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Development of a fluorescent lateral flow test for
the detection of the metabolic biomarker leptin in
human serum

Margarita Ortiz-Martinez, ab Katerina Kourentzi, a Richard C. Willson, abc

Marco Rito-Palomaresbc and Mirna González-González *bc

Body mass index (BMI) measurement is the primary method for diagnosing and classifying obesity and

metabolic syndrome, despite limitations and variable significance across populations. Metabolic biomarkers,

such as adipokines, offer more precise insights and the potential for earlier diagnosis of conditions such as

gestational diabetes. Leptin, an adipokine that regulates satiety and energy expenditure, directly correlates

with adipose mass, and elevated leptin levels are associated with obesity. Despite its metabolic significance,

no commercially available point-of-care (POC) method for leptin detection exists. We developed a

sandwich lateral flow immunoassay (LFA) for leptin, immobilizing a capture antibody on a nitrocellulose

membrane and conjugating fluorescent europium(III) chelate polystyrene particles to a detection antibody.

The LFA prototype successfully detected recombinant human leptin spiked in buffer and 50% calf serum

across a range of 0.25–100 ng mL−1, with an estimated limit of detection (blank + 3.3σ) of 0.25 ng mL−1 in

a benchtop and a portable europium fluorescence reader in both matrices. Additionally, the LFA prototype

detected endogenous leptin in samples containing 25% human serum at concentrations as low as 0.21 ng

mL−1. Signal intensity ratios between test and control lines showed a strong correlation with leptin

concentration measured by ELISA (Pearson correlation coefficients for the entire sample set (n = 30) were

r = 0.96 and r = 0.95 (both p < 0.0001) for the benchtop and portable reader, respectively). The LFA's

range and sensitivity enable the detection of endogenous leptin at physiologically-relevant concentrations.

These findings highlight the potential for developing robust LFAs for the detection of leptin and other

metabolically-relevant biomarkers in point-of-care settings.

Introduction

Metabolic alterations and obesity, mainly diagnosed by a
body mass index (BMI) of 30 kg m−2 or higher, can drive the
onset of chronic diseases like Type 2 diabetes; together, they
represent a leading global health challenge. Their prevalence
has continuously increased and has reached pandemic status
globally despite extensive efforts by health organizations and
governments.1–4 According to the World Health Organization,
in 2022, 43% of adults were overweight (BMI ≥25 kg m−2),
and 16% were living with obesity (BMI ≥30 kg m−2), and
among children and adolescents (ages 5 to 19), the prevalence
of overweight and obesity was 20% and 8% respectively.5 The
increase in the coming years is expected to be even more

accelerated, especially among children and adolescents, as a
result of lifestyle changes.1 This trend is particularly evident
in low and middle-income countries with underdeveloped
health systems.1,3,6 Beyond its direct impact on mortality,
morbidity, disability, and quality of life, obesity-associated
comorbidities such as cardiovascular disease, several types of
cancers, and Type 2 diabetes place immense pressure on
healthcare systems and create a severe economic burden.7–9

The global economic impact of overweight and obesity was
estimated to be 2.4% of gross domestic product (GDP) in
2020 and is estimated to increase to 3% by 2035.7–9 The
required global investment for the prevention and early
treatment of obesity and its complications is significantly
lower than the cost of treating obesity-associated
comorbidities.1,4,10 According to OECD figures, for every
dollar invested in obesity prevention, there is a return of up
to six dollars.10 New tools for determining body composition
auxiliary to BMI have been proposed and validated recently,
including anthropometric measurements (waist
circumference, waist-to-hip ratio, among others), electrical
impedance analysis (such as total body fat, fat-free mass),
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densitometry, and imaging-based methods.2,11 According to
the Lancet Diabetes & Endocrinology Commission on Clinical
Obesity: “The greatest opportunities for further health
improvements lie in targeted efforts that address specific risk
factors contributing to metabolic risks”.2 This emphasizes the
need for metabolic biomarkers, used alongside conventional
tools to provide reliable information on metabolic health
status. Monitoring metabolically-relevant biomarkers at point-
of-care (POC) has gained attention as a promising approach
for early detection and monitoring of metabolic alterations
suitable for mass screening.12,13 Adipokines, hormones
secreted mainly by adipose tissue that mediate metabolism
and immune response, are particularly interesting due to
their correlation with metabolic alterations.12,14,15 Leptin, the
most extensively studied adipokine, plays a key role in
regulating satiety and energy expenditure via the
hypothalamus.11,12,16,17 At the center of energy metabolism
control is an interplay of three hormones, leptin, ghrelin, and
insulin, maintaining the energy balance by regulating food
intake and energy expenditure.18–20 Elevated leptin levels are
associated with obesity and other metabolic alterations.21–23

The relevance of leptin in altered metabolic states has been
reported across multiple populations.19,24–30 Visceral adipose
tissue reduction induced by exercise, even when metabolic
dysregulation is already present, provides benefits by
decreasing leptin levels, increasing circulating adiponectin,
and reducing inflammatory cytokines, thereby modulating
systemic inflammation.31,32 Hyperleptinemia is often
accompanied by proinflammatory signals associated with
metabolic comorbidities such as cardiovascular diseases32,33

and type 2 diabetes.21,34 Leptin also plays a role in
modulating immune system responses, vascular function,
and reproduction.35 It has been considered a biomarker for
breast cancer,36–38 gynecologic malignancies,37 and
hepatocellular cancer.39,40 Although strong evidence links
leptin to these comorbidities, its clinical utility for routine
metabolic health monitoring has yet to be fully realized.
Currently, ELISA is the gold standard for leptin
determination, but it is performed in centralized laboratories,
requires specialized equipment and personnel, and is not
commonly included in routine health examinations. The
reported physiological range of leptin in adult human serum
goes from 4 to 13 ng mL−1 in individuals of healthy weight
and from 15 to 42 ng mL−1 in individuals with overweight or
obesity (Fig. S1).19,24–30 These studies show a high inter- and
intrapopulation variability in leptin levels. There is no
commercially available method for point-of-care (POC) leptin
detection, enabling rapid, affordable, and accessible
determination of this biomarker.

Lateral flow immunoassays (LFAs) are promising options
for POC biomarker detection due to their portability, low
cost, and versatility.41–43 and can be used in remote areas
without requiring specialized personnel, equipment, or
facilities, making them suitable for POC detection
platforms.42,43 Widely used for infectious disease detection,
LFAs are increasingly being adapted for detecting non-

communicable disease biomarkers.44–46 Recent innovations,
such as fluorescent reporters and portable readers, have
significantly enhanced their sensitivity and enabled
quantitative measurements at POC.47–49 In this study, we
developed a highly sensitive, easy-to-use fluorescence-based
LFA using carboxylate-modified europium(III) chelate
polystyrene particles as labels for leptin detection in serum
samples in an immunosandwich format and evaluated its
performance by measuring spiked recombinant leptin in
buffer and calf serum, as well as endogenous leptin present
in human serum samples, using both a benchtop time-
resolved fluorescence reader and a portable europium LFA
reader.

Experimental
Materials and instrumentation

LFA components included a nitrocellulose membrane
(CN95, Sartorius), a glass fiber membrane as the sample
pad (8980, Ahlstrom), and a cotton/glass blend pad as the
absorbent pad (440, Ahlstrom), assembled on plastic
backing cards (L-P25, MDI). Buffer components: PBS tablets,
Tris base, Tris hydrochloride, Bovine Serum Albumin (BSA),
Tween-20, PEG 3350, Sucrose, 2-(N-morpholino)
ethanesulfonic acid (MES), sodium hydroxide, and
hydrochloric acid solutions were purchased from Millipore
Sigma. Carboxylate-modified europium(III) chelate
polystyrene particles (0.19 μm, excitation: 365 nm, Emission:
610 nm, FCEU002) were purchased from Bangs
Laboratories. Goat anti-mouse IgG antibodies were acquired
from Arista biologics (ABGAM-0500). Heat-inactivated calf
serum (S11210H), mouse anti-human leptin antibodies
MAB398 (Clone 44 802 validated for capture in ELISA) and
BAM398 (Clone 44 804 validated for detection in ELISA),
recombinant human leptin (CF 398-LP), and Human Leptin
Quantikine QuicKit ELISA (QK398) were purchased from
R&D Systems. EDC (1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride) for activation of carboxylated
particles was obtained from Thermo Fisher Scientific, and
N-hydroxysuccinimide (NHS) from Millipore Sigma.
Equipment used included a water bath sonicator (BRANSON
2800, Branson Ultrasonics Corp., Connecticut, USA), a tube
rotator (RT-50, Cole-Parmer, Illinois, USA), and a refrigerated
Eppendorf centrifuge (5424 R, Eppendorf, Connecticut, USA).
Thirty de-identified human serum samples were acquired
from the Gulf Coast Regional Blood Center, Houston, TX. Per
the provider's standard safety protocols, all samples were
screened for infectious agents prior to receipt and used as
anonymous secondary materials. Ten samples were from
individuals of unknown sex (U1-U10), ten from males
(M1–M10), and ten from females (F1–F10). The samples
were aliquoted, labelled, and stored at −20 °C until use.
All aqueous solutions were prepared using type I ultrapure
water generated by a Milli-Q® Direct system (Merck
Millipore, Massachusetts, USA).
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Conjugation of carboxylated particles with anti-human leptin
antibodies

Fifty microliters of carboxylate-modified europium(III)
chelate polystyrene particles at 1% solids were mixed with
300 μL of 50 mM MES buffer, pH 5.8. The particles were
centrifuged at 20 000 × g for 10 min; the supernatant was
removed, and the pellet was resuspended in 300 μL of 50
mM MES buffer, pH 5.8, using a water bath sonicator.
This process was repeated twice for a total of three
washes. After the last centrifugation step, the pellet was
resuspended in 93.5 μL MES buffer. Then, 3.2 μL of NHS
(50 mg mL−1) and 3.3 μL of EDC (10 mg mL−1), freshly
prepared in MES buffer, were added to achieve a final
solids concentration of 0.5%. The molar ratio per carboxyl
group was 2.5 for NHS and 20 for EDC, calculated based
on the particle acid content provided in the vendor
certificate of analysis. The suspension was incubated for
30 minutes at room temperature, protected from light,
with continuous mixing on a tube rotator. Following
incubation, the activation solution was removed by
centrifugation at 20 000 × g for 10 min. The particles were
washed three times with 300 μL 1× PBS following the
same resuspension and centrifugation procedure as during
initial washing with MES buffer. After the final wash, the
particles were resuspended in 60 μL of 1× PBS and mixed
with 40 μL of monoclonal mouse anti-human leptin
antibodies (1 mg mL−1). The amount of antibody offered
was one monolayer, estimated based on prior capacity
studies for IgG binding to polystyrene particles.50 The
suspension was incubated for 4 h at room temperature,
protected from light, with continuous mixing in a tube
rotator and intermediate mixing by sonication after two
hours. The particles were separated by centrifugation and
resuspended in 300 μL of 4% BSA in 1× PBS for overnight
blocking with continuous mixing in a tube rotator at 4
°C, protected from light. After blocking, the particles were
washed three times with 1% BSA in 1× PBS. The particles
were resuspended in 1% BSA at approximately 0.25%
solids concentration. The final solids concentration was
determined using fluorescence measurements in a
microplate reader and adjusted to 0.125% solids with 1%
BSA in 1× PBS. The conjugated particles were stored at 4
°C, protected from light, until further use.

LFA assembly and imaging

For strip manufacturing, a 25 mm-wide CN95 nitrocellulose
membrane was assembled along the 300 mm length of the
backing card and centered along its width. A 20 mm-wide
glass fiber sample pad and a 22 mm-wide absorbent pad
were placed, overlapping the membrane by 3 mm (Fig. 1).
Antibodies at 1 mg mL−1 in 1× PBS/0.25% sucrose were
dispensed onto the nitrocellulose membrane using a Biodot
lateral flow reagent dispenser (XYZ3060, Biodot, California,
USA) at a 1 μL cm−1 flow rate. Mouse monoclonal anti-
human leptin antibodies (BAM398) were used for the test

line, while goat anti-mouse antibodies were used for the
control line. The printed cards were dried at 50 °C for 1 h
in a convection oven (40AF, Quincy lab, Maryland, USA),
followed by overnight drying in a desiccator chamber
(Super Dry 151–21, Totech) at room temperature. The dried
cards were pressed lightly with a hand roller to ensure
complete and even attachment of the membrane and pads
to the backing card and then cut into 3 mm-wide strips
using a guillotine cutter (ZQ2000, Kinbio Tech, Shanghai,
China). Strips were stored in 50 mL tubes with desiccant
sachets in a dry room at room temperature until use. After
running, the strips were imaged using a FluorChem gel
documentation system (Alpha Innotech Corp., California,
USA) attached to a CoolSNAP K4 CCD camera
(Photometrics, Blaine, controlled by Micro-manager software
(https://micro-manager.org/). The fluorescence intensities of
the test line (TL) and the control line (CL) were determined
using both a time-resolved europium fluorescence benchtop
LFA reader (LTRIC-600, Lumigenex Co., Ltd., Suzhou,
China) as well as a portable europium fluorescence reader
(Cube reader, Chembio Diagnostics GmbH, Berlin,
Germany) with a custom adaptor designed and 3D-printed
in-house (CAD coordinates for the adaptor are available
online: ID6961448 https://www.thingiverse.com/
thing:6961448). The portable reader is a small device (4 cm
by 4 cm by 3.6 cm) that can operate autonomously with
standard button batteries. It performs on-board data
processing to provide immediate results on an integrated
screen and also stores data for optional download to a
computer for archival purposes.

Fig. 1 Schematic representation of the LFA prototype for leptin
detection. The sample containing leptin diluted in running buffer is
mixed with europium(Eu) chelate(III) carboxylate microspheres
conjugated to mouse anti-human leptin monoclonal antibody. The
leptin-bound particles migrate from the sample pad through the
nitrocellulose membrane until they reach the test line, where they are
captured by immobilized antibodies specific to leptin. The remaining
particles continue migrating to the control line, where they are
captured by immobilized species-specific antibodies or proceed to the
absorbent pad, which collects the liquid that has travelled along the
strip. The ratio of the test line (TL)/control line (CL) fluorescence
intensity is related to the concentration of leptin in the sample.
Created with https://BioRender.com.
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Optimization of LFA design and running conditions

Antibody orientation was optimized by testing the pair in
both roles: as capture antibodies on the test line and as
detection antibodies on reporter particles. 30 μL of
recombinant leptin concentrations (0, 0.5, 5, and 50 ng mL−1)
spiked in running buffer (RB) containing 0.5% BSA, 0.25%
Tween-20, and PEG3350 in 1× PBS were mixed with 1 μL of
conjugated particles (0.25% solids) and applied to the strips.
Washes with 20 μL of RB were performed at 5 and 10
minutes, and the strips were imaged 5 minutes after each
wash. The best performance was achieved with BAM398
antibodies on the test line, and MAB398 antibodies
conjugated to particles, resulting in high sensitivity, minimal
nonspecific binding, and a monotonic signal-to-
concentration response. This antibody orientation was
chosen for the following experiments (Fig. S2). Each batch of
strips and reporters was validated using a quality control
protocol that included a blank and a positive (5 ng mL−1)
leptin standard (n = 3). The coefficient of variation (CV) was
calculated to verify that batch-to-batch performance
remained within a predefined acceptable range (CV <10%)
before proceeding with clinical or analytical validation.

To optimize the RB for enhanced sensitivity and reduced
nonspecific binding, four formulations varying in protein,
surfactant, and polymer concentrations were selected based
on literature and preliminary tests (Table S1). Each was tested
by mixing 96 μL of blank buffer or 5 ng mL−1 of recombinant
leptin with 3.2 μL of vortexed and sonicated conjugated
particles (conjugated particles were always vortexed and
sonicated prior to dispensing in all experiments). A 31 μL
sample was dispensed in triplicate onto strips, followed by
two 20 μL washes at 5 and 10 minutes. Fluorescence was
measured five minutes after the second wash. All buffers
showed low levels of nonspecific binding. Buffer A (0.5% BSA
and 0.5% Tween-20 in 1× PBS) gave the highest signal for the
positive control and was selected for subsequent experiments
in buffer (Fig. S3). Preliminary optimization was performed
using conjugated particles at 0.125% solids, a 30 μL wash at
10 minutes, and a final readout 10 minutes later. This
protocol was used for all the experiments presented below.

Running buffer screening for serum samples

It is well known that the complexity of human serum can
affect the performance of immunoassays. These effects can
be generally mitigated by dilution in a suitable buffer. Four
buffers with varying protein and polymer compositions were
tested for the optimal signal-to-noise ratio when used to
dilute calf serum (Table S2). 96 μL of calf serum diluted 1 : 1
with 2× RB (E, F, G or H) and spiked with 0 or 5 ng mL−1 of
recombinant leptin was mixed with 3.2 μL of conjugated
particles (adjusted to 0.125% solids concentration). A 31 μL
aliquot of the mixture was dispensed onto triplicate strips.
Following a 10 minute run, the strips were washed with 30
μL of RB. Ten minutes after washing, the strips were imaged,
and fluorescence intensity was measured. All buffers showed

low nonspecific binding, but the highest signal for the
positive control was obtained with buffer F (1× composition:
0.25% BSA, 0.5% Tween-20, and 0.5% PEG3350 in 1× PBS),
which was selected for assay validation with both calf and
human serum (Fig. S4).

Experimental validation in buffer and calf serum

The performance of the developed LFA in buffer was assessed
by generating a serial dilution curve of recombinant leptin
from 0 to 100 ng mL−1 in the selected buffer A (0.5% BSA and
0.5% Tween-20 in 1× PBS) and in calf serum diluted to 50%
by mixing calf serum in equal parts with Buffer F 2×
concentration (0.5% BSA, 1% Tween-20, and 1% PEG 3350 in
1× PBS). Each leptin concentration in both buffer and 50%
calf serum was run on the LFA strips following the procedure
previously described in the buffer screening section.

Determination of leptin in human serum samples by ELISA

Leptin levels in the 30 clinical serum samples were measured
using a commercial ELISA kit (Human Leptin Quantikine
QuicKit ELISA, R&D QK398), with a reported sensitivity of 1.0
pg mL−1, according to the manufacturer's instructions.
During the ELISA, the plates were washed with a Hydroflex
automatic plate washer, and absorbance was measured with
an Infinite M200PRO reader (Tecan, Giessen, the
Netherlands). All samples were analysed in triplicate. The
analysis was repeated once for samples F8 and M6 due to a
CV exceeding 10%.

Clinical validation with human serum samples

Human serum serial dilution. A human serum sample
(U7) was diluted two-fold to 50, 25, 12.5, 6.25, 3.125, and 0%
in RB F to assess the optimal dilution of human serum. Each
dilution was tested in triplicate on LFA strips following the
protocol described in the experimental validation section.
The 25% dilution of human serum was selected because it
allowed detection of samples with low leptin concentrations
(0.83 ng mL−1) and minimal variability (CV of 3.7% in the
benchtop reader and 5.0% in the portable reader).

LFA-based detection of endogenous leptin. The 30 human
serum samples were assayed in triplicate on the LFA strips at
a 25% dilution in 2× RB and 1× PBS. The final concentrations
of the RB components in the sample were 0.25% BSA, 0.5%
Tween-20, and 0.5% PEG 3350. The assay followed the
previously described protocol in the experimental validation
section.

Statistical analysis

All experiments were performed in triplicate. Concentrations
and test line/control line (TL/CL) ratios are presented as
means ± standard deviation. ANOVA followed by Tukey's
post-hoc test was used to identify significant differences
between means, with a significance level set at α = 0.05 for
buffer screening experiments. A 4-parameter logistic (4PL)
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sigmoidal curve was used to model the relationship between
leptin concentration and TL/CL ratio in the assay for both
buffer and calf serum serial dilutions. The ability of the LFA
to detect leptin in human serum dilutions was assessed by
comparing the TL/CL means against the blank using ANOVA,
followed by Dunnett's post-hoc test (α = 0.05). The goodness-
of-fit of the serial dilution curves was assessed using the
coefficient of determination (R2). The limit of detection
(LOD) cutoff for the LFA in buffer and calf serum was
calculated using the formula:

LOD cutoff = μBlank + 3.3σ

The comparative performance of the readers was evaluated
using the coefficient of determination from a linear
regression analysis. The ELISA values were calculated by
interpolation from a 4-parameter logistic (4PL) sigmoidal
standard curve. The correlation between the TL/CL ratio in
the LFA and leptin concentration measured by ELISA (the
gold standard method) was evaluated using Pearson's
correlation coefficient. Graphing and statistical analyses were
performed using GraphPad Prism 9 software (GraphPad,
California, USA), and figures were created or edited using
BioRender (https://BioRender.com, Toronto, Canada).

Results and discussion
Fluorescence-based LFA for leptin detection

While BMI is the most widely used parameter for diagnosing
and classifying obesity, it has significant limitations, and its
usefulness varies across populations.51,52 A novel approach
consists of monitoring metabolically-relevant biomarkers
such as leptin, which is secreted mainly by adipose tissue

and plays a crucial role in metabolism and immune
response, with detectable alterations in its levels occurring
before irreversible damage takes place.53,54

We developed a robust, sensitive, and easy-to-use POC
lateral flow assay using europium(III) chelate reporter
particles for the detection of leptin in serum (Fig. 1). The
developed LFA showed a near-zero signal in the absence of
leptin, and the fluorescence signal (TL/CL) correlated
monotonically with leptin concentration (Fig. 2). Preliminary
observations indicate that the LFA strips maintain functional
performance for at least four months when stored at room
temperature with a desiccant. While the experiments
reported here utilized strips within one month of fabrication,
ongoing studies are establishing formal long-term expiration
limits. Initially, we observed a high fluorescent signal of
conjugated europium particles on the absorbent pad and
some accumulation at the overlap between the sample pad
and the membrane, despite washing. Based on these
observations and other preliminary experiments, we adjusted
the particle concentration to 0.125% solids (1 μL per strip),
increased the wash volume to match the sample volume (30
μL), and extended the run time to 10 minutes from 5 to
improve the flow of the particles on the strip. These
conditions enabled leptin detection even at the lowest
concentration tested (0.25 ng mL−1 in buffer and calf serum).
A 25% dilution corresponds to a detection limit of 1 ng mL−1,
as the 4-fold dilution of the sample translates the assay's
LOD of 0.25 ng mL−1 to 1 ng mL−1 in undiluted serum. This
is clinically relevant given that the lowest reported mean
leptin concentration, to the best of our knowledge, is 3.01 ±
0.58 ng mL−1 in lean male samples from Algeria (n = 70).55 To
validate the reproducibility of the fabrication protocol,
representative results from two independent batches were

Fig. 2 Serial dilution curve of recombinant leptin from 0 to 100 ng mL−1 in the selected buffer (0.5% BSA and 0.5% Tween-20 in 1× PBS). A)
Grayscale images of LFA strips captured using a FluorChem gel documentation system. In the blanks, the absence of fluorescence on the test line
demonstrates low nonspecific binding of the LFA in absence of leptin. B) The graph shows the TL/CL ratio for the 10 leptin concentrations
measured with both the benchtop (hollow circles) and portable readers (filled circles). The inset graph highlights the four lowest concentrations,
along with the LOD cutoff. BSA: Bovine serum albumin; R2: coefficient of determination. CV: coefficient of variation; CL: control line; LFA: lateral
flow assay; LOD: limit of detection; PBS: phosphate buffered saline; rLeptin: recombinant leptin; TL: test line.
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compared. For a 5 ng mL−1 leptin standard, the batches
yielded ratios of 0.566 ± 0.03 and 0.528 ± 0.03 measured in
the cube reader (CV = 6.4%), while the blank signal remained
consistently low (TL/CL < 0.005).

Running buffer selection

A correctly formulated RB is crucial in developing a selective,
specific, reproducible lateral flow assay. The RB ensures
optimal interaction between the antigen and antibodies,
facilitates the flow, and reduces nonspecific binding.42,47

Four different RB compositions were evaluated, consisting of
BSA as a blocking agent (0.5 and 1%), Tween-20 as a
detergent (0.5%), and PEG3350 (0 and 0.5%) as an additive to
minimize nonspecific binding (Table S1). During the initial
screening, all buffer compositions yielded fluorescence
intensities near zero in the test line in the absence of leptin,
with no significant differences among them. However, when
recombinant leptin was spiked at 5 ng mL−1, the signal for
the test line was strongly present in all four buffer
compositions tested, while the control line intensities
remained consistent among strips (Fig. S3). Buffer A was
selected as the optimal buffer due to its significantly higher
TL/CL ratio in a positive sample, as determined by one-way
ANOVA with Tukey's post-hoc test for multiple comparisons
(α = 0.05) (Fig. S2).

Next, we focused on selecting the optimal buffer for
human serum samples. Human serum naturally contains
significant endogenous leptin levels, except in cases of
congenital leptin deficiency.18,56,57 To mimic the complexity
of human serum without interference from endogenous
leptin, we selected calf serum as a surrogate matrix, as the
selected antibodies exhibit no cross-reactivity with calf leptin.
A similar strategy has been reported previously.58,59 Four
buffer formulations were prepared at 2× strength and mixed
in equal volumes with calf serum, resulting in final buffer
compositions containing BSA (0, 0.25, and 0.5%), Tween-20
(0.5%), and PEG 3350 (0 and 0.5%) (Table S2). The LFA
demonstrated low nonspecific binding in 50% calf serum
without recombinant leptin and successfully detected leptin
spiked at 5 ng mL−1 in all four buffer compositions tested
(Fig. S4). The TL/CL ratio measured using both a benchtop
and portable reader was close to zero for blank samples (no
leptin added), with no significant differences among the
buffers. All buffers showed a strong positive signal for
positive samples spiked with 5 ng mL−1 leptin, but buffers E
and F yielded significantly higher signals by one-way ANOVA
with Tukey's post-hoc test for multiple comparisons (α =
0.05). Buffer F produced a slightly higher numerical signal
and was selected for both calf and human serum samples.

Performance of the LFA prototype in buffer and calf serum

Following RB optimization, we evaluated the analytical
performance of the leptin LFA prototype using a serial
dilution of recombinant leptin ranging from 100 to 0.25 ng
mL−1, spiked into RB A. No visible signal was observed on

the test line for the blank samples. As expected, the test line
intensity increased with increasing leptin concentration
steadily across the tested range of recombinant leptin
concentrations, as shown in the image acquired with the
FluorChem (Fig. 2A). This observation was further supported
by the TL/CL ratio obtained from both readers with close to
zero values for the samples with no leptin added and TL/CL
ratios increasing accordingly with the concentration of leptin
spiked (Fig. 2B). The LFA demonstrated a high sensitivity in
buffer being able to detect even the lowest concentration
tested (0.25 ng mL−1) in both readers. This concentration
falls below the expected physiological levels, so lower
concentrations were not tested. The plotted data points were
fitted to a 4PL sigmoidal curve, yielding high coefficients of
determination (R2) of 0.993 for the benchtop reader and
0.990 for the portable reader, indicating an excellent fit.
Across all concentrations tested, there was low variability
among replicates, with CVs of less than 11% in the benchtop
reader and less than 14% in the portable reader. In the next
stage, we evaluated the performance of the leptin LFA
prototype in a complex biological matrix, calf serum diluted
50% with RB F, spiked with recombinant leptin. Despite the
increased complexity of the calf serum, there was no evidence
of nonspecific binding in samples without added leptin
(Fig. 3A). A clear increase in test line intensity was observed
with increasing leptin concentration (Fig. 3B). The coefficient
of determination assessed the goodness of fit, showing a
strong signal-to-concentration relationship with minimal
deviation compared to buffer-only conditions with R2 of
0.983 for the benchtop reader and 0.978 for the portable
reader (Fig. 3B). As shown in Fig. 3B, the signals from both
readers were closely related. The lowest concentration spiked
in 50% diluted calf serum (0.25 ng mL−1) was detectable.
Across the range, low variability among replicates was
observed, with CVs below 13% in the benchtop reader and
below 15% in the portable reader. While the values from the
blank and lowest concentration tested were similar to those
from the buffer serial curve, the remaining leptin
concentrations showed a higher TL/CL ratio in calf serum,
which may be attributed to matrix effects. To further validate
this finding, a linear regression analysis revealed a strong
linear relationship between the TL/CL obtained from both
readers, with determination coefficients of 0.99 in buffer and
0.98 in 50% calf serum (Fig. S5). These results confirm that,
within the clinically relevant range tested, the portable reader
delivers performance comparable to that of the benchtop
reader, maintaining accuracy while providing portability. The
differences in the TL/CL ratios observed between the two
readers are systematic and can be mitigated through device-
specific calibration. To ensure diagnostic accuracy during
clinical measurements, each reader platform would be
calibrated with its own threshold, potentially incorporating
an internal standard. Furthermore, while this prototype
provides specific values, it can be optimized for semi-
quantitative visual or digital assessment by defining specific
TL/CL cutoff values corresponding to clinical decision points.
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Endogenous leptin detection in human serum

Leptin levels by ELISA. For further clinical validation of
our leptin LFA prototype, we tested serum samples, as leptin
is typically quantified in serum or plasma. Serum is a more
suitable sample for leptin detection, as plasma levels are
affected by anticoagulant use and the time elapsed before
separation from whole blood.60 Moreover, leptin remains
highly stable in serum even after storage at 4 °C for up to 4 h
and undergoing six freeze–thaw cycles.60

Leptin levels in all 30 human serum samples were first
quantified by ELISA against a standard curve of recombinant
leptin (per the supplier's protocol), with a CV lower than
10%, and a broad range of leptin content ranging from 0.83
± 0.04 to 62.48 ± 2.68 ng mL−1. The mean leptin level was
16.62 ± 15.84 ng mL−1 in the unknown sex group, 21.24 ±
13.65 in females, and 14.48 ± 17.18 in males (Fig. S6). The
distribution of leptin levels was wider in the unknown sex
and male groups. In agreement with previous findings, the
mean leptin level was higher in females than in males.61,62

However, one male sample (M8) exhibited an unusually high
leptin concentration, deviating from the male group's overall
trend of lower leptin levels.

Adipose tissue distribution and gene expression patterns
differ between females and males due to their roles in
reproduction, lactation, and other metabolic changes that
occur in females during their reproductive phase.61,63,64

Circulating leptin levels are generally higher in females than
in males. Despite these insights, female animal models
remain underutilized in research due to the metabolic
variability associated with hormonal cycles.61 It is crucial to
consider physiological sex differences in studies of metabolic
imbalances in animal and clinical research. More in-depth

research on female populations is needed. Data from these
studies will facilitate the development of diagnostic tools and
treatments that promote sex-specific equity in medical care.

Leptin detection by LFA. Given the ELISA-based leptin
level of the lowest concentration sample (U7; 0.83 ± 0.04 ng
mL−1), we selected that sample to assess the ability of the
prototype LFA to detect endogenous leptin and to identify the
optimal sample dilution for human serum. The LFA signals
at various serum dilution levels measured in the benchtop
(Fig. 4A) and portable reader (Fig. 4B) were plotted and
analysed by an ANOVA followed by Dunnett's post-hoc test (α
= 0.05). There was a signal on the test line at all dilution
levels tested in the portable reader and at up to 6.25% serum
dilution in the benchtop reader. However, the lowest dilution
level at which the TL/CL ratio was significantly different from
the blank was 12.5% (estimated from ELISA to be 0.10 ng
mL−1). It is worth noting that the estimated concentration
was below the LOD of 0.25 ng mL−1 in both buffer and calf
serum. The 50% dilution was not selected in further testing
mainly because of the observed high variability among
replicates. These results demonstrate that the LFA prototype
can detect concentrations slightly below the tested range.
However, such low concentrations fall outside
physiologically-relevant ranges in the majority of samples,
according to previous reports. We selected a 25% dilution of
human serum for experimental validation of the developed
LFA, as it provided low variability (CV of 3.7% for the
benchtop reader and 5% for the portable reader) and a
clearly detectable signal in a low-concentration sample. This
dilution may enable the detection of even lower
concentrations than the U7 sample. Additionally, our
proposed protocol requires minimal serum volume and
allows prompt leptin detection in triplicate via a simple

Fig. 3 Serial dilution curve of recombinant leptin from 0 to 100 ng mL−1 in calf serum, diluted to 50% by mixing with an equal volume of running
buffer F 2× (0.5% BSA, 1% Tween-20, and 1% PEG 3350 in 1× PBS). A) Grayscale images of the LFA strips acquired using a FluorChem gel
documentation system. B) The graph shows the TL/CL ratio for the 10 leptin concentrations measured with both the benchtop (hollow circles) and
portable readers (filled circles). The inset graphs show the four lowest concentrations with the LOD cutoff. BSA: Bovine serum albumin; R2:
coefficient of determination; CV: coefficient of variation; CL: control line; LFA: lateral flow assay; LOD: limit of detection; PEG: polyethylene glycol;
PBS: phosphate buffered saline; rLeptin: recombinant leptin; TL: test line.
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dilution step, without complex equipment or specialized
supplies. The developed fluorescence-based LFA for leptin
successfully detected endogenous leptin in 30 human serum
samples diluted at 25% in RB with low variability (CV <10%
in both readers). Unlike previous POC tests for leptin, which
reported insufficient clinical sample testing, we validated our
LFA prototype using 30 human serum samples and compared
its performance with the gold-standard ELISA, yielding
promising results.

All test strips displayed clear signals on the test lines, as
observed in FluorChem images (Fig. S7). As expected, both
the benchtop (Fig. 5A) and portable reader (Fig. 5B) data

demonstrated a direct relationship between ELISA-measured
leptin concentrations and the TL/CL ratios obtained with the
LFA prototype. Pearson correlation analysis confirmed a
strong positive correlation, with coefficients on the benchtop
reader of 0.96 (p < 0.0001) for the whole population (n = 30),
0.95 (p < 0.0001) for the unknown group, 0.94 (p < 0.0001)
for the female group and 0.98 (p < 0.0001) for the male
group. Similarly, for the portable reader, the coefficients were
0.95 (p < 0.0001) for the whole population (n = 30), 0.94 (p <

0.0001) for the unknown group, 0.94 (p < 0.0001) for the
female group and 0.97 (p < 0.0001) for the male group.

Future improvements to the assay could include
immobilizing the fluorescent reporters to enable direct
sample addition and standardization of the fluorescence
signal relative to leptin concentration, allowing for semi-
quantitative or even quantitative determination of leptin in
human serum. These results further support the feasibility of
developing similar POC devices for rapid and accurate
detection of metabolic biomarkers in human serum. Further
implementation will require extensive evaluation of clinical
samples, as well as the development of standardized
protocols for sample handling and storage, which must be
finalized during clinical testing. Integrating serum separation
membranes or centrifuge-free devices, as previously
proposed, could further enhance the usability of this assay in
decentralized settings and improve accessibility to leptin
analysis. In our literature review, we identified only one study
focused on the development of a lateral flow assay for leptin
detection.65 Zhou and collaborators tested leptin at 100 ng
mL−1 spiked into a serum sample diluted 1 : 4 in PBS; no
further testing was conducted.65 We compared published
state-of-the-art leptin point-of-care detection assays in the last
10 years that evaluated human serum samples and reported a
limit of detection (Table S3). The majority of these studies
describe electrochemical sensors that, despite their high
sensitivity potential, are not currently designed for POC use
due to the requirement for specialized equipment for signal
acquisition. Also, some reports present only results from a
single serum sample spiked with a known leptin
concentration.66–69 Ultrasensitive LFAs, as opposed to
electrochemical-based biosensors, offer rapid and robust
sample-to-answer workflows, reduced fabrication costs, are
deliverable to end users, and require no expensive equipment
for result readout.70 Although some electrochemical devices
reported lower detection limits, even at femtogram levels
(Table S3), the LOD achieved in this study showcases the
potential of our leptin LFA to detect leptin in physiologically-
relevant concentrations at POC.66,69,71–73 Furthermore, as
demonstrated during the COVID-19 pandemic, the
infrastructure for the mass production of lateral flow devices
already exists and can be further leveraged to address other
globally relevant targets.47,74

Further LFA integration with a panel of markers, such as
adiponectin, other adipokines, or inflammatory signalling
molecules, could enable comprehensive metabolic
monitoring. Such a tool could facilitate population screening

Fig. 4 The human serum sample U7, which had the lowest leptin
concentration measured by ELISA (0.83 ng mL−1), was serially diluted
to 50% (0.42 ng mL−1), 25% (0.21 ng mL−1), 12.5% (0.10 ng mL−1), 6.25%
(0.05 ng mL−1), and 3.125% (0.03 ng mL−1) using running buffer (final
composition: 0.25% BSA, 0.5% Tween-20, and 0.5% PEG 3350). The
dilutions were tested in triplicate, and the TL/CL ratios obtained using
a A) benchtop reader (hollow circles) and B) portable reader (filled
circles) were plotted. Each point represents one replicate, central lines
denote the mean, and error bars indicate the standard deviation. An
ANOVA followed by Dunnett's post-hoc test (α = 0.05) identified the
lowest concentration with a TL/CL ratio significantly different from the
blank as 12.5% (0.10 ng mL−1) for both readers. BSA: Bovine serum
albumin; R2: coefficient of determination; CV: coefficient of variation;
CL: control line; LFA: lateral flow assay; PEG: polyethylene glycol; PBS:
phosphate buffered saline; rLeptin: recombinant leptin; TL: test line.
***p < 0.001, ****p < 0.0001.
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and direct the limited health resources more efficiently.
Additionally, an easy-to-use, rapid leptin test could be highly
valuable for research applications, such as leptin
determination in cell culture supernatants to study metabolic
changes following interventions or treatments.

Conclusions

Fluorescence-based LFAs represent a promising approach for
point-of-care detection of metabolic biomarkers in serum,
combining sensitivity, versatility, robustness, cost-
effectiveness, and portability. The prototype LFA developed in
this study successfully detected leptin at physiologically-
relevant concentrations (0–100 ng mL−1) spiked into a
running buffer, and in 50% diluted calf serum, with a
calculated LOD of 0.25 ng mL−1 in both matrices,
demonstrating low nonspecific binding and low variability. It
also detected endogenous leptin in diluted human serum at
25% without requiring additional leptin spiking, while
maintaining low variability. The TL/CL ratios obtained using
both benchtop and portable LFA readers strongly correlated
with the leptin levels measured by ELISA, even in low-
concentration samples. The assay workflow requires minimal
sample preparation, a simple dilution (1 : 4), and delivers
rapid, robust, and consistent results using the portable
reader, highlighting its potential as a point-of-care tool for
leptin detection, especially in decentralized and resource-
limited settings.

Even before individuals are classified as obese by BMI,
they may present metabolic alterations that put them at high
risk of developing comorbidities such as cardiovascular

diseases, type 2 diabetes, and cancer, among others. Thus,
measuring biomarkers that more accurately monitor
metabolic health, such as leptin at the point of care, can
reduce the risk of developing comorbidities that increase
mortality and morbidity by enabling timely lifestyle changes
and other interventions for those at higher risk. The
developed LFA serves as a robust screening and research tool
for monitoring leptin levels at the point of care. While the
platform currently provides quantitative correlation with
ELISA, its transition to routine clinical diagnostics will
require further clinical trials to establish standardized
screening and/or diagnostic thresholds for the relevant
populations. Future work will focus on clinical validation of
the leptin LFA prototype with human samples and expanding
the platform to include additional metabolically relevant
biomarkers for comprehensive metabolic health monitoring.
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Fig. 5 Correlation between leptin concentration quantified by ELISA and the TL/CL ratio measured by the developed LFA using human serum
samples diluted to 25% in running buffer (final concentrations: 0.25% BSA, 0.5% Tween-20, and 0.5% PEG 3350). TL/CL measurements were
performed with both A) a benchtop reader and B) a portable reader. A strong correlation is observed between leptin concentration measured by
ELISA and TL/CL ratios obtained with the LFA prototype in both readers, as evaluated using Pearson correlation. For the benchtop reader,
correlation coefficients were 0.95 (p < 0.0001) for the unknown group, 0.94 (p < 0.0001) for the female group and 0.98 (p < 0.0001) for the male
group and 0.96 (p < 0.0001) for the whole population (n = 30). For the portable reader, correlation coefficients were 0.94 (p < 0.0001) for the
unknown group, 0.94 (p < 0.0001) for the female group and 0.97 (p < 0.0001) for the male group and 0.95 (p < 0.0001) for the whole population
(n = 30). Symbols indicate sex: diamonds for individuals with unknown sex (n = 10), circles for females (n = 10), and triangles for males (n = 10).
BSA: Bovine serum albumin; r: Pearson correlation coefficient; CL: control line; LFA: lateral flow assay; PEG: polyethylene glycol; PBS: phosphate
buffered saline; rLeptin: recombinant leptin; TL: test line.
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