mAbs, we
outline the design considerations that we anticipate to be most
consequential for mAb monitoring.33,49,51–54 The most direct tran‐
sition involves screening for high-affinity linear epitope mimics;
however, for target mAbs, where linear peptides exhibit high Kd,
exceeding 10 nM, we suggest prioritizing the use of cyclic peptides
to improve binding stability.

Alternatively, the system is compatible with aptamer-based
sensing modules, although specific challenges of lyophilization
need to be addressed. Long aptamer sequences are prone to form
unwanted and stable secondary structures during the freeze-drying
process. These structures could differ from the active conforma‐
tion and lead to an increased K1/2. Consequently, the adapta‐
tion of aptamers necessitates sequence selection to minimize
self-hybridization and may require the inclusion of a thermal
annealing step prior to the assay run. Finally, for targets where
peptides and aptamers are not covering the concentration range
of interest, covalent crosslinking of the whole antigen to the DNA
linker represents a viable strategy, as demonstrated in parallel
studies for bispecific antibody detection.49,51–53 This approach,
however, demands stringent control over protein stability during
lyophilization and further optimization the flexible poly-T linker
length in the splits to allow proper hybridization of the splits with
the translator module.

In this study, we present the successful adaptation of a
CRISPR-based assay, originally characterized by a wash-free proto‐
col but with operational complexity, for integration into a POC
microfluidic platform. By employing a lyophilized format, we signif‐
icantly extended the assay’s shelf-life to at least one month without
compromising its performance compared to the on-site version.

We streamlined the previous complex assay, originally requir‐
ing three distinct incubation temperatures (37, 65, and 90 °C)
and a total runtime of 120 min, into a simplified, single-step proto‐
col with significantly reduced assay time. Compared to ELISA and
microfluidic ELISA formats, we reduced the number of steps to
be performed, while keeping an acceptable time-to-results lower
than 60 min, with a ready-to-use assay that can be stored at least
1 month.

The assay quantified antiHA in diluted serum, achieving detec‐
tion up to 1000 nM when integrated into the microfluidic chip.
Although lyophilization led to a decrease in sensitivity, this com‐
promise was essential to enhance reagent stability and facilitate
integration into a POC platform. Subsequent on-chip implemen‐
tation confirmed the feasibility of employing this CRISPR-based
assay for detecting unconventional analytes such as mAbs. Com‐

pared to the conventional ELISA method, our approach offers
several advantages, including the elimination of washing steps, no
requirement for reagent preparation, a shorter assay duration, and
the ability to quantify antibodies within clinical ranges.13–16

While the current device is not yet optimized for deployment
in low-resource settings, it offers a cost-effective alternative to
ELISA, costing less than 1€ per chip, alongside improved usa‐
bility and a reduced total assay time of 50 min from sample
to result. This positions the platform as a promising tool for
monitoring therapeutic mAb levels in oncology patients after
drug infusions.49,55

Further improvements in sensitivity could be achieved by
optimizing the dissociation constant (Kd) of the sensing element
or by enhancing the fluorescence signal through metal-enhanced
fluorescence (MEF),56,57 such as conjugating the reporter to
metallic nanoparticles.

In conclusion, this work demonstrates the successful integra‐
tion of a CRISPR-base assay into a low-cost, lyophilized, and
microfluidic platform capable of quantifying mAbs within clini‐
cally relevant ranges. To further enhance its suitability for POC
applications, future efforts should focus on immobilizing a redox
mediator-labeled reporter on a gold electrode and translating the
assay into an electrochemical format to enable a fully portable
detection system.
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