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Abstract: The work considers a combination of three enhancing approaches for immunochromato-
graphic assay (ICA) and the integration of their impacts into changes of the limit of detection (LOD).
Human fatty acid binding protein (FABP), an early biomarker of acute myocardial infarction, was
the target analyte. Starting from the common ICA protocol with an LOD equal to 11.2 ng/mL, three
approaches were realized: (1) replacement of spherical gold nanoparticles with gold nanoflowers
having a branched surface (20-fold lowering the LOD); (2) enhanced labeling of immune complexes
via nanoparticle aggregates (15-fold lowering); (3) in-situ growth of bound nanoparticles by reduc-
tion of gold salts (3-fold lowering). Single and combined implementations of these approaches
have been studied. It has been shown that the LOD decrease for combined approaches is close to
the multiplied contribution of each of them. The final LOD for FABP was 0.05 ng/mL, which is
220 times lower than the LOD for the common ICA protocol. The efficiency of the enhanced ICA with
three combined approaches was confirmed by testing human serum samples for FABP presence and
content. The development presents a new efficient technique for rapid sensitive detection of FABP
for medical diagnostics. Moreover, the demonstrated multiple enhancements could be applied for
various demanded analytes.

Keywords: immunochromatography; gold nanoparticles; sensitivity enhancement; fatty acid binding
protein; cardiomarker

1. Introduction

The modern practice of medical diagnostics, as well as safety control of consumer
products and the environment requires easy-to-use and rapid analytical systems that allow
for productive and widespread testing. Immunochromatographic assay (ICA) fully satisfies
these requirements and, because of this, has been successfully introduced into analytical
practice [1–3]. A test strip for ICA implementation contains all the necessary reagents in
a dried form; it can be stored for a long time and directly used without any additional
compounds or equipment. The assay is initiated by applying the sample to the test strip
and does not require any further action from the user, who receives a visual result in
10–15 min.

However, to ensure this simplicity, analytical reactions are far from equilibrium, and
the detected signal appears at the moment of immune binding. Therefore, the number
of formed immune complexes is limited (it is less than in equilibrium systems), and the
recorded signal is determined only by the amount and optical properties of the bound
label without any possibility for increase, as regards enzyme labels. Due to these reasons,
ICA is less sensitive, often significantly, than laboratory immunoassay techniques, such as
microplate enzyme immunoassay. Therefore, new variants of ICA with higher sensitivity
are in demand [4–6]. Such improved techniques make the detection of very low concen-
trations of analytes possible, thereby enabling the performance of point-of-care testing for
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compounds with low levels in tested samples. In addition, when using more sensitive tests,
it is possible to dilute the tested samples significantly and, thereby, eliminate the possible
negative influence of the matrix of these samples [7]. To date, a row of approaches to reach
lower limits of detection (LOD) in ICA have been described [8–10]. However, a typical
development in this field presents a new change and compares the achieved LOD with its
value for the common ICA [11,12]. Combining several approaches in one system could
potentially provide additional opportunities to achieve low LOD, but this strategy remains
poorly characterized. In particular, it is still unclear to what extent the improvements
achieved with different approaches can be multiplied.

Approaches for lowering the LOD in ICA can be divided into groups based on which
components of the analytical system, and what processes in it, they act upon. Accordingly,
of the greatest interest is the combination of approaches with different directions of their
actions. Regarding such different and actively developing directions, the following can
be indicated:

(1) the use of new nanodispersed markers, which are detected at lower concentrations
and allow the immobilization of a larger number of receptor molecules [13,14];

(2) increased quantity of nanoparticles bound to the formed immune complex, by aggre-
gation of different functionalized nanoparticles in the course of their movement to the
binding zone and directly at this zone of test strip [15];

(3) growth of the detected analytical signal by increasing size of nanoparticle labels after
their attaching to the binding zone of the test strip [6].

In our earlier developments of ICA for various analytes, the enhancing approaches
corresponding to these three groups have been implemented and characterized, namely:

(1) the use of gold nanoparticles with branched surfaces, namely, gold nanoflowers
(GNFs), instead of traditional spherical gold nanoparticles (sGNPs) [16];

(2) the use of several kinds of nanoparticles functionalized by a biotin–streptavidin
interacting module for their aggregation in the course of ICA [17]; and

(3) in situ growth of bound gold nanoparticles by their catalysis of cationic gold reduc-
tion [18].

The given study was focused on the integration of these approaches in the same ICA
system with an estimation of the achieved multiple enhancement, and the factors that
influence the reaching of the low LOD. We started from the common ICA format, then
considered and combined the three enhancing approaches named above (Figure 1).

The target analyte chosen for this study was cardiac isoform of human fatty acid-
binding protein (FABP), a specific biomarker of cardiac muscle tissues that is released
into the bloodstream when the cardiac muscles are destroyed. Cardiovascular diseases,
and especially acute myocardial infarction, are important problems for healthcare, being
the leading causes of death [19]. Among other cardiomarkers, the FABP stands out as
the compound that most rapidly appears in the blood [20,21]. Therefore, tools for the
sensitive and reliable detection of FABP are in demand. Their introduction in clinical
practice provides information that can inform decisions about therapy for patients with
cardiovascular diseases, heping to distinguish the causes of the observed symptoms [22,23].
After myocardial injury, FABP is released into the bloodstream within ~30 min, and is,
therefore, useful for the early diagnosis of acute myocardial infarction, especially for
patients with unstable angina [24,25].
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Figure 1. Scheme of test strip for ICA with triple enhancement: 1—plastic support, 2—sample pad, 
3—pad with mixture of GNFs conjugates with biotinylated proteins, 4—pad with sGNP-streptavi-
din conjugate, 5—working membrane, 6—analytical zone, 7—control zone, 8—absorbent pad. 

2. Materials and Methods 
2.1. Chemicals and Materials 

Bialexa (Moscow, Russia) provided us with mouse monoclonal antibodies against 
human FABP (F5 and F10) and recombinant human FABP. The specificity of the antibod-
ies was demonstrated in [26] by the absence of their cross-reactions with other blood com-
ponents. The triple enhanced test system uses the same reactants. Goat anti-mouse IgG 
antibodies were purchased from Arista Biologicals (Allentown, PA, USA). Sigma (St. 
Louis, MO, USA) provided us with bovine serum albumin (BSA), streptavidin (Stp), bio-
tinamidohexanoyl-6-aminohexanoic acid N-hydroxysuccinimide ester (biotin), Tween-20, 
Tween-80, Triton X-100, Pluronic 121 and sodium azide. Hydrogen tetrachloroayrate hy-
drate was purchased from Acros organics (Geel, Belgium). Other chemicals (such as sol-
vents and salts) were of analytical (ACS) grade and were purchased from Chimmed (Mos-
cow, Russia). Water for all solutions was purified by the Sartorius arium® pro system (Sar-
torius, Göttingen, Germany) (18.2 MΩ cm). The immunochromatographic test system was 
made using Mdi Easypack (Advanced Microdevices, Gurudwara, India) membrane kits, 
used to fabricate a multi-membrane composite consisting of a working CNPC nitrocellu-
lose membrane (15 µm pore size), РТ-R7 glass fiber membrane and an АР045 adsorption 
membrane. 

  

Figure 1. Scheme of test strip for ICA with triple enhancement: 1—plastic support, 2—sample pad,
3—pad with mixture of GNFs conjugates with biotinylated proteins, 4—pad with sGNP-streptavidin
conjugate, 5—working membrane, 6—analytical zone, 7—control zone, 8—absorbent pad.

2. Materials and Methods
2.1. Chemicals and Materials

Bialexa (Moscow, Russia) provided us with mouse monoclonal antibodies against hu-
man FABP (F5 and F10) and recombinant human FABP. The specificity of the antibodies was
demonstrated in [26] by the absence of their cross-reactions with other blood components.
The triple enhanced test system uses the same reactants. Goat anti-mouse IgG antibodies
were purchased from Arista Biologicals (Allentown, PA, USA). Sigma (St. Louis, MO, USA)
provided us with bovine serum albumin (BSA), streptavidin (Stp), biotinamidohexanoyl-
6-aminohexanoic acid N-hydroxysuccinimide ester (biotin), Tween-20, Tween-80, Triton
X-100, Pluronic 121 and sodium azide. Hydrogen tetrachloroayrate hydrate was purchased
from Acros organics (Geel, Belgium). Other chemicals (such as solvents and salts) were
of analytical (ACS) grade and were purchased from Chimmed (Moscow, Russia). Water
for all solutions was purified by the Sartorius arium® pro system (Sartorius, Göttingen,
Germany) (18.2 MΩ cm). The immunochromatographic test system was made using Mdi
Easypack (Advanced Microdevices, Gurudwara, India) membrane kits, used to fabricate
a multi-membrane composite consisting of a working CNPC nitrocellulose membrane
(15 µm pore size), PT-R7 glass fiber membrane and an AP045 adsorption membrane.
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2.2. Synthesis of the Abs-Biotin and BSA-Biotin Derivatives

The Abs F10 and BSA were biotinylated at ratios of 15:1 and 8:1, respectively. The
synthesis was described by Hermanson [27] and in our earlier publications [28]. During the
synthesis, the biotin: Abs ratio was 15:1 and the biotin: BSA ratio was 8:1. Antibodies and
BSA in PBS and biotin-NHS ester in dimethyl sulfoxide were mixed and incubated for 2 h
at room temperature. Then, the reaction mixture was dialyzed against Tris-buffer (pH 9.0).

2.3. Preparation of sGNPs and Their Conjugates with Proteins

Spherical gold nanoparticles (sGNPs) with expected average diameters of 10 nm
(as nuclei) and 30 nm were obtained by citrate reduction of HAuCl4 to Au0, as de-
scribed by Frens [29]. Gold nanoflowers (GNFs) were obtained by subsequent growth of
sGNPs, as described in [16], on the surface of which, gold salts were reduced using citrate
and hydroquinone.

The GNPs conjugates with Stp, BSA-biotin, F10 and F10-biotin were obtained through
physical adsorption [28]. BSA was used at a concentration of 0.04 mM to stabilize the gold
nanoparticles (excluding their aggregation during storage), as recommended in [28]. After
centrifugation of the synthesized conjugates, the precipitate was redissolved and stored at
4 ◦C.

2.4. GNPs Characterization

To carry out transmission electron microscopy (TEM), GNPs were applied to 300-mesh
grids (Pelco International; Redding, CA, USA) pre-treatment with a poly(vinyl formal) film.
Then, the film was placed on the glass and exposed to 0.15% v/v solution of formvar in
chloroform [16]. The JEM CX-100 microscope (Jeol; Tokyo, Japan) was used to take images
at 80 kV, with further processing by the Image Tool software (University of Texas Health
Science Center, San Antonio, TX, USA).

Zetasizer Nano (Malvern Panalytical; Malvern, UK) was used for measuring the hy-
drodynamic size and zeta-potential GNPs; the dynamic light scattering of the nanoparticles
was registered at a scattering angle of 173◦ for 10 s at 25 ◦C.

Biochrom Libra S80 spectrophotometer (Biochrom; Cambridge, UK) used to get the
absorption spectra of the GNPs in the range of 350–800 nm.

For scanning electron microscopy (SEM) of the GNPs at the nitrocellulose membrane,
the Tescan Mira 3 (Tescan, Brno, Czech) microscope with the AZtecOne X-act system for
energy dispersive analysis (and a Schottky cathode Oxford Instruments, Abingdon, UK)
was applied. The samples were pre-treated with carbon using the Q150R ES Plus spraying
device (Quorum Technologies, Lewes, UK).

2.5. Fabrication of Immunochromatographic Tests

Assembly of immunochromatographic test strips was carried out as described in [17].
For the common test system, the GNPs conjugates optical density was 2.0; for the triple test
system, the optical densities of the GNP–F10–biotin and GNP–BSA–biotin were 2.0 and 4.0,
respectively, and the optical density of the GNP–Stp conjugate was 0.5.

IsoFlow dispenser (Imagene Technology, Hanover, NH, USA) was used to form the
analytical zone (F5, 2 mg/mL, PBS) and the control zone (goat anti-mouse IgG, 1 mg/mL,
PBS) onto the working membrane. The protein deposition rate was 1.2 µL per cm of
membrane length, with further drying at room temperature for at least 20 h [30].

The multimembrane composites were assembled, and the sheets were cut into
3.9 mm-wide strips and stored at room temperature with relative humidity under 30% [31].

2.6. Immunochromatographic Assay and Data Processing

TruLab N serum (DiaSys Diagnostic Systems, Holzheim, Germany) was used to
prepare the stock and working antigen solutions. The procedure for carrying out the ICA
with the assembled test strips and their subsequent quantitative processing is described
in [28]. The test post-assay enhancement of coloration was realized after the implementation
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of the common ICA. A mixed water solution containing 1.8% H2O2 and 0.085% HAuCl4
was prepared for the enhancement. 10 µL of this solution was applied to the test zone of the
horizontally located test strips by dropping from an automatic pipette. The test strips were
incubated for 1 min at room temperature and then their images after the enhancement were
registered. To characterize the errors, the number of ICA repetitions was at least 5. The
CanonScan 8800F Photo scanner (Canon, Suwa, Japan) and TotalLAB software (Nonlinear
Dynamics, Newcastle, UK) were used to obtained the quantitative results.

The visual limit of detection (cut off) was defined as the minimum analyte concentra-
tion at which the colored line in the analytical zone could be observed visually. Instrumental
LOD was defined as the analyte concentration at which the analytical zone coloration in-
tensity exceeds by three times the standard deviation of the analytical zone coloration for
zero samples (without FABP):

LOD = Xb1 + 3Sb1,

where Xb1—the mean concentration of the blank (C (FABP) = 0 ng/mL), Sb1—standard
deviation of the blank [32].

3. Results
3.1. Common Test System

At the first stage, a common immunochromatographic test system was realized and
optimized. sGNPs were synthesized by the citrate technique and characterized by transmis-
sion electron microscopy—see Figure 2. The average diameter of the obtained nanoparticles
was 32 ± 7 nm, which accords to generally accepted recommendations about the best size
of GNPs for ICA [33].
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Figure 2. sGNPs: TEM image (A) and distribution of diameters (B).

The obtained sGNPs were conjugated with specific anti-FABP antibodies, F10. The
optimal concentration of the antibodies for the conjugation was chosen based on the
flocculation curve [27] and amounted to 10 µg/mL. Optimal conditions for the common
ICA with sGNPs were chosen, taking into consideration our earlier development of ICA
for FABP [26].

Special consideration was given to the choice of detergent, a common compound in
immunoassays that prevents non-specific interactions. Detergents of different chemical
nature were tested: non-ionic surface-active compounds—Tween-20, Tween-80 and Triton
X-100, which differ in the length of the polymer chain and, as a result, in solubility and
micelle formation constant; and anionic surfactant Pluronic 121, with weak alkaline proper-
ties. Concentrations of the detergents varied from 0.2 to 5%. As can be seen from Figure 3,
all tested detergents, except Tween-20, were characterized by a high background staining
in ICA of FABP. The optimal concentration of Tween-20 was 0.2% (v/v), which makes it
possible to reach an LOD equal to 11.2 ng/mL. Lower concentrations of the detergent
impeded the movement of GNPs and increased the background coloration. On the other
hand, an increase in the Tween-20 concentration led to higher LODs. Other parameters of
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the common ICA protocol, such as optical density of the applied GNP conjugate, concen-
tration of antibodies applied to the analytical zone, etc. were chosen according to an earlier
study [26].
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Finally, analytical parameters of the common ICA of FABP were determined under
the optimized conditions. The given assay was characterized by cut off and LOD equal to
33 ng/mL and 11.2 ng/mL, respectively (Figure 4).
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the analytical zone (B) and calibration curve for FABP detection in serum (C) (n = 5).

3.2. Test System with Changed Label

The advantages of GNFs are the larger size and significantly more developed surface
of nanoparticles due to their complex structures (tips). These factors contribute to the
immobilization of a larger amount of antibodies for more efficient antigen interaction,
which reduces the detection limit of high molecular weight antigens. The benefits of
GNFs are determined by their developed surface, which provides increased binding of
antibodies and more efficient interaction with the target antigen, as specified in [16]. To
use these alternate labels in our studies, the GNFs were synthesized using small sGNPs
(nuclei) with average diameters of 10 ± 4 nm, further growing up to average diameters of
78 ± 4 nm (Figure 5). The obtained nanoparticles were used for the synthesis of conjugates
with antibodies.
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Figure 5. GNFs preparation: TEM images of the nuclei (A) and the final GNFs (B).

For the ICA using GNFs, the optimal concentration of antibodies in the conjugate with
GNFs, the concentration of specific antibodies in the analytical zone of the test strip, and
the concentration of the detecting conjugate were selected.

The optimal concentration of the F10/FABP antibodies for their conjugation with
GNFs was 10 µg/mL, which coincides with the data for sGNPs. Comparison of the
conjugates with different antibody loadings demonstrated that the maximum level of the
analytical zone coloration was achieved with the maximum amount of antibodies used
for the conjugate synthesis—20 µg/mL. However, the minimum cut off was achieved at
10 µg/mL; it was equal to 1.2 ng/mL.

The optimal concentration of antibodies in the analytical zone of the test strip both
for GNFs and sGNPs was 2 mg/mL, at which, the minimum cut off values were achieved
(Figure 6A). The optimal optical density (A520) of the conjugate of GNFs and sGNPs was
2 opt. units; its use provided the minimum cut off (Figure 6B). Cut off was defined as the
minimum analyte concentration at which the colored line in the analytical zone could be
observed visually.
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Figure 6. Choice of ICA conditions for test systems with GNPs and GNFs. Dependence of cut off
values on the concentration of F5/FABP applied in the analytical zone (A) and on the optical density
of the used antibody-nanoparticles conjugates solutions (B) (n = 5).

Under the chosen conditions, the test system based on a single GNF-F10 conjugate has
a cut off and LOD of 1.2 ng/mL and 0.4 ng/mL, respectively (Figure 7). Thus, replacing
sGNPs with GNFs led to la owering of the LOD by a factor of 28 times (LOD) and
27 times (cut off).
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3.3. Test System with Nanoparticles Aggregation

Effectiveness of the aggregation method of signal amplification in lowering the LOD
is determined by the introduction of multiple nanoparticle labels into the formed immune
complexes [17,28]. Taking into account earlier studies of such assays conditions, we addi-
tionally optimized the choice of carrier protein for biotinylation and the ratio of the three
conjugates used, namely, the detecting sGNP–IgG–biotin conjugate and the two enhancing
sGNP–Stp and sGNP–biotin conjugates.

As an additional biotinylated component, bovine serum albumin and soybean trypsin
inhibitor were considered as two proteins not involved in specific interactions. Both
proteins were biotinylated by standard protocol and conjugated with sGNPs.

The analytical parameters of ICA reached for these two cases are summarized in
Table 1. As can be seen, a lower LOD was achieved when BSA was used as a supplemental
biotin carrier. This difference may be explained by the fact that the molecular weight of STI
is three times lower than the mass of BSA. The amount of additional biotin is less and, as a
result, the formation of biotin–streptavidin links in the course of the ICA is less efficient [34].

Table 1. LODs for aggregation ICA using two protein carriers.

Biotinylated Protein LOD, ng/mL Cut off, ng/mL

Bovine serum albumin 0.7 2.3
Soybean trypsin inhibitor 2 11.2

The use of three aggregating conjugates led to an increase in the background signal
and uneven movement of the conjugates along the working membrane while maintaining
the analytical characteristics of the test system. In this connection, individually adsorbed
GNP-Stp conjugate and a mixture of GNP-BSA-biotin and GNP-F10-biotin conjugates were
used. This combination minimized the background coloration of the test strip.

The aggregating ICA protocol under the chosen optimal conditions was characterized
by a cut off and LOD equal to 2.2 ng/mL and 0.7 ng/mL, respectively (Figure 8). Thus, the
use of the aggregation system based on the sGNPs allowed for a reduction of the LOD
by a factor of 15 times (LOD) and 14 times (cut off).

Another completion of the aggregation system included a detecting GNF–F10–biotin
conjugate and two amplifying sGNP–Stp and GNF–biotin conjugates. This ICA was
characterized by a cut off and LOD equal to 1.2 ng/mL and 0.3 ng/mL, respectively
(Figure 9). The lower reached values were in accordance with more sensitive assays using
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GNFs as compared with GNPs, as described above. Thus, the use of an aggregation
system based on GNFs allowed for a reduction of the LOD by a factor of more then 100
times (LOD) and 33 times (cut off).
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3.4. Triple Enhanced Test System

Finally, the aggregation ICA protocol with GNFs as the most efficient double combi-
nation was integrated with post-assay growth of gold nanoparticles by reduction of gold
salt. This additional technique increases the coloration of the label bound to the formed
immune complex, and thus, also causes a lowering of the ICA LOD, as demonstrated in its
earlier application for various analytes [35,36]. The post-assay growth of nanoparticles was
confirmed by comparison of SEM data comparing size of the labels attached to immune
complexes formed at the test strip—see Figures 4B, 7B, 8B, 9B and 10B for comparison.
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Thus, the implemented assay included aggregation of three kinds of functionalized
nanoparticles, namely, detecting GNF–F10–biotin conjugate and two enhancing sGNP–Stp
and GNF–biotin conjugates and post-assay enhancement by using H2O2 and HAuCl4.
The incubation time of the test strip with the growing solution varied from 1 to 5 min.
The optimal time was 2 min, which made it possible to obtain well-reproducible results.
Increasing the incubation time leads to an increase in non-specific interaction and the
formation of a high background signal. The assay implemented under optimal conditions
was characterized by cut off and LOD values equal to 0.4 ng/mL and 0.05 ng/mL, respec-
tively (Figure 10). Thus, the integration of three enhancing approaches made it possible
to reduce the LOD bya factor of 220 times (LOD) and 80 times (cut off). The size of the
aggregates in the analytical zone increased by a factor of 3–5 times (see SEM images at the
Figures 9B and 10).

To avoid non-correct optimizations, the presented testing of ICA with different combi-
nations of enhancing approaches were implemented using the target analyte (FABP) in a
target matrix (serum). Finally, the practical applicability of the proposed triple enhancing as-
say was additionally evaluated by quantitative characterization of FABP recovery in spiked
samples. A high rate of FABP recovery was shown, reaching 98 ± 2% (C(FABP) = 33 ng/mL).
For all developed test systems, reproducibility was evaluated by the coefficient of variation
in the range from 8 to 12% in the working ranges.

4. Discussion

Table 2 summarizes the reached analytical parameters of ICA with different com-
binations of enhancing approaches. The reached improvements for the combined three
approaches are in accordance with the earlier presented data about their application in the
detection of different analytes.

Gold nanoparticles are the most widely used labels in LFIA due to the simplicity of
their preparation and the variation of properties, the possibility of effective functionaliza-
tion and the low detectable concentrations caused by plasmonic properties. Replacing
spherical nanoparticles with alternative gold nanoparticles, anisotropic or non-oriented,
but with a developed surface, provides for a lowering of the ICA LOD [37,38]. Thus, recent
studies have shown advantages of flower-like gold nanoparticles with a developed surface
in the forming of wavy or sharp (tips) protrusions [39–42].
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Table 2. Integrated characterization of the developed ICA of FABP by their LOD and cut off values.

Labels of the Formed Immune Complexes LOD, ng/mL Cut off, ng/mL

sGNP–IgG 11.2 33

GNF–IgG 0.4 1.2

sGNP–IgG–biotin—sGNP–Stp—sGNP–biotin 0.7 2.3

GNF–IgG–biotin—sGNP–Stp—GNF–biotin 0.1 1

GNF–IgG–biotin—sGNP–Stp—GNF–biotin + reduced gold salt 0.05 0.4

A promising method for lowering the ICA LOD is to increase the amount of colored
marker in the assay area of the test strip, which allows for an increase of the intensity of
the colorimetric signal. The formation of aggregates or networks of functionalized small
nanoparticles makes it possible to avoid non-specific binding or difficulties in the migration
of particles along the membrane [8,43]. For the formation of aggregates, intermolecular in-
teractions such as biotin–streptavidin, antibody–antispecies antibody and antibody–antigen
were successfully used [44,45]. This approach is characterized by easy implementation, the
elimination of additional washing steps or the use of “wet” chemistry.

The growth of nanoparticles by reducing gold or silver salts on their surface can
significantly lower the LOD [46]. Various silver recovery protocols have been published,
ranging from 3-fold to 100-fold sensitization, but these treatments use strong non-specific
staining and cannot be used for chloride preparations [36,47,48]. The reduction of gold salt
on the GNP surface is preferable because it eliminates these drawbacks [49].

In contrast to the considered individual application of different enhancing approaches,
the presented study demonstrates that their integration in the same test system leads
to multiple lowerings of the detection limit and a final improvement of the analytical
parameters by more than two orders of magnitude, thereby significantly extending the
possibility for on-site immunochromatographic control of various analytes.

The data regarding the existing developments of ICA for FABP collected in Table 3
demonstrate the high competitive potential of the developed sensitive assay. Note that
the proposed improvements are often based on alternate detection techniques, such as
fluorimetry, which need additional instrumental ensuring. In contrast, all approaches
used in the work remain within the framework of optical registration of results with the
possibility of instrumentless testing.

Table 3. Comparative characteristics.

Marker Detection Technique LOD, ng/mL Ref.

Gold nanoparticles Photometry 3.8 [26]
Gold nanoparticles Photometry 1.5 [50]

ZrMOF@CdTe quantum dots Fluorimetry 1 [51]
CdTe quantum dots Fluorimetry 0.221 [52]

Fluorescence composite nanostructures Fluorimetry 0.21 [53]
Combined gold markers with catalytic enhancement Photometry 0.05 This work

5. Conclusions

The work proposes the integration of three approaches for lowering the LOD of
immunochromatographic detection of fatty acid binding protein (FABP), namely: (1) re-
placement of spherical gold nanoparticles with gold nanoflowers (20 times); (2) formation
of aggregates in the analytical zone (15 times); and (3) growth of nanoparticles by gold
salt reduction (3 times). It is shown that the combination of three methods integrates the
impacts of the individual amplification factors into lowering the limit of detection. The
final limit of detection of FABP was 0.05 ng/mL, which is 220 times lower than the common
test system.
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The developed test system, in addition to its undeniable advantages, has disadvan-
tages. The main advantage of the proposed approach lies in the very low detection limit
of the analysis, which exceeds each of the methods used separately. Combining the three
methods slightly increases the assay time, which does not affect its rapidity.

Its implementation requires the use of additional reagents, which is an additional
stage that increases the analysis time by 1 min. However, the introduced changes slightly
affect the total analysis time while significantly improving the analytical performance. The
transfer of the proposed test system into a dry format by finding the best protocols of extra
reactants to be applied on an additional membrane seems to be a reasonable task for further
investigations to overcome this limitation.

The triple enhanced test system meets the requirements of AGREE (Analytical GREEn-
ness Metric Approach) [54], as well as immunochromatography in general. ICA uses the
smallest sample volume to directly quantify the analyte. The proposed modification of the
assay protocol is not associated with the involvement of new toxic reactants or increased
pollution in the course of the assay implementation.

Author Contributions: Conceptualization, A.V.Z. and B.B.D.; Formal analysis, A.A.B.; Investigation,
N.A.T. and A.A.B.; Methodology, A.A.B.; Resources, B.B.D.; Supervision, B.B.D.; Visualization, N.A.T.;
Writing—original draft, N.A.T.; Writing—review & editing, A.V.Z. and B.B.D. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was financially supported by the Russian Science Foundation, 19-14-00370.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon request.

Acknowledgments: The study was conducted using equipment of Joint Usage Center «UNIQEM»
Research Center of Biotechnology of the Russian Academy of Sciences and Joint Usage Center
«Instrumental Methods in Ecology» at the A.N. Severtsov Institute of Ecology and Evolution of
the Russian Academy of Sciences. The authors thank S.M. Pridvorova (A.N. Bach Institute of
Biochemistry, Research Center of Biotechnology of the Russian Academy of Sciences) for processing
electron microscope images.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Di Nardo, F.; Chiarello, M.; Cavalera, S.; Baggiani, C.; Anfossi, L. Ten years of lateral flow immunoassay technique applications:

Trends, challenges and future perspectives. Sensors 2021, 21, 5185. [CrossRef] [PubMed]
2. Xing, K.-Y.; Shan, S.; Liu, D.-F.; Lai, W.-H. Recent advances of lateral flow immunoassay for mycotoxins detection. TrAC 2020,

133, 116087. [CrossRef]
3. Baker, A.N.; Hawker-Bond, G.W.; Georgiou, P.G.; Dedola, S.; Field, R.A.; Gibson, M.I. Glycosylated gold nanoparticles in point of

care diagnostics: From aggregation to lateral flow. Chem. Soc. Rev. 2022, 51, 7238–7259. [CrossRef] [PubMed]
4. Deng, Y.; Jiang, H.; Li, X.; Lv, X. Recent advances in sensitivity enhancement for lateral flow assay. Microchim. Acta 2021, 188, 1–15.

[CrossRef]
5. Xing, G.; Sun, X.; Li, N.; Li, X.; Wu, T.; Wang, F. New Advances in Lateral Flow Immunoassay (LFI) Technology for Food Safety

Detection. Molecules 2022, 27, 6596. [CrossRef]
6. Chatterjee, S.; Mukhopadhyay, S. Recent advances of lateral flow immunoassay components as “point of need”. J. Immunoass.

Immunochem. 2022, 43, 579–604. [CrossRef]
7. Dzantiev, B.B.; Byzova, N.A.; Urusov, A.E.; Zherdev, A.V. Immunochromatographic methods in food analysis. TrAC 2014, 55,

81–93. [CrossRef]
8. Bishop, J.D.; Hsieh, H.V.; Gasperino, D.J.; Weigl, B.H. Sensitivity enhancement in lateral flow assays: A systems perspective. Lab

Chip 2019, 19, 2486–2499. [CrossRef]
9. Shirshahi, V.; Liu, G. Enhancing the analytical performance of paper lateral flow assays: From chemistry to engineering. TrAC

2021, 136, 116200. [CrossRef]
10. Guo, J.; Chen, S.; Guo, J.; Ma, X. Nanomaterial labels in lateral flow immunoassays for point-of-care-testing. J. Mater. Sci. Technol.

2021, 60, 90–104. [CrossRef]

http://doi.org/10.3390/s21155185
http://www.ncbi.nlm.nih.gov/pubmed/34372422
http://doi.org/10.1016/j.trac.2020.116087
http://doi.org/10.1039/D2CS00267A
http://www.ncbi.nlm.nih.gov/pubmed/35894819
http://doi.org/10.1007/s00604-021-05037-z
http://doi.org/10.3390/molecules27196596
http://doi.org/10.1080/15321819.2022.2122063
http://doi.org/10.1016/j.trac.2013.11.007
http://doi.org/10.1039/C9LC00104B
http://doi.org/10.1016/j.trac.2021.116200
http://doi.org/10.1016/j.jmst.2020.06.003


Biosensors 2022, 12, 1166 13 of 14

11. Sheng, E.; Lu, Y.; Xiao, Y.; Li, Z.; Wang, H.; Dai, Z. Simultaneous and ultrasensitive detection of three pesticides using a
surface-enhanced Raman scattering-based lateral flow assay test strip. Biosens. Bioelectron. 2021, 181, 113149. [CrossRef] [PubMed]

12. Khlebtsov, B.; Khlebtsov, N. Surface-enhanced Raman scattering-based lateral-flow immunoassay. Nanomaterials 2020, 10, 2228.
[CrossRef] [PubMed]

13. Chen, X.; Ding, L.; Huang, X.; Xiong, Y. Tailoring noble metal nanoparticle designs to enable sensitive lateral flow immunoassay.
Theranostics 2022, 12, 574. [CrossRef]

14. Díaz-González, M.; de la Escosura-Muñiz, A. Strip modification and alternative architectures for signal amplification in
nanoparticle-based lateral flow assays. Anal. Bioanal. Chem. 2021, 413, 4111–4117. [CrossRef] [PubMed]

15. Huang, L.; Tian, S.; Zhao, W.; Liu, K.; Ma, X.; Guo, J. Aptamer-based lateral flow assay on-site biosensors. Biosens. Bioelectron.
2021, 186, 113279. [CrossRef] [PubMed]

16. Taranova, N.A.; Byzova, N.A.; Pridvorova, S.M.; Zherdev, A.V.; Dzantiev, B.B. Comparative Assessment of Different Gold
Nanoflowers as Labels for Lateral Flow Immunosensors. Sensors 2021, 21, 7098. [CrossRef]

17. Taranova, N.A.; Urusov, A.E.; Sadykhov, E.G.; Zherdev, A.V.; Dzantiev, B.B. Bifunctional gold nanoparticles as an agglomeration-
enhancing tool for highly sensitive lateral flow tests: A case study with procalcitonin. Microchim. Acta 2017, 184, 4189–4195.
[CrossRef]

18. Panferov, V.G.; Safenkova, I.V.; Zherdev, A.V.; Dzantiev, B.B. Post-assay growth of gold nanoparticles as a tool for highly sensitive
lateral flow immunoassay. Application to the detection of potato virus X. Microchim. Acta 2018, 185, 506. [CrossRef]

19. Musher, D.M.; Abers, M.S.; Corrales-Medina, V.F. Acute infection and myocardial infarction. NEJM 2019, 380, 171–176. [CrossRef]
20. Giannitsis, E.; Gopi, V. Biomarkers for infarct diagnosis and rapid rule-out/rule-in of acute myocardial infarction. Herz 2020, 45,

509–519. [CrossRef]
21. John, R.V.; Devasiya, T.V.R.N.; Adigal, S.; Lukose, J.; Kartha, V.B.; Chidangil, S. Cardiovascular biomarkers in body fluids:

Progress and prospects in optical sensors. Biophys. Rev. 2022, 14, 1023–1050. [CrossRef] [PubMed]
22. Crapnell, R.D.; Dempsey, N.C.; Sigley, E.; Tridente, A.; Banks, C.E. Electroanalytical point-of-care detection of gold standard and

emerging cardiac biomarkers for stratification and monitoring in intensive care medicine-a review. Microchim. Acta 2022, 189, 142.
[CrossRef] [PubMed]

23. Ouyang, M.; Tu, D.; Tong, L.; Sarwar, M.; Bhimaraj, A.; Li, C.; Coté, G.L.; Di Carlo, D. A review of biosensor technologies for blood
biomarkers toward monitoring cardiovascular diseases at the point-of-care. Biosens. Bioelectron. 2021, 171, 112621. [CrossRef]
[PubMed]

24. Ye, X.-D.; He, Y.; Wang, S.; Wong, G.T.; Irwin, M.G.; Xia, Z. Heart-type fatty acid binding protein (H-FABP) as a biomarker for
acute myocardial injury and long-term post-ischemic prognosis. Acta Pharmacol. 2018, 39, 1155–1163. [CrossRef]

25. Ecollan, P.; Collet, J.-P.; Boon, G.; Tanguy, M.-L.; Fievet, M.-L.; Haas, R.; Bertho, N.; Siami, S.; Hubert, J.-C.; Coriat, P. Pre-hospital
detection of acute myocardial infarction with ultra-rapid human fatty acid-binding protein (H-FABP) immunoassay. Int. J. Cardiol.
2007, 119, 349–354. [CrossRef]

26. Byzova, N.A.; Zherdev, A.V.; Vengerov, Y.Y.; Starovoitova, T.A.; Dzantiev, B.B. A triple immunochromatographic test for
simultaneous determination of cardiac troponin I, fatty acid binding protein, and C-reactive protein biomarkers. Microchim. Acta
2017, 184, 463–471. [CrossRef]

27. Hermanson, G.T. Bioconjugate Techniques; Academic Press: Cambridge, MA, USA, 2008.
28. Taranova, N.A.; Slobodenuyk, V.D.; Zherdev, A.V.; Dzantiev, B.B. Network of gold conjugates for enhanced sensitive immunochro-

matographic assays of troponins. RSC Adv. 2021, 11, 16445–16452. [CrossRef]
29. Frens, G. Particle size and sol stability in metal colloids. Kolloid Z. Z. Polym. 1972, 250, 736–741. [CrossRef]
30. Byzova, N.A.; Zvereva, E.A.; Zherdev, A.V.; Eremin, S.A.; Dzantiev, B.B. Rapid pretreatment-free immunochromatographic assay

of chloramphenicol in milk. Talanta 2010, 81, 843–848. [CrossRef]
31. Byzova, N.A.; Zvereva, E.A.; Zherdev, A.V.; Eremin, S.A.; Sveshnikov, P.G.; Dzantiev, B.B. Pretreatment-free immunochromato-

graphic assay for the detection of streptomycin and its application to the control of milk and dairy products. Anal. Chim. Acta
2011, 701, 209–217. [CrossRef]

32. Shrivastava, A.; Gupta, V.B. Methods for the determination of limit of detection and limit of quantitation of the analytical methods.
Chron. Young Sci. 2011, 2, 21–25. [CrossRef]

33. Wang, Z.; Zhao, J.; Xu, X.; Guo, L.; Xu, L.; Sun, M.; Hu, S.; Kuang, H.; Xu, C.; Li, A. An Overview for the Nanoparticles-Based
Quantitative Lateral Flow Assay. Small Methods 2022, 6, 2101143. [CrossRef] [PubMed]

34. Kopac, T. Protein corona, understanding the nanoparticle–protein interactions and future perspectives: A critical review. Int. J.
Biol. Macromol. 2021, 169, 290–301. [CrossRef] [PubMed]

35. Gu, X.F.; Yan, Y.R.; Jiang, G.Q.; Adkins, J.; Shi, J.; Jiang, G.M.; Tian, S. Using a silver-enhanced microarray sandwich structure to
improve SERS sensitivity for protein detection. Anal. Bioanal. Chem. 2014, 406, 1885–1894. [CrossRef] [PubMed]

36. Rodriguez, M.O.; Covian, L.B.; Garcia, A.C.; Blanco-Lopez, M.C. Silver and gold enhancement methods for lateral flow im-
munoassays. Talanta 2016, 148, 272–278. [CrossRef] [PubMed]

37. Li, N.; Zhao, P.; Astruc, D. Anisotropic gold nanoparticles: Synthesis, properties, applications, and toxicity. Angew. Chem. Int.
2014, 53, 1756–1789. [CrossRef]

38. Zhao, P.; Li, N.; Astruc, D. State of the art in gold nanoparticle synthesis. Coord. Chem. Rev. 2013, 257, 638–665. [CrossRef]
39. Kharisov, B.I. A review for synthesis of nanoflowers. Recent Pat. Nanotechnol. 2008, 2, 190–200. [CrossRef]

http://doi.org/10.1016/j.bios.2021.113149
http://www.ncbi.nlm.nih.gov/pubmed/33713951
http://doi.org/10.3390/nano10112228
http://www.ncbi.nlm.nih.gov/pubmed/33182579
http://doi.org/10.7150/thno.67184
http://doi.org/10.1007/s00216-021-03421-5
http://www.ncbi.nlm.nih.gov/pubmed/34036400
http://doi.org/10.1016/j.bios.2021.113279
http://www.ncbi.nlm.nih.gov/pubmed/33979718
http://doi.org/10.3390/s21217098
http://doi.org/10.1007/s00604-017-2355-4
http://doi.org/10.1007/s00604-018-3052-7
http://doi.org/10.1056/NEJMra1808137
http://doi.org/10.1007/s00059-020-04943-x
http://doi.org/10.1007/s12551-022-00990-2
http://www.ncbi.nlm.nih.gov/pubmed/35996626
http://doi.org/10.1007/s00604-022-05186-9
http://www.ncbi.nlm.nih.gov/pubmed/35279780
http://doi.org/10.1016/j.bios.2020.112621
http://www.ncbi.nlm.nih.gov/pubmed/33120234
http://doi.org/10.1038/aps.2018.37
http://doi.org/10.1016/j.ijcard.2006.09.003
http://doi.org/10.1007/s00604-016-2022-1
http://doi.org/10.1039/D1RA02212A
http://doi.org/10.1007/BF01498565
http://doi.org/10.1016/j.talanta.2010.01.025
http://doi.org/10.1016/j.aca.2011.06.001
http://doi.org/10.4103/2229-5186.79345
http://doi.org/10.1002/smtd.202101143
http://www.ncbi.nlm.nih.gov/pubmed/35041285
http://doi.org/10.1016/j.ijbiomac.2020.12.108
http://www.ncbi.nlm.nih.gov/pubmed/33340622
http://doi.org/10.1007/s00216-013-7587-5
http://www.ncbi.nlm.nih.gov/pubmed/24577570
http://doi.org/10.1016/j.talanta.2015.10.068
http://www.ncbi.nlm.nih.gov/pubmed/26653449
http://doi.org/10.1002/anie.201300441
http://doi.org/10.1016/j.ccr.2012.09.002
http://doi.org/10.2174/187221008786369651


Biosensors 2022, 12, 1166 14 of 14

40. Shende, P.; Kasture, P.; Gaud, R. Nanoflowers: The future trend of nanotechnology for multi-applications. Artif. Cells Nanomed.
Biotechnol. 2018, 46, 413–422. [CrossRef]

41. Khlebtsov, N.G.; Trachuk, L.A.; Mel’nikov, A.G. The effect of the size, shape, and structure of metal nanoparticles on the
dependence of their optical properties on the refractive index of a disperse medium. Opt. Spectrosc. 2005, 98, 77–83. [CrossRef]

42. Zhang, W.; Duan, H.; Chen, R.; Ma, T.; Zeng, L.; Leng, Y.; Xiong, Y. Effect of different-sized gold nanoflowers on the detection per-
formance of immunochromatographic assay for human chorionic gonadotropin detection. Talanta 2019, 194, 604–610. [CrossRef]
[PubMed]

43. Borse, V.B.; Konwar, A.N.; Jayant, R.D.; Patil, P.O. Perspectives of characterization and bioconjugation of gold nanoparticles and
their application in lateral flow immunosensing. Drug Deliv. Transl. Res. 2020, 10, 878–902. [CrossRef]

44. Cho, I.-H.; Irudayaraj, J. In-situ immuno-gold nanoparticle network ELISA biosensors for pathogen detection. Int. J. Food Microbiol.
2013, 164, 70–75. [CrossRef] [PubMed]

45. Zhong, Y.; Chen, Y.; Yao, L.; Zhao, D.; Zheng, L.; Liu, G.; Ye, Y.; Chen, W. Gold nanoparticles based lateral flow immunoassay
with largely amplified sensitivity for rapid melamine screening. Microchim. Acta 2016, 183, 1989–1994. [CrossRef]

46. Han, S.; Zhou, T.; Yin, B.; He, P. Gold nanoparticle-based colorimetric ELISA for quantification of ractopamine. Microchim. Acta
2018, 185, 210. [CrossRef] [PubMed]

47. Xing, C.R.; Kuang, H.; Hao, C.L.; Liu, L.Q.; Wang, L.B.; Xu, C.L. A silver enhanced and sensitive strip sensor for Cadmium
detection. Food Agric. Immunol. 2014, 25, 287–300. [CrossRef]

48. Yang, W.; Li, X.-B.; Liu, G.-W.; Zhang, B.-B.; Zhang, Y.; Kong, T.; Tang, J.-J.; Li, D.-N.; Wang, Z. A colloidal gold probe-based
silver enhancement immunochromatographic assay for the rapid detection of abrin-a. Biosens. Bioelectron. 2011, 26, 3710–3713.
[CrossRef]

49. Wang, J.-Y.; Chen, M.-H.; Sheng, Z.-C.; Liu, D.-F.; Wu, S.-S.; Lai, W.-H. Development of colloidal gold immunochromatographic
signal-amplifying system for ultrasensitive detection of Escherichia coli O157:H7 in milk. RSC Adv. 2015, 5, 62300–62305. [CrossRef]

50. Yakovleva, E.A.; Andreeva, I.P.; Grigorenko, V.G.; Osipov, A.P. Immunochromatographic rapid analysis of human heart-type fatty
acid-binding protein for acute myocardial infarction diagnosis. Mosc. Univ. Chem. Bull. 2011, 66, 356–360. [CrossRef]

51. Zou, J.; Liu, X.; Ren, X.; Tan, L.; Fu, C.; Wu, Q.; Huang, Z.; Meng, X. Rapid and simultaneous detection of heart-type fatty
acid binding protein and cardiac troponin using a lateral flow assay based on metal organic framework@ CdTe nanoparticles.
Nanoscale 2021, 13, 7844–7850. [CrossRef]

52. Savin, M.; Mihailescu, C.-M.; Matei, I.; Stan, D.; Moldovan, C.A.; Ion, M.; Baciu, I. A quantum dot-based lateral flow immunoassay
for the sensitive detection of human heart fatty acid binding protein (hFABP) in human serum. Talanta 2018, 178, 910–915.
[CrossRef] [PubMed]

53. Wang, J.; Jiang, C.; Jin, J.; Huang, L.; Yu, W.; Su, B.; Hu, J. Ratiometric Fluorescent Lateral Flow Immunoassay for Point-of-Care
Testing of Acute Myocardial Infarction. Angew. Chem. 2021, 133, 13152–13159. [CrossRef]

54. Pena-Pereira, F.; Wojnowski, W.; Tobiszewski, M. AGREE—Analytical GREEnness Metric Approach and Software. Anal. Chem.
2020, 92, 10076–10082. [CrossRef] [PubMed]

http://doi.org/10.1080/21691401.2018.1428812
http://doi.org/10.1134/1.1858043
http://doi.org/10.1016/j.talanta.2018.10.080
http://www.ncbi.nlm.nih.gov/pubmed/30609579
http://doi.org/10.1007/s13346-020-00771-y
http://doi.org/10.1016/j.ijfoodmicro.2013.02.025
http://www.ncbi.nlm.nih.gov/pubmed/23603219
http://doi.org/10.1007/s00604-016-1812-9
http://doi.org/10.1007/s00604-018-2736-3
http://www.ncbi.nlm.nih.gov/pubmed/29594705
http://doi.org/10.1080/09540105.2013.781140
http://doi.org/10.1016/j.bios.2011.02.016
http://doi.org/10.1039/C5RA13279G
http://doi.org/10.3103/S0027131411060101
http://doi.org/10.1039/D1NR00702E
http://doi.org/10.1016/j.talanta.2017.10.045
http://www.ncbi.nlm.nih.gov/pubmed/29136915
http://doi.org/10.1002/ange.202103458
http://doi.org/10.1021/acs.analchem.0c01887
http://www.ncbi.nlm.nih.gov/pubmed/32538619

	Introduction 
	Materials and Methods 
	Chemicals and Materials 
	Synthesis of the Abs-Biotin and BSA-Biotin Derivatives 
	Preparation of sGNPs and Their Conjugates with Proteins 
	GNPs Characterization 
	Fabrication of Immunochromatographic Tests 
	Immunochromatographic Assay and Data Processing 

	Results 
	Common Test System 
	Test System with Changed Label 
	Test System with Nanoparticles Aggregation 
	Triple Enhanced Test System 

	Discussion 
	Conclusions 
	References

