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ABSTRACT: Rapid, simple, and cost-effective diagnostics are
needed to improve healthcare at the point of care (POC).
However, the most widely used POC diagnostic, the lateral
flow immunoassay (LFA), is ∼1000-times less sensitive and
has a smaller analytical range than laboratory tests, requiring a
confirmatory test to establish truly negative results. Here, a
rational and systematic strategy is used to design the LFA
contrast label (i.e., gold nanoparticles) to improve the
analytical sensitivity, analytical detection range, and antigen
quantification of LFAs. Specifically, we discovered that the size
(30, 60, or 100 nm) of the gold nanoparticles is a main contributor to the LFA analytical performance through both the degree of
receptor interaction and the ultimate visual or thermal contrast signals. Using the optimal LFA design, we demonstrated the
ability to improve the analytical sensitivity by 256-fold and expand the analytical detection range from 3 log10 to 6 log10 for
diagnosing patients with inflammatory conditions by measuring C-reactive protein. This work demonstrates that, with
appropriate design of the contrast label, a simple and commonly used diagnostic technology can compete with more expensive
state-of-the-art laboratory tests.
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Point-of-care (POC) diagnostics are designed to provide
fast and simple measurements to facilitate timely medical

decision making to improve clinical outcomes.1−3 Although
numerous POC tests have been introduced, none are currently
able to provide sensitivity and quantitation comparable to
laboratory-based diagnostics, such as polymerase chain reaction
(PCR) or enzyme-linked immunoassay (ELISA), which
constrains their impact.4−6 For instance, lateral flow assays
(LFAs) have dominated POC diagnostics in the last three
decades due to their low cost, simplicity, portability, and robust
operation. However, LFAs are approximately 1000-fold lower
in sensitivity than alternative laboratory-based techniques.7,8

This gap has driven the development of other diagnostic
technologies, including paper9,10- and chip-based micro-
fluidics,11,12 surface plasmon resonance,13−15 and biobarco-
des.16,17 Although some of these techniques have achieved
comparable sensitivity as PCR or ELISA, they remain in

developmental stages rather than commercial stages for POC
applications.18,19 An alternative approach, explored here and in
other work,20−26 focuses on the redesign of LFAs in an attempt
to achieve comparable performance to laboratory-based
approaches.
During sandwich LFA testing, the analyte flows through the

LFA by capillary force and is first captured by detection
antibody-labeled spherical gold nanoparticles (GNPs) to form a
complex (Figure 1a). This complex is then captured by
antibodies on the membrane, leading to accumulation of GNPs
at the test site. The test site visually turns red, indicating a
positive test, when there are sufficient GNPs present.
Traditionally, 30−40 nm diameter GNPs are used as visual
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labels in LFAs; however, LFAs suffer from low GNP capture
rate (<5%)24,27 and low GNP visual contrast detection, leading
to suboptimal sensitivity.28 Approaches to improve label
capture and/or label detection have been developed. For
instance, new contrast labels including quantum dots,22

upconverting phosphor reporters,20 magnetic particles,29,30

and surface-enhanced Raman scattering GNPs25 have all been
applied. Isotachophoresis24- and dialysis26-based sample treat-
ments can preconcentrate analyte and improve label capture.
Signal amplification methods such as silver enhancement21 and
enzyme catalytic amplification23 have also been explored. These
improvements in LFA performance lead to additional cost,

Figure 1. Scaling analysis of the effect of GNP size on LFA sensitivity. (a) Architecture of lateral flow assay with test line width L, assuming that the
nitrocellulose membrane is conceptually simplified as bundles of cylindrical pores with radius R; scale bar is 5 μm, Ctrl is the control line of the LFA.
(b) Pe is the ratio of diffusion time to convection time of a GNP, where Pe ≫ 1 in LFA implies the transport of GNP to a test site is diffusion-
limited, and Da is the ratio of reaction flux to diffusion flux, where Da ≪ 1 in LFA implies the rate limit of GNP capture at the test site is reaction
(details in Supporting Information section 8). (c) Comparison of 30, 60, and 100 nm diameter GNPs indicates 100 nm GNPs can improve LFA
sensitivity due to higher reaction rate and signal per GNP.

Figure 2. Visual and thermal detection of GNPs of different sizes. (a) GNPs were printed onto a membrane using a 3D printer: 1, syringe pump; 2,
syringe; 3, membrane; 4, 3D printer; 5, capillary tube; 6, rubber to fix the capillary tube. (b) Visual and thermal detection methods of printed GNPs.
(c) Quantitative thermal and visual detection of 30, 60, and 100 nm diameter GNPs, where A and A′ stand for 100 nm GNP thermal and visual
signal, B and B′ for 60 nm GNP thermal and visual signal, and C and C′ stand for 30 nm GNP thermal and visual signal, respectively. (d) Thermal
and visual detection limits of printed 30, 60, and 100 nm diameter GNPs.
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labor, complexity, or loss of portability that may hinder point-
of-care deployment.
In our previous studies, we developed a thermal contrast

amplification (TCA) reader to read the thermal signal of
commercial LFAs.28,31 The TCA reader collects the temper-
ature changes of GNPs upon laser irradiation in the test site
and provides improved sensitivity (8-fold) and quantitation of
the analyte over traditional visual reading of the commercial
LFAs built with ∼30 nm GNP contrast.31 Here, we shift focus
to redesign the LFA for improved analytical performance using
the thermal contrast reader. Our goal is to assess whether
redesign of the LFAs for thermal contrast can achieve
competitive analytical performance with laboratory techniques.
To achieve this, we first modeled the entire process and
identified important parameters such as GNP size and
concentration, reaction rate constant (antibody binding), and
flow speed (reaction time) that determine the limit of detection
of the thermal signal from the LFAs. We then tested the
findings from the model with experiments to achieve a 256-fold
higher analytical sensitivity with thermal contrast than tradi-
tional 30 nm GNP LFA visual contrast, thereby achieving a
range of C-reactive protein (CRP) detection comparable to
that of ELISA-based laboratory diagnostics. Specifically, we
chose to study the impact of nanoparticle size on GNP
detection and capture as they relate to the analytical
performance of the LFA. Larger size GNPs with 60 and 100
nm diameters were introduced in addition to the traditional 30
nm GNPs. The larger size GNPs exhibit higher reaction affinity
as they carry more antibodies, thus increasing GNP capture
(Figure 1c). In addition, the larger-size GNPs have stronger
light absorption and scattering properties, thus improving GNP
detection (Figure S1). Importantly, the modeling and
experimentation processes presented here can be used in the
future to optimize the analytical performance of other

nanoparticle-based assays such as microfluidic, biobarcode
detection, and so forth.9−12,16,17

To study the detection sensitivity of different sized GNPs, we
needed to deposit citrate-stabilized GNPs (30, 60, and 100 nm
diameters) onto the LFA membrane uniformly, quantitatively,
and without aggregation. The pipettes and Epson XP310 inkjet
printers were used but resulted in nonuniform “coffee rings”
and unacceptable aggregation, respectively (Figure S2). For this
to be addressed, GNPs were washed and dispersed in 65% (w/
w) glycerol and printed using a 3D printer and syringe pump to
achieve uniformity and quantitation (Figure 2a, method details
in Supporting Information section 4).32 The monodisperse
(i.e., nonaggregated) status of printed GNPs was confirmed
with scanning electron microscopy (Figure S3). After printing
at known GNP concentrations, pumping rate, and printing
time, we used a scanner (Epson X310) and a TCA reader to
calibrate the visual (i.e., greyscale intensity) and thermal (i.e.,
temperature change) signals, respectively, of the deposited
GNPs (Figure 2b). The quantitation of GNP amount vs visual
or thermal detection is presented in Figure 2c. For instance, 24-
and 191-fold sensitivity improvement for visual and thermal
detection of 100 nm GNPs over visual detection of 30 nm
GNPs is shown in Figure 2d. The visual and thermal detection
thresholds of different-sized GNPs are listed in Table S1.
Additionally, this 3D printing technique can serve as a platform
to quantitatively study and compare the laser heating (i.e.,
thermal performance) of different types of nanoparticles such
as gold nanocubes, gold nanorods, and others.
We next used scaling and modeling, followed by

experimentation, to investigate the impact of nanoparticle size
in GNP capture. We studied two LFA cases: case 1, diffusion,
convection, and direct GNP binding LFA (biotin−streptavi-
din); case 2, diffusion, convection, and sandwich GNP binding
LFA with CRP as analyte.

Figure 3. Larger-size GNPs can be detected at lower concentrations in streptavidin/biotin direct binding LFAs. (a) Schematics of streptavidin/biotin
LFAs. The experimental and modeling results of the LFA test showed GNPs were captured at the front arc of the test dot. (b) Modeling results of
quantitative 30 nm GNP capture for different effective forward reaction constant values. (c) Experimental thermal and visual signals of 30, 60, and
100 nm diameter GNP streptavidin/biotin LFAs; A and A′ stand for 100 nm GNP thermal and visual signal, B and B′ for 60 nm GNP thermal and
visual signal, and C and C′ stand for 30 nm GNP thermal and visual signal, respectively. (d) Experimental thermal and visual detection limits of
streptavidin/biotin LFAs with 30, 60, and 100 nm diameter GNPs.
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To begin, we scaled the Peclet number (Pe) and the
Damkohler number (Da) for these cases to assess the
importance of diffusion to convection and reaction in the
LFAs (Figure 1b). The nitrocellulose membrane is conceptually
simplified as a bundle of cylindrical pores of radius R (Figure
1a).33 The Peclet number (Pe = UR/De), the ratio of diffusion
time to convection time of a GNP with effective diffusivity De,
was calculated, where U is the convective velocity (Figure 1b).
A further calculation of the Damkohler number (Da = kon′CR/
De) compares the reaction flux (of a given test site capture
antibody concentration C) to diffusion flux (Figure 1b). Here,
the effective forward reaction rate constant (kon′) for antibody-
labeled GNPs is assumed to be27

′ =k nkon on (1)

where kon is the forward rate constant for a single antibody−
antigen interaction in the LFA membrane environment, and n
is the effective number of antibodies per GNP. With the
calculated Pe ≫ 1 (convection dominates diffusion) and Da ≪
1 (diffusion dominates reaction) shown in Table S2; thus, the
reaction is the rate-limiting step to improve GNP capture
(details in Supporting Information section 8). We hypothesize
that larger-sized GNPs (60 and 100 nm) could improve GNP
capture as n increases in eq 1 due to larger surface area (Figure
1c).
We then developed a COMSOL model to extend the above

scaling analysis and predict LFA performance prior to
experiments, thereby guiding LFA design for both cases
(Supporting Information section 8). We performed a para-
metric study to assess the impact of varying the convective
velocity as well as GNP diffusivity and effective forward rate
constant on GNP capture using the parameters listed in Table
S3. The model shows that reaction and convection have a
higher impact on GNP capture than diffusion (Figures S4 and
S5). Indeed, reaction and convection are linked as reducing

velocity increases the time for reaction (i.e., residence time in
the test site), underscoring again that reaction is the rate-
limiting phenomenon in GNP capture. In addition, we studied
the impact of GNP concentration used in the conjugate pad on
the final test line signal (i.e., captured GNP amount) using the
model. The model shows that, as the GNP concentration
increases, the test line captured GNP amount will first increase
and then reach a plateau (Figure S6). The modeling helps to
identify key parameters such as GNP size and concentration,
reaction rate constant, and flow speed that determine the
analytical performance of LFAs.
In case 1, we used COMSOL to model direct binding of

streptavidin-coated GNPs to the test dot coated with excess
biotin (Figure 3a). The model predicted that the majority of
the GNPs are captured at the front arc of the test dot due to
high binding affinity (Kd = 10−14 M) of the excess biotin to the
streptavidin (Figure 3a). In Figure 3b, the model showed that
the GNP capture increases as kon′ increases, indicating
sensitivity improvement with larger GNP (larger kon′).
Importantly, because of the enhanced capture of larger size
GNPs, we expect greater sensitivity improvement between
visual detection of 30 nm GNP and thermal detection of 100
nm GNP in a binding LFA (i.e., cases 1 and 2) vs printed GNPs
in the membrane where no GNP binding exists (Figure S7).
To experimentally test case 1 model predictions, we

conjugated streptavidin to GNPs to bind a test dot coated
with excess biotin in the LFA. We tested different
concentrations of streptavidin-coated GNPs. As predicted by
the model, only a red arc at the test dot edge was observed after
an LFA test (Figure 3a, Figure S8). The quantitative correlation
between GNP concentration and thermal signal (R2 = 0.96) as
well as visual signal (R2 = 0.95) are presented in Figure 3c. A
250-fold improvement in sensitivity is illustrated in Figure 3d
for thermal detection of 100 nm GNP over visual detection of
30 nm GNP. Although Figure S4 demonstrates trends for our

Figure 4. Combination of 100 nm GNPs and TCA reader provides 256-fold sensitivity improvement in CRP LFAs. (a) Modeling and experimental
results of test dot visual reading and ability to compensate for the “hook” effect observed in all LFAs at very high concentrations. (b) Modeling
results of quantitative 30 nm GNP capture for different effective forward reaction rate constant values. (c) Experimental visual and thermal signals of
CRP LFAs; A and A′ stand for 100 nm GNP thermal and visual signal, B and B′ for 60 nm GNP thermal and visual signal, and C and C′ stand for 30
nm GNP thermal and visual signal, respectively. (d) Experimental thermal and visual detection limits of CRP LFAs with 30, 60, and 100 nm diameter
GNPs.
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model, absolute agreement between the model and exper-
imental results requires fitting certain parameters, most
importantly, the reaction term. We fitted kon′ of different-
sized GNPs using the thermal signal (ΔT) of test dots and the
“ΔT to GNP concentration” calibration curves (Figure 2c,
Figure S9). The results indicate that 100 nm GNPs have more
than 3-fold higher kon′ than 30 nm GNPs (2.5 × 107 vs 7.5 ×
106 M−1 s−1), implying that larger GNPs have higher n in eq 1.
In case 2, we used COMSOL to model sandwich binding of

GNP in the test dot of a CRP LFA. We noted different test dot
patterns for different CRP concentration, indicating semi-
quantitative visual readings (Figure 4a). We showed that these
test dot patterns can be used to expand the LFA analytical
range beyond the “hook” effect, which occurs at excessively
high analyte concentrations, leading to a reduction in GNP
capture.34 For instance, just before and after the “hook” effect,
one visual signal value can be related to two different analyte
concentrations, i.e., S and S′ in Figure 4c. The model predicted
different test dot patterns such that we can distinguish S (after
the “hook” effect) from S′ (before the “hook” effect), albeit
they have the same visual signal averaged across the dot (Figure
4a, c). Importantly, the model also revealed that this approach
requires kon′ > 103 M−1 s−1, which suggests a failure criterion
when using low affinity antibodies or sparsely coated GNP
labels (Figure S10). The sensitivity and linear quantitation
range (before the “hook” effect) of the LFA also depends on
kon′ (Figure 4b). Specifically, a higher effective forward rate
constant increases GNP capture and therefore LFA sensitivity.
Using the thermal detection limit of 100 nm GNPs (1.6 × 10−3

nM, Table S1), a >4 log10 linear visual detection range could be
expected when kon′ = 104 M−1 s−1, whereas the linear detection
range increases to >5 log10 when kon′ = 105 M−1 s−1 (Figure
4b).
Finally, we experimentally evaluated whether the improve-

ments in direct binding LFAs (case 1) could be extended to
sandwich LFA (case 2). We constructed a sandwich LFA to
detect CRP, an important clinical biomarker of inflammation.35

A point-of-care quantitative CRP assay would be highly useful
to distinguish bacterial from viral infections to guide antibiotic
use considering that the current multiple hour turnaround time
for a laboratory-based CRP assay is impractical in an outpatient
setting to affect medical decision making.36 To allow
quantitative comparison between different size GNP LFAs,
we used the same number of GNPs per LFA (i.e., 6 × 108). We
performed dilution testing with standard human CRP
reference. The different patterns of test dot binding (bottom
to top in flow) as predicted by the model enable the detection
before and after the “hook” effect (Figure 4a). This effectively
extends the visual analytical range to 5 log10 (10

−3 to >102 mg/
L) using 100 nm GNPs (Figure 4c, Table S4). Further, thermal
contrast achieves one log10 sensitivity improvement over visual
contrast for all GNP sizes, including 30 nm as previously shown
in commercial LFAs.31 Therefore, 6 log10 detection range (10−4

to >102 mg/L) in CRP LFA was demonstrated with 100 nm
GNP and a TCA reader. In sum, the 100 nm GNP yields a 256-
fold sensitivity improvement using thermal detection versus
traditional 30 nm GNP visual detection (Figure 4d, Figure
S11). In the future, another log10 improvement using TCA with
different-shaped nanoparticles such as nanorods or nanoshells
with thermal contrast detection may be possible.28

To improve translation and demonstrate clinical use, we also
tested a human serum sample. The results aligned well with the
calibration curves obtained with standard human CRP

reference samples (Figures S12 and S13). Similar to case 1,
we found 100 nm GNPs have a more than 2-fold higher kon′
than 30 nm GNPs (6.5 × 104 vs 2.8 × 104 M−1 s−1, Figure S14).
We further noted that the ratio of kon′ (100 vs 30 nm GNP) in
case 1 is greater than the ratio in case 2. We attribute this to the
extra curvature and molecular length that would impede
binding in sandwich (case 2) vs direct binding (case 1).
Theoretically, increasing GNP size above 100 nm could

further increase LFA sensitivity. However, GNP capture will be
rate limited by diffusion (Da ≫1) as kon′ increases with GNP
size. Therefore, further increasing GNP size will decrease GNP
capture as larger GNPs have slower diffusion rates. In addition,
the cost of gold and especially antibodies needed to coat this
gold increases dramatically as the GNP size increases (Table
S5). Furthermore, we use modeling to demonstrate that larger
GNPs (for example: 400 nm) will settle within the pores of the
membrane within 50 s, the time necessary for a GNP to travel
from conjugate pad to test line (Figure S15, details in
Supporting Information section 9). Importantly, this effect
will be compounded by the increased chance of nonspecific
binding of larger-sized GNP−antibody conjugates to either the
test line antibody or background membrane of the assay. Thus,
although larger GNPs can improve the limit of detection, they
may also cause false positive results that decrease the accuracy
of detection (details in Supporting Information section 9).
Thus, for GNPs beyond 100 nm, the detection accuracy is
considered more important than simply achieving higher
sensitivity (i.e., limit of detection). We expect that this trade-
off will yield a unique maximum GNP size limit depending on
antibody selection, membrane selection, and tolerance of false
positives for any newly designed assays. Further, directly
measuring kon′ of GNPs within LFA environments using
radioactively labeled antibodies will be useful to improve the
model and find the ultimate limits of this LFA technology.27

In conclusion, we studied how GNP design, specifically size
and contrast (visual vs thermal), affects LFA analytical
performance. We scaled and modeled the transport and
reaction processes in the LFA. We found that the sensitivity
greatly depends on the GNP binding process. Our model can
predict LFA performance based on nanoparticle design, thus
helping to reduce excessive experimentation and more quickly
identify and experimentally verify optimum LFA designs. For
instance, our model shows that larger-size GNPs have higher
binding affinity and are detected at lower concentration. Using
100 nm GNPs with thermal contrast detection, our LFAs were
then experimentally verified to detect CRP over approximately
a 6 log10 concentration range spanning the range of both
laboratory and POC CRP assays on the market in one simple
test (Table S6). Thus, the modified GNP labels with both
visual and thermal contrast detection show great promise in
creating a POC diagnostic platform that is competitive in
sensitivity, analytical range, and quantitation with laboratory-
based technologies.
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