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Abstract
A low-cost bifunctional immunochromatographic colorimetric biosensor was developed that can be read visually or by using an
optical density scanner. Five test lines (T lines) coated with different antigens were set on a nitrocellulose (NC) membrane to
indicate the concentration of analyte. This method was applied for the detection of dexamethasone. The corresponding detection
range was 0.1–9 ngmL−1, and the detection limit for dexamethasone in food supplements and cosmetic samples was 2.0 μg kg−1.
For visual inspection of the colour the quantitative relative error range between the proposed method and liquid chromatography
was −62 to −25%, with a detection time of only 10 min. More accurate assay results were obtained by using an optical density
scanner with the relative error range of −31 to 20%. The results indicated that the proposed method has the potential of
application for rapid and efficient screening of dexamethasone in cosmetics and food supplements.
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Introduction

Immunochromatography has been used as a qualitative detection
method for over 40 years. Quantitative immunochromatography
has evolved as an important research topic in the scientific com-
munity, with various visible or optical density scanners intro-
duced to the market till date [1–3]. However, a large number of
consumers believe that 2000–20,000 USD for a scanner is too
expensive. The overall mobility of these scanners is also limited
due to their weight. As a consequence, the development of a

quantitative immunochromatography detection method that does
not require a matching scanner was put forward to help reduce
the overall cost and facilitate on-site detection capabilities.

Regarding the development of cost-effective readout
methods, there is a resurgence of interest for the use of simple
visual techniques and direct visual inspection. In fact, some
scholars believe that quantitative direct visual inspection immu-
noassays have the potential to revolutionize analytical science
[4]. Panferov [5] and Serebrennikova [6] developed a bare
e y e – b a s e d s em i q u a n t i t a t i v e c o l l o i d a l g o l d
immunochromatographic strip for the detection of potato virus
X and procalcitonin, respectively. The test strip was coated with
three antibodies as test lines (T lines) to form a double monoclo-
nal antibody sandwich mode. However, this method has proven
to be unsuitable for the immunoassay of small molecules.
Measuring the dilution ratio when the sample reaches the cutoff
value of the test strip via gradient dilution can be used to estimate
the content of analyte, but this method has proven to be too time-
consuming [7, 8]. Zhang developed a bare eye based–
semiquantitative colloidal gold immunochromatographic strip
for the detection of aflatoxin B1 [9, 10]. The test strip was coated
with three of the same antigens as the T lines. When the labeled
antibodies passed multiple T lines, the concentration decreased

* Yanyan Sun
yysun@szu.edu.cn

* Yudong Shen
shenyudong@scau.edu.cn

1 Guangdong Provincial Key Laboratory of Food Quality and Safety,
College of Food Science, South China Agricultural University,
Guangzhou, People’s Republic of China

2 National Nutrition Food Testing Center, Shenzhen Academy of
Metrology and Quality Inspection, Shenzhen, People’s Republic of
China

3 Department of Anaesthesiology, Shenzhen University General
Hospital, Shenzhen, People’s Republic of China

Microchimica Acta         (2020) 187:447 
https://doi.org/10.1007/s00604-020-04418-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00604-020-04418-0&domain=pdf
http://orcid.org/0000-0003-2582-6709
mailto:yysun@szu.edu.cn
mailto:shenyudong@scau.edu.cn


step by step. As a result, the combination between the antibody
and T line was inhibited, while the concentration of aflatoxin B1
increased. However, the method required the use of an antibody
with higher concentration. Therefore, its overall sensitivity was
l ow e r t h a n t h a t o f a n o rm a l c o l l o i d a l g o l d
immunochromatographic strip featuring only one T line.

Competitive immunoassay describes a ternary system
consisting of an analyte, coating antigen, and antibody. The
structure and concentration of the coating antigen can influence
the affinity of T lines for antibody [11]. Based on this fact, this
s t u d y d e v e l o p e d a n ew v i s u a l q u a n t i t a t i v e
immunochromatographic colorimetric biosensor in which sever-
al immunochromatography assays with different sensitivities
proceeded successively on a NC membrane. The assay involved
multiple T lines coated with different antigens with different
affinities on the immunochromatography NC membrane to ex-
hibit binding effects between the labeled antibodies and the T
lines at different analyte concentrations (Fig. 1). The coating
antigens were ordered from the bottom up by their affinity from
low to high. When the analyte concentration is low, the analyte
can only fully inhibit a coating antigen with low affinity. As the
combination of antibody and antigen is reversible, the analyte-
antibody complexwill be broken by another coating antigenwith
higher affinity, and then the antibody will conjugate with the
coating antigen. Increasing the concentration of analyte will
completely inhibit the coating antigen with higher affinity. The
developed method was demonstrated to be simple, low-cost, and
capable of providing the analyte concentrations directly. The
strategy proposed in this paper is also universal. By adding T
lines for different coating antigen structures and adjusting coating
concentration, the majority of traditional competitive
immunochromatography assays can be transformed to visual
quantitative methods easily without affecting their sensitivity.
Combining the advantages of lanthanide-doped up-conversion
nanoparticles such as anti-bleaching and reduced background
interferences [12, 13], a bifunctional immunochromatographic
colorimetric biosensor was developed herein. The obtained re-
sults can be quantified visually or by using an optical density
scanner for more accurate quantitative data.

Materials and methods

Materials and reagents

N-Hydroxysuccinimide (NHS) (purity 98%), 1-ethyl-
3-[3-(dimethylamino)propyl]carbodiimide (EDC) (purity 98%),
keyhole limpet hemocyanin (KLH), and bovine serum albumin
(BSA) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). N-Monodesmethyl sibutramine (MS), N,N-didesmethyl
sibutramine (DS), benzyl sibutramine, and homosibutramine
were all purchased from TRC (Toronto, Canada). All chemicals
were of analytical grade and used as received. A Milli-Q

purification system (Millipore) was used for water purification.
All other chemicals were of analytical or higher grade.
Nitrocellulose (NC) membranes (CN140) were obtained from
Sartorius (Göttingen, Germany). The real samples were verified
using a liquid chromatography-tandem mass spectrometry sys-
tem (LC-MS/MS) (Waters ACQUITY UPLC coupled to a
Waters Xevo TQ-S) (Millford, MA, USA). The column used
for the separation of DEX was a Waters ACQUITY BEH C18

(2.1 mm× 50 mm, 1.7 μm) (Millford, MA, USA). An enzyme-
linked immunosorbent assay (ELISA) kit for DEX used for com-
parisonwas purchased fromTHIPHCo. Ltd. (Shenzhen, China).
The antibody was purified using a CarboxyLink Coupling Plus
ImmobilizationKit (Pierce, Thermo Scientific), and the five coat-
ing antigens were prepared according to a method previously
published by our group [14]. The hapten structure is shown in
Fig. 2.

Instruments

An optical density scanner (Niutaier, China) was modified to
function as an up-conversion luminescence reader by using a
300 mW, 980 nm laser instead of LED light as the excitation
light source. The camera equipment used was a Huawei P20
mobile phone covered with a 540 nm ± 15 nm optical filter,
and a 2W980 nm laser was used as the corresponding excitation
light source. The XYZ3060 platform consisting of motion con-
trol with Biostrip Dispenser HGS102 and Airjet HGS102
(BioDot, USA) was used to construct T line and control line (C
line) of the biosensor. Up-conversion fluorescence spectra were
measured using an F-4500 fluorescence spectrophotometer
(Hitachi, Japan) modified with a 2 W 980 nm laser. A Sigma
300 transmission electron microscope (TEM) (Carl Zeiss, Jena,
Germany) was used for characterizing the lanthanide-doped up-
conversion nanoparticles (UCNPs).

Synthesis of amino UCNPs

Amino UCNPs (130 nm) were prepared following a previous
report [15] with some modifications. Briefly, 10-mmol NH4F
and 10-mmol NaOH were dissolved in 5 mL of water and
5 mL of ethylene glycol to form solution A. Then, 1 mmol
of Re(NO3)3 (Re = Y, Yb, and Er at a molar ratio of 78:20:2)
and 0.20 g of polyethyleneimine were dissolved in 3 mL of
water and 4.5 mL of EG to form solution B. Solutions A and B
were then mixed to prepare a homogenized solution at room
temperature. The resulting mixture was then transferred to an
autoclave, and the temperature was immediately increased to
180 °C. This temperature was maintained for 8 h, and the
mixture was then allowed to cool to room temperature. The
resulting nanoparticles were precipitated by addition of etha-
nol and washed three times with ethanol, followed by water
washing. After centrifugation, the particles were redispersed
in water for subsequent use. The NaYF4:Yb,Er UCNPs were
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coated with a 15-nm silica layer via microemulsion method
[16] and modified with amino groups [17]. The form and
optical properties of the amino UCNPs were then character-
ized by TEM and fluorescence spectrophotometry, respective-
ly (Fig. 3).

Preparation of UCNP-labeled anti-DEX

DEX–agarose-based conjugates were prepared using a
CarboxyLink Coupling Plus Immobilization Kit and follow-
ing the instructions provided by the manufacturer. The ascites
solution was diluted to 5 mg mL−1 (protein concentration)
using phosphate-buffered saline (PBS) (0.01 M, pH 7.4).
Approximately 2 mL of the ascites solution and 2 mL of

DEX–agarose-based conjugate were then added to a spin col-
umn. The column was incubated for 60 min at room temper-
ature while rocking to ensure binding, followed by centrifu-
gation. The agarose-based conjugate was washed with 2 mL
of 0.01 M pH 7.4 PBS and centrifuged thrice (this latter step
was repeated a total of three times). Approximately 2 mL of
2 mg mL−1 EDC NHS–activated UCNPs (prepared according
to Wang’s method [18]) was added to the spin column con-
taining the agarose-based conjugate. The UCNPs were then
added in excess for complete labeling of the IgG molecules.
Subsequently, 10 μL of 5-M sodium cyanoborohydride was
added to the reaction and incubated for 2 h at room tempera-
ture while rocking to ensure successful binding. The reaction
mixture was then centrifuged. The resin was washed with

Fig. 1 Structure and testing principle of visual quantitative immunochromatographic colorimetric biosensor
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2 mL of 0.01 M pH 7.4 PBS, and the reaction mixture was
centrifuged. This stepwas repeated thrice for complete remov-
al of unbound UCNPs. The agarose mixture was then eluted
with 2 mL of cold elution buffer (0.1-M glycine•HCl at
pH 3.0) and placed in a centrifuge tube containing 100 μL
of buffer (1 M PBS, pH 9.0). After centrifugation, the
resulting precipitate was resuspended in PBS (0.015 M,
pH 7.4 containing 1% (w v) PVP K-40, 1% (w v) PEG
40000, 1% (w v) trehalose, and 2% (w v) BSA).

Preparation of fluorescent biosensor

The structure of the immunochromatographic colorimetric bio-
sensor is shown in Fig. 1a. Six parallel lines of coated antigen
(corresponding type and concentration shown in Fig. 4) and goat

anti-mouse IgGwere drawnon theNCmembrane. These parallel
lines were then denoted as C line, T line 1, T line 2, T line 3, T
line 4, and T line 5 (top to bottom). After vacuum drying at 37 °C
for 12 h and at room temperature for another 12 h, the absorbent
paper and NC membrane were attached to the PVC soleplate.
These immunochromatographic colorimetric biosensors were
then vacuum dried at room temperature, and 2 μg of the
sibutramine antibody-fluorescent microsphere conjugate (mea-
sured by mass of fluorescent microspheres) was added, followed
by freeze drying.

Performance of the UCNP-ICA

The liquid sample (100 μL) was added to the reaction cup and
mixed thoroughly. The resulting mixture was then transferred

Fig. 2 Synthetic route for antigen production

Fig. 3 TEM image and fluorescence scanning graph, showing the
preparation of UCNPs. a TEM image of 130-nm UCNPs, b comparison
of the fluorescence intensity for the three UCNPs. Reference [1] shows

commercial amino UCNPs from Fluonano Biotech Co. Ltd. (Hefei,
China), reference [2] shows 165-nm amino UCNPs prepared by a previ-
ously reported method [15]
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to the biosensor. Results were obtained after chromatography
for 10 min. The result was negative when line 5 was visible.
After standard DEX solution at different concentrations was
placed in the reaction cup, the concentrations at which T lines
1, 2, 3, 4, and 5 disappeared were recorded and denoted as the
marker reference concentrations. The concentration at which
T line 5 disappeared indicated the sensitivity of the test paper.
At the equilibrium time of immunochromatography, the color
of T line 3 and the C line no longer deepened.

The biosensor can also be read using a fluorescence scan
reader. The integral area of the T line (FIT) within a fixed peak
width was used to express the fluorescence intensity of each
line. T3 line fluorescence intensity was detected and used to
develop a standard curve (standard curve 1) when the DEX
concentration was 0.10, 0.20, 0.30, 0.50, and 0.90 ng mL−1,
respectively. T1 line fluorescence intensity was detected and
used to develop another standard curve (standard curve 2)
when the DEX concentration was 0.90, 20, 30, 50, and
9.0 ng mL−1, respectively. When the T3 line was visible, the
standard curve 1 was generated and used to calculate the con-
centration of DEX. When the T3 line was invisible but the T1
line was visible, the standard curve 2 was used to calculate the
concentration of DEX.When all the T lines were invisible and
the C line was visible, it was deemed necessary to dilute the
sample another 50 times.

Detection of DEX in real samples

Cosmetics with skin whitening and acne treatment functions
as well as food supplements designed to increase bone density
were purchased online. The samples (1 g each) were weighed
out and then placed in a polystyrene centrifuge tube. Then,
19 mL of water was added and the resulting mixture was
vortexed for 1 min. After centrifugation at 1000 g for 1 min,
100 μL of the supernatant was used for UCNP-ICA. If the

four T lines all disappeared, the supernatant required an addi-
tional dilution of 50 times. The performance of the UCNP-
ICA was analyzed as described in the “Performance of the
UCNP-ICA” section. A commercial ELISA kit for DEX was
used for method comparison. LC-MS/MS was then used for
the cosmetics and food supplement samples to further verify
the data reported by Van den Hauwe [19] and Gao [20],
respectively.

Results and discussion

Evaluation of coating antigen

The coating hapten structure is closely related to the sensitivity
of an immunoassay [21]. Glucocorticoids represent a large drug
family with similar structural features and can be derived from
the carboxyl site using a simple synthetic method. Thus, the
structure-function relationship between the hapten structure
and the immune binding site has to be studied first. The dilution
factor of the antibody with an absorbance of about 1.0 at
450 nm at a coating concentration of 1.0 mg L−1 was used to
express the affinity of the antibody to the coating antigen. The
observed dilution factors of the antibody for TCA-COOH-
BSA, PRE-COOH-BSA, BET-COOH-BSA, BEC-COOH-
BSA, and DEX-COOH-BSA were 2 × 104, 4 × 104, 4 × 104,
4 × 104, and 8 × 104, respectively. DEX-COOH-BSA is a ho-
mologous coating antigen. The difference between this species
and BET-COOH-BSA is the optical isomerism at the five-
membered ring near the linkage. The difference in affinity in-
dicated that the four rings present in DEXwere indeed attached
to the antibody. Furthermore, previously conducted studies by
our group have shown that the antibody can only combine with
glucocorticoids having a cyclohexa-2,5-dien-1-one structure,
including BEC, PRE, and TCA. Indeed, the cyclohexa-2,5-
dien-1-one scaffold is a key structure in determining the affinity
of the DEX antibody [14]. Competitive ELISA standard curves
are shown in Fig. 4. The corresponding IC50 values for ELISA
assay with coating antigens derived from TCA-COOH-BSA,
PRE-COOH-BSA, BET-COOH-BSA, BEC-COOH-BSA, and
DEX-COOH-BSA were 0.35 ng mL−1, 0.78 ng mL−1,
2.0 ng mL−1, 1.3 ng mL−1, and 5.4 ng mL−1, respectively.
These results indicate that it is feasible to use different coating
antigens with varying sensitivities to produce useful visual
immunochromatographic results.

Selection of immunochromatographic system

Based on the uniformity of the key structural features and
the differences in the other structural parts, it is feasible but
inconvenient to design a series of coating antigens to pre-
pare several biosensors with different sensitivities. Setting
several T lines with different sensitivities in one biosensor

Fig. 4 ELISA standard curve with various coating antigens to detect
DEX (n = 6)
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may decrease the cost, and the test can be performed in an
easy fashion. The five coating antigens were coated at
identical concentrations on the NC membrane, but they
did not generate a visual gradient (Fig. 5a). In the same
immunochromatographic system, the approximate affinity
was difficult to determine visually.

In a competitive immunoassay, the coating antigen
can inhibit the combination of antibody to analytes.
Therefore, increasing the concentration of the coating
antigen is another way to adjust the overall sensitivity.
Another visual immunochromatographic reaction type
was constructed herein using different concentrations
of coating antigens (Fig. 5b). TCA-COOH-BSA with
concentrations of 0.10 μg mL−1, 0.40 μg mL−1,
1.6 μg mL−1, and 8.5 μg mL−1 resulted in a clear color
gradient. However, higher concentrations of coating an-
tigen led to an antigen overload on the NC membrane,
resulting in a T line dispersion.

Thus, combining these two features, i.e., using low-affinity
heterogeneous coating antigens to construct high-sensitive T
lines and using homologous coating antigens with different
concentrations to construct low sensitive T lines, has proven
to be appropriate (Fig. 5c). The results showed that the chro-
matic variation between the different DEX concentrations was
significant and further indicated that generating more T lines
to increase the detection range was indeed possible.

Fig. 5 Visual quantif icat ion up-conversion luminescence
immunochromatographic system. a Coating with various coating anti-
gens at the same concentration. b Coating with a single antigen at various
concentrations. c Coating of a series of heterogonous and homologous
antigens at different concentrations

Fig. 6 Test time optimization for UCNP-ICA to detect DEX (n = 6)

Fig. 7 Standard curve determined for DEX using UCNP-ICA (n = 6)
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Quantitative determination

The visual quantitative immunochromatographic colorimetric
biosensor can be read by using an optical density scanner for
obtaining more accurate quantitative data. The UCNP-ICA
reaction time is another important parameter affecting the ac-
curacy of quantification. Figure 6 shows the responses of
UCNP-ICA towards 0.1 ng mL−1 DEX at line 3 and
0.9 ng mL−1 DEX at line 1 for different time periods, respec-
tively. The fluorescence intensity of UCNP-ICAwas collected
using an up-conversion luminescence reader. The fluorescent
signal intensity initially increased sharply and then became
constant. Considering time and signal intensity stability,
10 min was selected as a suitable time period for subsequent
experiments.

As the biosensor output semiquantitative values are based
on the chromogenic condition of the T line, the concentration
of coating antigen is lower than the concentration of coating
antigen of colorimetric method, which leads to the narrow
corresponding detection range of single T line. Thus, two T
lines were used to develop quantitative method. Figure 5c
shows the optical intensity of the T3 line that varied inversely
with a DEX concentration between 0.1 ng mL−1 and
0.9 ng mL−1. The optical intensity of the T1 line varied in-
versely, with DEX concentrations ranging between
0.9 ng mL−1 and 9 ng mL−1. Thus, an optical density scanner
was used to capture the UCNP-ICA responses and two stan-
dard curves were generated (Fig. 7). When the T3 line was
visible, the standard curve, y = 763–626 × lgx (R2 = 0.94), was
used for quantification. When the T3 line was invisible but the

T1 and C lines were visible, the second standard curve, y =
178–1119 × lgx (R2 = 0.97), was used for quantification.

Sample testing

DEX is a potent and long-acting glucocorticoid frequently used
in the therapy of rheumatic, allergic, and dermatologic symp-
toms [22, 23]. However, DEX is also illegally used in cosmetics
to whiten skin and treat acne. In food supplements, DEX is
usually illegally added to increase bone density [24–26].
Herein, 50 cosmetic samples with skin whitening and acne
treatment functions as well as 50 food supplement samples
designed to increase bone density were purchased online and
analyzed using the proposed visual quantification up-
conversion luminescence immunochromatography semiquanti-
tative method. Simultaneously, the samples were analyzed
using LC-MS/MS. In 85 of the samples, no DEX was detected
and no false positive results were observed. However, DEX
was detected in 11 cosmetics and 4 food supplement samples,
i.e., 22% and 8% of the screened samples, respectively. This
finding indicates that the illegal addition of DEX to cosmetics
and food supplements sold online is rather common and there-
fore requires urgent restriction and control. Qualitatively, the
results of visual colorimetric immunochromatography and
LC-MS/MS were also consistent. The quantitative results are
shown in Table 1. A suitable positive correlation between the
visual colorimetric immunochromatography results and those
obtained by a national standardmethodwas found, with relative
error ranging from −62 to −25%. Using an up-conversion lu-
minescence reader resulted in a decrease in the relative error.

Table 1 DEX detection in health-care foods and cosmetics using three methods (n = 6)

Sample Immunochromatographic assay

Visual quantification (mg/kg) Scanning quantification (mg/kg) ELISA (mg/kg) LC-MS/MS (mg/kg)

Tablet1 0.9 1.8 ± 0.2 2.2 ± 0.2 1.5 ± 0.1

Tablet2 0.9 1.5 ± 0.2 1.0 ± 0.1 1.3 ± 0.1

Capsule1 0.3 0.45 ± 0.06 0.94 ± 0.11 0.52 ± 0.02

Capsule2 3 3.1 ± 0.4 4.9 ± 0.5 4.5 ± 0.2

Cream 1 0.3 0.54 ± 0.07 0.68 ± 0.08 0.42 ± 0.2

Cream 2 0.9 1.3 ± 0.2 2.4 ± 0.3 1.9 ± 0.1

Cream 3 0.9 1.2 ± 0.1 2.9 ± 0.2 2.2 ± 0.1

Cream 4 3 5.1 ± 0.7 8.8 ± 0.8 6.9 ± 0.3

Cream 5 0.3 0.55 ± 0.07 0.72 ± 0.07 0.45 ± 0.02

Cream 6 3 6.5 ± 0.8 10 ± 1 7.9 ± 0.3

Mask 1 0.3 0.53 ± 0.07 0.88 ± 0.07 0.77 ± 0.03

Mask 2 0.9 1.8 ± 0.2 2.0 ± 0.2 2.3 ± 0.1

Mask 3 0.9 1.5 ± 0.2 1.0 ± 0.1 1.3 ± 0.1

Essence 1 3 4.3 ± 0.6 5.2 ± 0.4 4.5 ± 0.2

Essence 2 15 30 ± 4 30 ± 2 38 ± 2
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The relative error of −31 to 20% was close to the levels of
ELISA, i.e., −13 to 62%. The results also showed that visual
colorimetric immunochromatography can meet the require-
ments of rapid qualitative DEX detection. In addition, Table 1
indicates that the addition range of DEX to the actual samples
spanned three orders of magnitude. The samples were prone to
exceed the quantitative linear range of the instrument when
liquid chromatography-mass spectrometry was used for detec-
tion, requiring multiple dilutions. In contrast, visual colorimet-
ric immunochromatography can provide a quantitative refer-
ence, rendering it possible to dilute the samples within the
quantitative curve of the instrument. This may add another layer
of convenience when further confirming the visual results with
LC-MS/MS.

Conclusions

This work presents a novel bifunctional quantitative
immunochromatographic biosensor, which allows the results
to be read by bare eye or an up-conversion luminescence
reader. The proposed method used multi-test lines coated with
a series of heterogonous and homologous antigens with vary-
ing concentrations. The detection limit of this method for ac-
tual samples was 2 μg kg−1, and no false positive or false
negative qualitative values were identified. Furthermore, the
quantitative results exhibited a certain reference significance.
Hence, this assay can provide an easy, fast, and low-cost
method for potential application in on-site quantitative
determinations.
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