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a  b  s  t  r  a  c  t

Lateral  flow  assays  (LFAs)  have  found  widespread  applications  in  biomedical  fields,  but  improving  their
sensitivity  remains  challenging  mainly  due  to  the  unclear  convection-diffusion-reaction  process.  There-
fore,  we  developed  a 1D mathematical  model  to solve  this  process  in  LFAs.  The  model  depicts  the  actual
situation  that  one  report  particle  may  combine  more  than  one  target,  which  overcomes  the  deficiency
of  existing  models  where  one  report  particle  combines  only  one  target.  With this  model,  we  studied  the
effect  of report  particle  characteristics  on  LFAs,  including  binding  site density,  target  analyte  and  report
particle  concentration.  The  model  was  qualitatively  validated  by reported  experimental  data  and  our
designed  experiments  where  the  report  particle  with  different  accessible  binding  site  (HIV-DP)  densities
is  obtained  by  changing  the  ratio  of HIV-DP  and Dengue-DP  in preparing  AuNP-DP  aggregates.  The  results
arget analyte
eport particle

indicate  that  a  strong  signal  intensity  can  be obtained  without  consuming  excess  detector  probe  with
the  optimum  binding  site  (N = 30).  A  maximum  normalized  target  concentration  of  120  is obtained  to
prevent  the  false-negative  result,  while  a minimum  normalized  report  particle  concentration  of  0.015
is recommended  to produce  a strong  signal.  The  developed  model  would  serve as  a  powerful  tool  for
designing  highly  effective  LFAs.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lateral flow assays (LFAs) have shown promising applications
n various fields, such as global and public health care [1] and
nvironment monitoring [2], given their cost-effective, convenient,
nd rapid features. LFAs detect target analytes (e.g., nucleic acid,
rotein, and cell) in samples through converting them into more
asily detectable signals by using report particles with colored

e.g., gold nanoparticles (AuNPs) [3]), luminescent (e.g., upconver-
ion nanoparticles (NPs) [4]), or magnetic (Fe3O4 NPs [5]) features.
pecifically, the target analytes bind with report particles via biore-
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BEBC), Xi’an Jiaotong University, Xi’an 710049, PR China.
∗∗ Corresponding author.
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925-4005/© 2017 Elsevier B.V. All rights reserved.
action forming report particle–analyte complex, which flow via
diffusion and convection through the test line as induced by the
capillary force. The capture probes immobilized in the test line
interact with the complex report particle–analytes and form a sand-
wich format complex (e.g., capture probe–target–report particle).
However, LFAs are generally developed empirically and associ-
ated with limitation of poor detection sensitivity, mainly due to
the lack of understanding of the underlying mechanism of the
convection–diffusion–reaction process in LFAs.

Generally, the report particle plays a significant role in
the convection–diffusion–reaction process of LFA detection. To
enhance detection sensitivity, significant experimental efforts have
been put on assessing the effect of report particle characteristics on
the LFA performance in the whole convection–diffusion–reaction
process, including particle concentration, particle size, and the

available binding sites to the target analyte [6]. For instance, the sig-
nal from up-converting phosphor particles first increases and then
reaches a plateau with increasing particle concentration in detect-
ing single-stranded nucleic acids using LFAs [7]. The detection limit
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ncreases with increasing report particle size, however a further
ncrease in particle size has a detrimental effect on the detection
imit [8]. Besides, particle size has an important contribution to
ignal intensity per particle and the maximum number of bind-
ng sites on the report particle surface [9]. Accordingly, composite
eport particles have been developed by coating NPs with chro-

ogenic substance (e.g., enzymes) [10] or linking NPs with other
anomaterials (e.g., AuNP conjugate [11,12], Fe2O3 NPs [13], and
ilica nanorods [14]) to increase their size, binding site density, and
ignal intensity, which in turn improve the detection sensitivity of
FAs. In spite of these experimental advances, the underlying mech-
nism for the effect of the convection–diffusion–reaction processes
n the performance of LFAs remains elusive.

To investigate the underlying mechanism, mathematical and
umerical models have been adopted to evaluate the effects
f crucial parameters (e.g., concentrations of target analyte,
eport particle and capture probe) of LFAs. For instance,
ian and Bau introduced mathematical models based on the
onvection–diffusion–reaction equations to analyze LFAs with
andwich and competitive formats [15,16]. Zeng et al. proposed
everal algorithms (e.g., extended Kalman filter (EKF) [17], hybrid
KF and the switching particle swarm optimization algorithm
18], particle filter approach [19], and particle swarm optimiza-
ion method [20]) to simulate and improve the performance of
andwich-type LFAs. However, these existing models assume that
ne report particle only combines one analyte and neglect the
tructure of report particle to simplify the bioreactions in LFAs,
hich deviate from the actual condition where one report parti-

le with numerous accessible binding sites may  capture more than
ne target analyte [9]. Therefore, developing an effective mathe-
atical model based on the real situation is necessary to reveal the

ffects of report particle with multi-binding sites on the detection
esult.

In this study, we developed a mathematical model based
n the physical law of mass conservation to solve the 1D
onvection–diffusion–reaction process in LFAs. As the particle size
etermines the signal intensity, stability, flow characteristic and
inding site density of AuNPs, the mathematical study is focused
n studying the effects of binding site density and AuNP concen-
ration, which play crucial roles on LFAs detections and can be
alidated by experiments qualitatively. The model was  qualita-
ively validated by reported experimental data in literature and
lso our specially designed experiments where the report parti-
les with different accessible binding site (HIV-DP) densities were
btained by changing the ratio of HIV-DP and Dengue-DP in prepar-

ng gold nanoparticle (AuNP)-DP aggregates. With this model, we
nvestigated the relationship between report particle and target
nalyte concentrations, and the LFAs performance. The developed
odel would provide a physically intuitive illustration of the corre-

ponding experimental results and could help optimize the design
f highly sensitive LFAs.

. Materials and methods

.1. Experimental section

.1.1. Preparation and modification of AuNPs
In the experiment, a nucleic acid of HIV is selected as the target

nalyte, and a part of its complementary base sequence is the avail-
ble detector probe (HIV-DP) on AuNP surface. To keep the stability
f AuNPs, an abundant detector probe is added to the AuNP solu-

ion fully coated on the AuNP surface, forming AuNP-DP aggregates.
herefore, a mixed solution of detector probes, including HIV-DP
nd Dengue-DP with different mixing proportions, is proposed to
nvestigate the effect of report particle with multiple binding sites.
rs B 248 (2017) 699–707

The oligonucleotide sequence (Dengue-DP) doesn’t participate in
any chemical reactions (Table 1) and is only used to occupy the
remainder binding sites on the AuNP surface and to adjust the mix-
ing proportion of HIV-DP in the mixed solution of detector probes
in preparing AuNP-DP aggregates.

To achieve different binding site densities, both HIV-DP and
Dengue-DP are thiolated and mixed with different proportions to
make a mixed detector probe solution. These mixed solutions of
detector probes are added to the AuNP solution in different tubes
to form AuNP-DPs aggregates with different proportions of HIV-
DP. The preparation details are as follows. First, AuNPs with an
average diameter of 13 ± 3 nm are prepared following the protocol
from our previous study [11]. Subsequently, to activate the HIV-
DP and to obtain a final concentration of 100 �M,  4 �L of 10 mM
TCEP, 20 �L of 500 mM acetate buffer (pH 4.76), and 100 �L of ultra-
pure water are added to the HIV-DP, while 8 �L of 10 mM TCEP,
39 �L of 500 mM acetate buffer (pH 4.76), and 194 �L of ultrapure
water are added to the Dengue-DP to activate the Dengue-DP and
to obtain a final concentration of 100 �M.  Using the HIV-DP and
Dengue-DP, we prepare six mixed detector probe solutions with
different HIV-DP/Dengue-DP ratios, namely, 10:0, 8:2, 6:4, 4:6, 2:8,
and 10:0, respectively. The six solutions and 5 mL  of the prepared
AuNP solution are added to six tubes (labeled #1–#6) successively
for preparing AuNP-DP conjugates with different binding sites as
our previous study [11].

Although the quantitative binding site density is unsure, the dif-
ferent HIV-DP densities of the AuNP-DP conjugate increase with
increasing proportions of HIV-DP in the mixed detector probe solu-
tions. Therefore, six different binding site densities on the surface
of AuNPs with the same particle size can be obtained by tuning
the proportion of HIV-DP in the mixed detector probe solution. A
typical proportion of HIV-DP/Dengue-DP (6:4) in the mixed detec-
tor probe solution is added to the AuNP solution for an ideal case
(Fig. 1c). This figure implies that 60% of the HIV-DP binding sites on
AuNP are available to capture the target HIV.

2.2. Mathematical model

2.2.1. Development of the model of the
convection-diffusion-reaction process in LFAs

The LFA strip mainly comprises three pads (e.g., immersing,
detection, and absorption pads) and two  lines (e.g., test and control
lines) (Fig. 1a). The specific target analyte (A) (e.g., oligonucleotide
sequence) exists in the sample, and the report particles (P) (e.g.,
AuNPs) are encapsulated in the immersing pad near the side of
detection pad. The capture probe (R) and the control probe (C) are
immobilized in the test and control lines in sequence. The detail
preparation process of LFA strip is shown in the Supplemental Infor-
mation.

After the liquid sample with target analyte (A) is added to the
sample pad, the sample flows to the conjugate pad as driven by
capillary force. The report particles (P) are dissolved and migrate as
fluid flows. In the detection pad, the report particle (P) can combine
specifically with specific analyte (A) based on the complementary
base-pairing reactions to form complex (PA). The A and PA further
interact with the capture probes (R) to form complexes RA and RPA
in the test line, where a red signal appears gradually with accumu-
lation of complex RPA (Fig. 1bi). Meanwhile, the remaining report
particles will be captured by the control probe (C) to form com-
plex CP in the control line, where a red signal will also appear with
accumulation of CP.  Once the sample with a certain amount of tar-
get analytes is added to the sample pad, the test and control lines

appears gradually, indicating a positive result (Fig. 1a). If the target
analyte concentration is below the detection limit, only the control
line works and the test line does not appear, indicating a negative
result. If the control line does not appear, the device fails on account
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Table  1
Oligonucleotide sequences applied in the current study.

Name Sequence

HIV-Detector probe (HIV-DP, for detecting target) 5′-CACAA CAGAC GGGCA CACAC TACT-(CH2)6-HS-3′

Dengue-DP (for protecting AuNPs) 5′ -HS-(CH2)6-GAGAC AGCAG GATCT CTGGT C-3′

Capture probe 5′-Biotin/GTCTG AGGGA TCTCT AGTTA CCAG-3′

Control probe 5′-AGTAG TGTGT GCCCG TCTGT TGTG/Biotin-3′

Target nucleic acid 5′-AGTAG TGTGT GCCCG TCTGT TGTGT GACTC TGGTA ACTAG AGATC CCTCA GAC-3′

Control nucleic acid 5′-GCCTC AATAA AGCTT GCCTT GAGTG CTTGT GGAAA ATCTC TAGCA GTGGC GCC-3′
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ig. 1. Schematic of the convection-diffusion-reaction progress in LFAs. (a) Schema
atical  model with the signal-combining model [15] and Present multi-combining
engue-DP.

f the invalid report particle or the inactive control probe. Finally,
he waste sample is absorbed and stored in the absorption pad.

Now we consider the actual situation that multiple binding sites
re available to combine the target analytes on the surface of report
article (Fig. 1bii). As the dry LFA device comes into contact with
he sample solution, the report particle (P) starts to react with
ne or multiple target analytes (A) sequentially, forming complex
article–multi-targets PAn in the flowing liquid, where n is the
umber of analytes coated on the report particle surface. A and
An will then be captured by R, forming the complexes capture
robe–multi-targets RA and particle–multi-targets–capture probe
PAn in the test line. The complex RA may  capture the free P and
An with available binding sites to form the complex RPAn, which
ith available binding sites, would continue to capture the free A.

onsequently, the above chemical interactions shown in Fig. 1bii
re summarized as

+PAn-1
ka↔
kd

PAn, n = 1, 2, 3, ...N,  (1a)

+A
ka↔
kd

RA, (1b)

+PAn
ka↔RPAn, n = 1, 2, 3, · · ·N, (1c)

kd

A+PAn-1
ka↔
kd

RPAn, n = 1, 2, 3, · · ·N, (1d)
 the configuration and measurement principle of LFA; (b) Schematic of the mathe-
l; (c) Preparation of AuNP-DP aggregates with different percentages of HIV-DP and

RPAn-1 + A
ka↔
kd

RPAn, n = 2, 3, 4, · · ·N, (1e)

where ka and kd are assumed to be the same in these reactions,
with ka equal to 10−3 (1/nM s) and kd equal to 10−3 (1/s), corre-
sponding to Qian’s research [15]. N and n are the total accessible
binding sites on the surface of report particle and the combined
analyte number, respectively. In Eqs. ((1a) and (1e)), when n = 1, the
term PAn-1 is changed to PA0, which presents single report particle
without target analyte for simplification of the presentation. When
N equals to 1, the reaction in Eq. (1e) can be neglected. Thus, the
chemical reaction processes corresponds to the previous simplified
single-combining model (Supplemental information).

The following assumptions are adopted to facilitate establish-
ing the present model. (1) The calculation domain only includes
the detection pad, where happens major reactions, as shown by
the orange dashed rectangle in Fig. 1a; (2) The target analytes and
report particles are dissolved in a buffer solution without reacting
before entering the detection pad on account of minimal reaction
time on the immersing pad; (3) The liquid flow driven by capillary
force is laminar with constant slow speed; (4) The control line is
ignored and the report particle will combine with multiple target
analytes in sequence.

The concentration–governing equations of the 1D

convection–diffusion–reaction model are based on the physi-
cal law of mass conservation, which presents the equivalence
between the change rate of reagent and the total change rates of
diffusion, convection, and source terms. The source term in the
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oncentration–governing equations is directly determined by the
roduction rates FPAn , FRA, FRPA1,n

, FRPA2,n
, and FRPA3,n

of com-
lexes PAn, RA,  and RPAn corresponding to the multi-combining
hemical reactions in Eqs. (1a)–(1e) (Supplemental information).
hus, the governing equation of A and P are given as

∂CA

∂t
= DA

∂2
CA

∂x2
− U

∂CA

∂x
−

[
FRA +

∑N

n=1

(
FPAn + FRPA3,n

)]
. (2)

∂CP

∂t
=  DP

∂2
CP

∂x2
− U

∂CP

∂x
−

(
FPA1 + FRPA2,1

)
. (3)

As illustrated in assumptions, the report particle will com-
ine with multiple target analytes in sequence to form PAn. The
oncentration–governing equations of complex PAn are given as

∂CPAn

∂t
= DP

∂2
CPAn

∂x2
− U

∂CPAn

∂x
+ FPAn − FPAn+1

− FRPAn1

−FRPA2,n+1
, n = 1, 2, 3, · · ·N − 1. (4a)

∂CPAN

∂t
= DP

∂2
CPAN

∂x2
− U

∂CPAN

∂x
+ FPAN

− FRPA1,N
. (4b)

The balance equation of production rate of RA and RPAn are
iven as

∂CRA

∂t
= FRA −

∑N

n=1
FRPA2,n

. (5)

∂CRPAn

∂t
= FRPAn n = 1, 2, 3, · · ·N. (6)

here CA, CPAn , CRA, and CRPAn are the concentrations of target
nalyte and complexes PAn, RA,  and RPAn, respectively; the liquid
icking speed U is 0.2 mm/s, as obtained by experimental method;
A and DP are the diffusion coefficients of target analyte A and AuNP

 and their complexes PAn, respectively. Accordingly, the diffusion
oefficients DA and DP are estimated by using the Stokes–Einstein
quation [21] to be 1.0 × 10−10 and 1.0 × 10−12 m2/s, respectively.
n Eqs. (2)–(6), FRPA3,1

has no corresponding reaction and is sup-
osed to be zero, and FRPAn is the total production rate of complex
PAn.

In the current simulation, the visible signal intensity S is pro-
ortional to the total amount of report particle CP , conjugates CPAn ,
nd sandwich forms CRPAn , namely,

 = CP +
∑

CPAn +
∑

CRPAn . (7)

Thus, the average signal intensity in the test line can be
xpressed as

ave =
∫ x2

x1

Sdx/(x2 − x1). (8)

Ideally, the effective signal in the test line ST would be propor-
ional to the amount of sandwich format RPAn, namely,

T =
∫ x2

x1

∑
CRPAndx/(x2 − x1). (9)

.2.2. Model solution
The mathematical model is discretized by the finite difference
ethod with uniform grid spacing, Fig. S1, and solved with the
hree-diagonal matrix algorithms (TDMAs) [22]. The solution pro-
edure is illustrated in the supplementary information in detail, Fig.
2.
rs B 248 (2017) 699–707

3. Results and discussion

LFAs have found widespread applications in biomedical
fields, but improving their sensitivity remains a challenge
mainly due to the lack of understanding of the underlying
convection–diffusion–reaction process. To address this, we  devel-
oped a mathematical model based on the physical law of mass
conservation to solve the 1D convection–diffusion–reaction pro-
cess in LFAs (Fig. 1).

3.1. Equilibrium time determination

The equilibrium time is the total time for the numerical sim-
ulation of the unsteady problem, and thus critical to decide the
duration of the signal to reach stable state. To determine the
equilibrium time, we  investigated three different conditions (e.g.,
binding site number N, concentrations of report particle P, and tar-
get analyte A), Fig. 2. We observed that the signal begins to appear
after t = 80 s and sharply increases and reaches a plateau at approx-
imately t = 600 s. This tendency agrees well with the experimental
observations that the signal appears until liquid front reaches the
test line and increases with the reaction progress to achieve a sta-
ble state. As for the effect of binding site number N (1, 5, 10, 20),
the signal is significantly enhanced when N > 1 in the steady stage,
but is not sensitive to N when N > 5 (Fig. 2a). The signal is sensi-
tive to report particle and target analyte concentration at t = 600 s
(Fig. 2b–c) when the capture capability is saturated. The most inten-
sified signal is obtained at CP0 = 10 nM and CA0 = 10 nM.  Therefore,
the equilibrium time of 600 s is selected as the signal acquisition
time for the following studies.

3.1.1. Effect of binding site densities on report particle on LFA
performance

Considering the significant role of binding site densities of report
particle, we  performed both simulation and experimental studies
to investigate the effect of binding site density on the performance
of LFAs (Fig. 3). The image of experimental result with differ-
ent percentages of HIV-DP in preparing AuNP-DP conjugates is
shown in Fig. 3a. The target analyte concentrations are selected as
1/10/100 nM in the experiment. The signal in the test line increases
at the initial stage and then shows no significant change with fur-
ther increase of HIV-DP percentage for a constant target analyte
concentration. At a fixed percentage of HIV-DP, a strong signal can
be obtained at a high target HIV concentration. On the contrary,
the signal in the control line increases with increasing percentage
of HIV-DP because the AuNP-DP conjugates with a large percentage
of HIV-DP (which is complementary to the control probe) can be
easily captured in the control line.

To validate the model, we  qualitatively compared the sim-
ulation results with the experimental data. Since the signal is
linear proportional to the accumulated report particles in test zone
[15], the signal intensities are normalized as following for con-
venient comparison. The signal intensity ST-exp from experiments
can be obtained by quantifying the color density using the ImageJ
software, and it is further converted to a normalized form. The
maximum signal intensity Smax

T-exp, which corresponds to 80% of
the HIV-DP percentage when the target analyte concentration is
100 nM,  is selected as reference intensity. The obtained optical sig-
nals ST-exp are normalized to Smax

T-exp and defined as

NSexp = ST-exp/S
max
T-exp. (10)
Similarly, the target analyte concentration CAr-exp = 1 nM
is selected as the reference value. Therefore, the normal-
ized analyte concentration CA0-exp/CAr-exp is 1/10/100, which
is the ratio between the experimental target concentration
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ig. 2. Relationship between average signal Save and assay time. (a) Average signal
rations at N = 1; (c) Average signal for different target analyte concentrations at N =

CA0-exp = 1/10/100 nM)  and CAr-exp. Correspondingly, the max-
mum simulation signal Smax

T calculated in Eq. (9), which
orresponds to N = 60 and CA0 = 10 nM,  is defined as reference sig-
al. The normalized signal, which is the ratio between simulation
ignal and Smax

T , is expressed as

S = ST/S
max
T . (11)

The target analyte concentration CAr = 0.1 nM is selected as the
eference value. The normalized analyte concentration CA0/CAr is
/10/100 nM,  which is obtained through dividing analyte con-
entration (CA0 = 0.1/1/10 nM)  by CAr. The increasing tendency of
xperimental normalized signal is in good agreement with that
f simulation normalized signal (Fig. 3b). The simulation signal

ncreases at the initial stage with increasing N and reaches a plateau
t N = 30. In addition, the signal increases with increasing target HIV
oncentration at fixed N = 30.

Before N = 30, the combining capacity between the AuNP-DP
onjugate and the target analyte increases with increasing bind-
ng sites according to Eq. (S2). The AuNP-DP conjugates with large

 can combine with considerable target analytes to form complex
An with many analytes (large n), which will increase the amount
f complex PAn and reduce the amount of free target analyte in liq-
id. As a result, the complex PAn is more competitive to be captured

y the capture probes in the test zone than the free analyte, result-

ng in a stronger signal. By contrast, the free target analytes reduce
o low levels after the signal reaches the plateau. This competitive
ffect between free target analyte and complex PAn results in that
fferent binding numbers N; (b) Average signal for different report particle concen-

the combining capacity and the amount of PAn change narrowly at
N > 30.

To verify the analysis, we gives an intuitive illustration that
the total amount of concentration of complex CPAn (

∑N
n=1CPAn )

increases with increasing binding density before N = 30 (Fig. 3c). An
insensitive increase with further increasing binding density is then
observed, which in turn causes the relative signal to hit a plateau.
All these results indicate an optimum binding site density of report
particle (N = 30 in simulation), which may  reduce consuming excess
detector probe in preparing AuNP-DP conjugates and provide an
excellent performance of LFA.

3.2. Performance of LFAs with different target analyte
concentrations

To give a better guidance for the experimental research, we fur-
ther investigated the effects of target analyte concentration on the
performance of LFAs by using report particles with different bind-
ing site densities (Fig. 4). A normalized intensity NS is obtained
by Eq. (11), in which the maximum simulation signal ST max  is
selected when CA0 = 20 nM and N = 30. The normalized target con-
centration CA0/CAr is calculated corresponding to that in Fig. 3c,
and the reference target concentration is CA0 = 0.1 nM.  We  found
that the normalized signal intensities for the four different binding

site densities (N = 1, 5, 15, 30) all increase linearly to a peak value
and then decrease with increasing CA0/CAr (Fig. 4a). The normal-
ized target concentration CA0/CAr corresponding to the peak signal
value is approximately 120. When CA0/CAr is below 120, the increas-
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Fig. 3. Validation and prediction of the model with different binding site densities. (a) Experimental results using different percentages of HIV-DP in preparing AuNP-DP
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onjugates; (b) Comparison between the experimental-normalized signal and simu

he  amount of complex CPAn (
∑N

n=1
CPAn ) as a function of binding site N.

ng tendency appears with increasing CA0/CAr because the complex
An, which increases with increasing free target analyte, plays a
ominant role in competition with free target analyte in binding
o capture probes in the test line. A further decreasing tendency
s found to be associated with increasing CA0/CAr because excess
ree target analyte competes with complex PAn to bind to capture
robes in the test line, which hinders the complex PAn from react-

ng with capture probes and causes a false-negative result. This
nding implies that the signal intensity can be augmented in some
articular range of target analyte concentration, and the increment
endency (Fig. 4c) is only within the range when the normalized
arget analyte concentration is below 120. The predicted tendency
n Fig. 4(a) is consistent with the experimentally reported “hook
ffect” [23]. In addition, a larger binding site density produces a
tronger signal for a constant target HIV concentration, and the
ncrement gradually becomes weak around N = 30, when CA0/CAr is
maller than 100. This tendency also agrees well with that in Fig. 3a.

he hook effect in Fig. 4a gives guidance for the valid detection
ange of the target for the rising stage and prevents a false-negative
esult in the decreasing stage.
-normalized signal as a function of binding site number; (c) Simulation results of

The curve slope for NS below the peak signal intensity, as shown
in Fig. 4a, is defined as bA [log(NS)  ∝ bA log(CA0/CAr)]. Fig. 4b
presents that bA decreases with increasing binding site density,
indicating that a high binding site density may  produce a low rate of
signal response to the target analyte. As shown in Fig. 4c, the peak
target analyte concentration CApeak

corresponding to the peak sig-
nal in Fig. 4a shows an augmented tendency with increased binding
site density, resulting in a wide detection range for the rising stage.
Therefore, a relatively higher binding site density could be used
in preparing AuNP aggregates to obtain a more appropriate signal
response and to achieve a wider detection range.

We  performed a qualitative comparison between the current
simulation for different binding site densities and the experimental
results of Corstjens et al. [7] and Oh et al. [23] (Fig. 4d). The dimen-
sionless signal NS is obtained when the maximum signal intensity
is selected as Smax

T for simulations and experiments at each case. A
dimensionless target analyte concentration CA0/CA is in x-axis,
peak

where the reference CApeak
is the peak target analyte concentration

corresponding to Smax
T for each case. A similar “hook effect” in Fig. 4a

is identified at various bounding densities, and this trend agrees
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Fig. 4. Relationship between target analyte concentration and the performance of LFAs. (a) Effect of the target analyte concentration on the effective signal ST; (b) Slope bA as
a  function of the binding site N; (c) Peak target analyte concentration CApeak

as a function of the binding site N; (d) Comparison of the dimensionless signal to target analyte
b
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etween simulation result and experimental data from Refs. [7,23].

ell with the experimental data. Therefore, the present model is
urther validated with the predicted hook effect tendency.

.3. Optimization of report particle concentration

One of the most crucial factors in manufacturing LFAs is the
eport particles encapsulated in the immersing pad. To investi-
ate this parameter, we checked the performance of LFAs with
ifferent report particles at four binding site densities (Fig. 5). A
ormalized intensity NS is obtained by Eq. (11), in which the max-

mum simulation signal Smax
T is selected at CP0 = 20 nM and N = 30.

Pr = 100 nM is selected as a reference value; thus, the normalized
eport particle concentration CP0/CPr can be obtained. The NS at
our binding site numbers (N = 1, 5, 15, 30) first increases linearly
nd then reaches a plateau value with increasing CP0/CPr (Fig. 5a).
hese results are attributed to the following reason. More produc-
ion of complex PAn in the flowing liquid is acheived when the
eport particle concentration is enhanced at the initial stage, result-
ng in higher sensitivity of LFAs. By contrast, the capture capacity of
apture probe in the test line is saturated with further increase of
eport particle concentration and no further increase in the detec-
ion signal. NS also increases with increasing binding site density

n the linearly increasing stage.

Similarly, the slope for NS below the plateau value of signal
ntensity is defined as bP [log(NS) ∝ bP log(CP0/CPr)](Fig. 5a). bP
ecreases narrowly with increasing N (Fig. 5b), indicating that the
binding site density has a mild effect on the rate of signal increase
below the plateau value. The minimum normalized report parti-
cle concentration CPmin is selected when NS is approximately 5%
less than the maximum normalized signal (the inset of Fig. 5a).
Obviously, CPmin decreases with increasing binding site density
(Fig. 5c). However, once the binding site number exceeds a certain
value (N = 10), the decreasing tendency of CPmin becomes insen-
sitive. When N = 30, the value of CPmin is approximately 0.015.
Thus, a reasonable report particle concentration can be obtained
to achieve a strong signal intensity and to reduce the waste of
reagent AuNP-DP in experimental research. Similarly, a relation-
ship between the dimensionless signal NS and the dimensionless
report particle concentration CP0/CPr is obtained to compare quali-
tatively with the experimental results of Corstjens et al. [7] (Fig. 5d).
The dimensionless signal NS is obtained for each case, but the
maximum signal intensity is selected as Smax

T for each case, includ-
ing simulations and experiment. A dimensionless report particle
concentration CP0/CPmin is in x-axis, where the referenceCPmin rep-
resents the minimum report particle concentration when the signal
reaches the plateau for each case. The predicted results of the model
with different binding sites present a similar tendency that the
dimensionless signal first increases and then reaches a plateau with

increasing CP0/CPmin, which agrees well with the experimental data
of Corstjens [7] and verifies the current mathematical model.



706 Z. Liu et al. / Sensors and Actuators B 248 (2017) 699–707

F  of the
t  the bi
s

4

p
o
q
o
t
w
w
a
t
C
t
C
C
w

t
m
i
a
s
o

ig. 5. Performances of LFAs with different report particle concentrations. (a) Effect
he  binding site N; (c) Minimum report particle concentration CPmin as a function of
imulation result and experimental data from Ref. [7].

. Conclusions

A mathematical model based on one report particle with multi-
le binding sites is proposed to analyze the effect of the properties
f report particle on the performance of LFAs. The model results are
ualitatively validated by comparing the normalized signal with
ur specially designed experiments and the reported experimen-
al data from literature. An optimum signal intensity is obtained
hen N = 30. The increasing tendency of signal intensity becomes
eak when N > 30. The normalized signal intensity first increases

nd then decreases with increasing normalized target concen-
ration. The strongest normalized peak signal is obtained when
A0/CAr = 120 and N = 30. The false-negative result can be effec-
ively prevented according to the guidance of hook effect when
A0/CAr < 120. A minimum normalized report particle concentration
Pmin exists to guarantee strong signal intensity. CPmin decreases
ith increasing N.

In this study, we focus on investigating the effects of proper-
ies of report particles on the performance of LFAs. The developed

odel also can be extended by considering the varying liquid flow-
ng behavior in modified structures of LFAs to analyze relationships
mong the modified structure, liquid flowing field and detection

ignal. We  envision that the mathematical model could give an
ptimization of LFAs design.
 report particle concentration on the effective signalST; (b) Slope bP as a function of
nding site N; (d) Comparison of the dimensionless signal to report particle between
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