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Abstract

The main goal of this work is to develop an economical, portable, disposable, and reliable point of care paper biosensor based on
visualization, which can be used to detect viruses, bacteria, and proteins. However, the sensitivity of immunochromatography test
(ICT) strips based on nitrocellulose to target detection has always been a problem. Here, we use an electrospun nitrocellulose
(ENC) fiber membrane instead of traditional nitrocellulose fiber membrane to construct ICT strips for early pregnancy detection.
By proper selection of the diameter of the ENC fiber to adjust the pore size, porosity, and morphology of the membrane, ICT
strips with low flow rate and high protein loading were obtained. Based on these properties, a convenient and sensitive method
for the colorimetric determination of human chorionic gonadotropin was developed. Under the optimal conditions, the detection
limit of ICT based on ENC membrane is 10 mIU mL ™" (S/N = 3), the linear detection range is 5—1000 mIU mL™", and the linear
relationship is ¥'=0.0434 X —0.0136 (R*=0.9802). In addition, the test strip has good specificity and stability, and will not
produce false-positive results.

Keywords Immunochromatography test - Electrospun nitrocellulose membrane - Human chorionic gonadotropin - Point-of-care
diagnosis

Introduction

The immunochromatography test (ICT) technique based on
the specific bio-recognition has been promising as point-of-
care diagnostics to provide fast and simple measurement be-
cause it is low-cost, portable, robust, and user-friendly.
Attributed to these advantages, ICT strips, a major product
of this technology, have been used in a wide variety of
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applications [1-5], including medical and body health
[6-10], virus and bacteria [11, 12], water resources [13, 14],
and food safety [15, 16]. Most of the commercialized ICTs,
such as ovulation test paper [17], pregnancy test paper [18,
19], and urine test strips [20] sold in hospitals and pharmacies,
have a main membrane support of nitrocellulose (NC) mem-
brane that is conventionally used for the specific reaction be-
tween antibody and antigen. In recent years, a number of
researchers explored different ICTs by using modified NC
membranes or replacing the conventional NC membrane with
other supports [21-24]. In order to reduce the flow rate and
increase the interaction rate between the targets and gold
nanoparticles-antibody probes conjugates, Yew [25]
electrospun polycaprolactone (PCL) on the NC membrane to
form a hydrophobic coating. The PCL-coated NC resulted in
the binding of more complexes to the capture probes, which
increased the sensitivity of the test strip by approximately
tenfold as compared to the unmodified one. In order to change
the pore size, porosity, surface groups, and surface area of the
paper substrate and then increase the adsorption ability of
biomolecules on paper substrate, Tang [26] treated NC mem-
brane with cellulose nanofibers (CNFs) by immersion of the
membrane into 2% CNFs solution followed by incubation.
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The CNFs treatment made the sensitivity of nucleic acid LFAs
in Staphylococcus aureus testing achieve a 20-fold enhance-
ment. Additionally, they integrated sponge shunt into LFA to
decrease the fluid flow rate and thus to enhance its analytical
sensitivity, achieving tenfold signal enhancement in nucleic
acid testing of HBV by optimizing the thickness, length, and
hydrophobicity of sponge [27]. For the sake of decreasing the
cost of the microfluidic sensors for biomedical and environ-
mental analysis [28], natural cotton thread was used as a sup-
port for transfer and mixed analyte samples for
immunochromatographic analysis [29]. Mao and Du
[30-32] respectively prepared ICT strip biosensor with cotton
thread replacing commercial NC membrane, and successfully
realized the quantitative detection of specific antigens.
Reinholt [33] presented PLA-based electrospun nanofibers
as new material and alternative to the standard cellulose based
papers for use in paper-based assays such as LFAs, and
achieved result comparable to the nitrocellulose control.
These works provided the opportunity and showed the neces-
sity to develop new materials as support with significant ad-
vantages over their traditional counterparts.

Herein, nitrocellulose was fabricated into the
nanofibrous membrane by an electrospinning method. In
the process of electrospinning, the porosity and specific
surface area of the membrane can be increased, and the
flow rate of ICT substrate can be reduced by adjusting
electrospinning parameters. Besides, due to the good bio-
compatibility of the spinning materials, the excellent ad-
sorption performance of the membrane materials to the
bioprotein macromolecules is conducive to the detection
of sensitivity, specificity, and stability. The adsorption
properties of membrane materials were researched by
using the Lowry method and fluorescent protein adsorp-
tion ENC membrane method. A sensitive colorimetric
method for the determination of human chorionic gonad-
otropin (HCG) using electrospun nitrocellulose membrane
(ENC) as support for sandwich ICT strips was developed
(Scheme 1).

Experimental
Materials

Nitrocellulose (NC) was purchased from Xingping
Baotashan Coating Co., Ltd. (Shaanxi, China). Acetone,
N, N-dimethylacetamide (DMF), sodium azide, sodium
borate, methanol, Tween-20, and polyethylene glycol
20,000 (PEG-20000) were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). Filter pa-
per, conjugate pad, sample pad, absorbent pad, PVC back-
ing plate, 3-hCG antibody, «-hCG antibody, standard
HCG samples, goat anti-mouse IgG, commercial NC
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(CNC) membrane (Sartorius CN140), and bovine serum
albumin (BSA) were obtained from Shanghai JieYi
Biotechnology Co., Ltd. (Shanghai, China). BSA-FITC
was purchased from Beijing InnoChem Science &
Technology Co., Ltd. (Beijing, China). Luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) were
purchased from Shanghai Sangon Biotech Co., Ltd.
(Shanghai, China). Double-distilled water was used for
all the work.

Preparation of ENC membranes via electrospinning

Certain amount of nitrocellulose was dissolved in a mixture
solvent of acetone and DMF (5:2, v/v) and gently stirred at
room temperature for 24 h to obtain an NC solution for
electrospinning. The electrospinning was carried out at room
temperature using an electric field of 18 kV with the feeding
rate kept constant at 2 mL h™' by a syringe pump. The
electrospun NC (ENC) fibers were deposited on a filter paper
stuck on the aluminum collector, forming ENC membranes.
The ENC membrane was taken out after several hours of
electrospinning and dried in a vacuum oven at less than
40 °C overnight.

Here, ENC membranes from NC solutions of 17.8% (w/v),
19% (W/v), 21% (w/v), 26% (wW/v), 31% (w/v), and 36% (W/v)
were prepared and accordingly named as NC17.8, NC19,
NC21, NC26, NC31, and NC36.

Morphology observation of NC membranes

Scanning electron microscope (SEM) images were obtained
by a Hitachi S-4800 field emission scanning electron micro-
scope. The samples were sputter-coated with gold prior to
examination.

Performance testing of the NC membranes
Diffusion rate measurement of the NC membranes

The ENC membrane (4 cm x 0.5 cm) was immersed vertically
into a microplate containing 60 pL. AuNPs solution. The time
required for the solution to flow through the entire membrane
length was recorded. Each experiment was repeated three
times, and the contrast experiment of the CNC membrane
was carried out. According to the flow time of the liquid,
suitable membrane was chosen as the substrate for strip
assembly.

Evaluation of protein capacity and distribution
on the membrane

The Lowry method was explored to quantitatively determine
the amount of protein absorbed on the NC membranes. In a
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Scheme 1 Schematic of the
preparation of ENC membranes
by using the electrospinning
method and the colorimetric
determination of HCG on ICT test
strips based on ENC membranes

@ AuNPs-p-hCG

\]r' Goat anti-mouse IgG

typical experiment, a standard curve of BSA from 0 to
100 ug mL ™! was obtained, the absorbance was measured at
750 nm on a UV-vis spectrophotometer (Cary 5000,
Germany). All experiments were repeated three times.
Quantitative tests of protein capacity were performed by
measuring the absorption rate of protein adsorbed on
the membranes by a UV-Vis spectrophotometer using
the formula (Eq. 1).

Ay—A
L % 100% (1)
Ao

Adsorption rate(%) =

where AO is the absorption of BSA solution with a concentration of
100 pg m[l, A is the absorption of the BSA solution
after membrane adsorption.

FITC-BSA was used to observe the distribution of protein
on the surface of the membranes. In a typical experiment,
100 uL of FITC-BSA solution was mixed with ENC mem-
brane (1 cm x 1 cm) in a centrifuge tube and incubated in a
shaker at 37 °C. After reaction for 1 h, the supernatant was
removed, and then 4 mL distilled water was added to each
centrifuge tube and washed at 37 °C for 1 h. Finally, the
membranes were dried at room temperature and measured
by confocal laser scanning microscopy (CLSM, LSM800,
Carl Zeiss, Germany) to obtain the distribution of fluores-
cent proteins on the membrane surface. The average
fluorescence intensity was calculated by Image J soft-
ware, and the semi-quantitative results of average fluo-
rescence intensity were obtained.

Electrospun Nitrocellulose
-~ Membrane

\\Jr’ a-hCG

O Standard HCG sample

Preparation and assembly of lateral flow
immunoassay strips

The sample pad, conjugate pad, ENC membrane, and absor-
bent pad were assembled in the PVC backing plate. Then o-
hCG antibody and goat anti-rabbit IgG were separately spot-
ted on the ENC membrane as the test line (T-line) and control
line (C-line). The sample pad was saturated with 20 mM phos-
phate buffer (pH 7.4) containing 2.0% sucrose, 2.0% BSA,
0.1% sodium azide, and 20 mM sodium borate. The conjugate
pad was saturated with 20 mM phosphate buffer (pH 7.4)
containing 1.0% BSA. The ENC membrane was pretreated
with phosphate buffer (pH 7.4) containing 3.0% BSA and
0.1% Tween-20. The strips were cut to 3.3 mm wide and
stored in a zipper bag under room temperature drying
conditions.

Assay procedure

The standard HCG samples of 10 ITU mL™" were diluted to
different concentrations (5, 25, 50, 100, 500, and
1000 mIU mL ") with 20 mM PBS buffer solution (pH 7.4).
Before each test, 10 uL. Au-mAb complex was dropped on the
binding pad, and then 100 uL. HCG samples with different
dilutions were dropped on the sample pad, and the detection
results were observed after 15 min. When T-line and C-line
are red, it is positive result; when only C-line is red, it is
negative result. All experiments were repeated three times.
At the same time, the optical density (OD) value of T line,
which were analyzed by Image J software, was taken as the
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ordinate, and the concentration of HCG sample was taken as
abscissa to obtain a linear fitting line, and the lowest detection
limit (LOD) was calculated. The LOD was defined as 3 times
the blank/slope standard deviation (S/N = 3).

To verify the sensitivity of ICT strip, we tested the ICT
strip with different concentrations of HCG sample (5, 25,
50, 100, 500, and 1000 mIU mL ", and negative control).
The images were captured by mobile phone.

The specificity tests were performed by exploring antigens
similar to HCG as targets, the antigens involved luteinizing
hormone (LH) and follicle-stimulating hormone (FSH), and
the concentrations of LH and FSH antigens were the same as
HCG (100 mIU mL™).

Furthermore, in order to evaluate the feasibility of ENC
membrane strip in the detection of real urine samples, HCG-
positive urine and negative urine were used for analysis. In a
typical experiment, we collected fresh urine from a pregnant
woman as positive urine samples and that from a non-
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pregnant woman as negative urine samples. The positive urine
samples were obtained by diluting the positive urine with
ultrapure water into different concentrations (100%, 50%,
25%, 10%, 5%, 1%). The negative urine samples were used
directly. One hundred microliters of the sample was added to
the sample pad of the strip for test. The test results were ob-
served after 15 min. Commercial pregnancy test strips were
used for comparison.

Results and discussion

NC membranes morphology

SEM images of the ENC fibrous membranes with different
concentrations of NC revealed a randomly oriented three-

dimensional nonwoven structure (Fig. 1). As shown in Fig.
la—f, ENC membranes exhibited structures with nanofibers.
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Fig. 1 SEM images and the corresponding diameter distribution of membranes of NC17.8 (a), NC19 (b), NC21 (c), NC26 (d), NC31 (e), and NC36 (f);
SEM image of CNC membrane (g); the relationship between the diameter of the membrane fibers and the pore size and porosity, respectively (h)
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Fig. 2 The relationship between the chromatographic time of AuNPs
solution on the surface of NC membrane and the flow distance (a); the
flow time histogram of AuNPs solution on the surface of NC membranes

The NC17.8 and NC19 membranes showed a morphology
with few elongated spindles and a large number of filamen-
tous morphologies (average fiber diameter was 0.85 and
0.88 um) were caused by the low NC solution viscosity and
the insufficient stretching during the whipping of the jet in the
electrospinning process.
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(b); pictures of AuNPs solution chromatography on NC21 membrane (c),
and CNC membrane at different times (d)

When the concentration of the NC solution increased to
21%, 26%, 31%, and even 36%, the beads on the fibers were
disappeared, and the corresponding average diameters of the
fibers increased from 0.90 to 2.35 wm. When the mass fraction
of the spinning solution is increased, the viscosity of the so-
lution will also increase, and the ability to resist electric field-
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Fig. 3 Fluorescence microscopy images of NC17.8 (a), NC19 (b), NC21 (¢), NC26 (d), NC31 (e), NC36 (f), and CNC (g); mean fluorescence intensity

of membranes calculated by using Image J (h)
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Fig. 4 Morphologies of C-line after an immune reaction on ICT strips based on different ENC membranes

stretching is enhanced. Therefore, when the applied voltage is
constant, increasing the spinning solution concentration will
increase the fiber diameter.

Figure 1g shows the morphology of the CNC mem-
brane, which is network structure. Figure 1h expressed
the relationship between the diameter of the membrane
and the pore size and porosity, respectively. When the
average fiber diameters of NC17.8, NC19, NC21, to
NC36 membranes increased from 0.85 to 2.35 um, the
corresponding average fiber pore sizes increased from
5.5+0.1 to 8.94+0.17 nm, and the average fiber poros-
ity decreased from 41.5 to 28.6%. The porosity of the
membranes was dependent on the number of pores and
decreased with the increasing NC concentrations.

Flow rate measurement of NC membrane

When we added the AuNPs solution on the surface of the
NC membrane, the solution flows through the whole
membrane. Figure 2a shows the position of liquid on the
surface of the NC membrane at different times. When the
solution flows through the half distance of the CNC mem-
brane, it takes about 30 s. As the liquid slows down, time
increases, the total time for the solution to flow through
the membrane was nearly 60 s.

'
'
'
'
'
s
=3
S

Figure 2b shows the flow rate of seven different NC
membranes. It can be seen that the time of solution
flowing through the CNC membrane is about 60 s, while
the NC21 membrane is close to 140 s, and the time of
other membranes all exceeded 80 s, which indicates the
solution on the ENC membranes flow slower compared to
CNC membrane.

Figure 2¢ and d show the comparison of the positions
of NC21 and CNC membrane. The time of NC21 mem-
brane needed in the same distance (4 cm) is longer, and
the time of half and the entire distance was 60 s and 140 s
respectively. By analyzing the morphology shown in Fig.
1, the NC21 membrane contains a large number of fibers
with relatively low porosity and dense fiber accumulation,
which requires more time for the solution to flow through.
We assume that the flow rate is closely related to the
morphology and structure of the membrane. This means
that the fibrous membrane has a higher bulk density, and
then produces a slower flow rate, which requires more
flow time. As far as the flowing rate was concerned, the
slower the liquid flowing through the membrane, the lon-
ger the bio-recognition occurs, and the more reactions of
the antigen and the antibody would have. Therefore, ENC
membranes with slower flowing rates are preferable for
the assembly of ICT strips.
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Fig. 5 The sensitivity test of ICT strips based on the NC21 membranes for different concentrations of HCG (a); OD value of the T-line in the ICT test

strip (b)
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Fig. 6 Correlation between the concentration of HCG and its image
optical density on T-line

The protein load capacity of NC membranes

FITC-BSA was used to qualitatively observe the protein ab-
sorption effect visibly on the surface of membranes, and then
to test the fluorescence intensities by using laser confocal
fluorescence microscopy. Figure 3a—g present the fluores-
cence microscopy images of ENC and CNC membranes,
which show plenty of green fluorescence signals on the mem-
branes. The fluorescence images of NC21 and NC31 show the
brightest vision, and the fluorescence intensity was more than
60 a.u (Fig. 3h). Other membranes show pretty high intensi-
ties, exceeding 40 a.u, higher than the CNC membrane which
is only closed to 35 a.u.

The Lowry method was used to quantitatively measure
the protein load capacity of NC membranes utilizing the
standard curve of BSA showing a downward trend linear
relationship between protein content and absorbance (Fig.
S1, Electronic Supporting Material). The standard equa-
tion was obtained to be ¥=0.86159 +0.0043 X (R* =
0.994). According to the results of BSA protein adsorbed

to NC membranes (Table S1, Electronic Supporting
Material), the adsorption rate of ENC21 was calculated
to be 17.02%, while the CNC was only 5.04%.

The results showed that the prepared ENC membranes
have higher protein capacity and good protein adsorption per-
formance, which provided great convenience for the immuno-
assay of ICT strip.

Optimization of the test strip

The results show that the intensities of C-line on the ENC
membranes were different, as shown in Fig. 4. Red C-
lines of NC21, NC26, NC31, and NC36 can be observed
by naked-eyes, indicating the strips are valid. Taking the
intensity and line shape of the C-line, and background
color of the NC membranes into consideration, the line
shape of NC36 and NC26 is incomplete, and the back-
ground color is obvious, which is not conducive to distin-
guish the effectiveness of bands.

The line shape of the NC36 and NC26 is not intact and
the background color is obvious. The C-line of the NC31
strip is wider but the line shape is not regular; therefore,
NC26, NC31, and NC36 strips are not suitable for assem-
bling ICT strips. While the C-line of NC21 shows high
intensity, no background color and regular shape. Taking
the parameters of the flowing rate, protein capacity, the
fluorescence intensity, and the test validity into consider-
ation, the NC21 membrane was chosen as the most suit-
able membrane to develop ICT strips.

Test performance for HCG detection

Determination of the sensitivity of HCG

Figure 5a represents the sensitivity results of the test strip after
HCG detection, and the minimum detection limit can be de-

termined by observing the changes of optical signals on T-line
and C-line. The T-line could not be seen when the

Table 1 An overview of recently

reported nanomaterial-based opti- Materials used Method applied Specificity LODs? References

cal methods for HCG
QD LFAs HCG 16 Lietal. 2018 [34]
AuNPs LFA HCG 2.8 Qu et al. 2020 [35]
CNTs Electrochemical HCG 54 Viet et al., 2019 [36]
LS nanophosphors LFA HCG 1° Danthanarayana et al. 2019 [37]
Magnet Novel immunoassay HCG 0.19 Chen et al. 2019 [38]
MnO, Enzyme-catalyzed HCG 0.36 Zhang et al. 2019 [39]
AuNFs? ICAs HCG 9 Zhang et al. 2019 [40]
Oligopeptide Liquid crystals HCG 1° Ding et al. 2013 [41]
AuNPs ICT HCG 10 This work

! Luminescent; 2 gold nanospheres; 3 mlIU/mL; 4 pg/mL; 5 ng/mL; $1U/mL
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Fig. 7 The specificity test of ICT strips based on NC21 membrane for different antigens (a) and OD value of T-line in the ICT test strip (b)

concentration was 5 mIU mL™'. With the increase of HCG
concentration, the color of the T-line is gradually increased.
When the concentration was 25 mIU mL ", a clear T-line
could be seen by naked eyes on the strip. The results show
that the NC21 membrane has the potential to develop an ICT
strip for HCG detection.

To further examine the sensitivity of the strip, we tested the
optical density (OD) of the T-line with different concentra-
tions of HCG. As shown in Fig. 5b, when the concentration
is 5 mIU mL ™", there is almost no OD signal. However, as the
concentration of HCG increased to 25 mIU mL™!, the OD
increased dramatically indication, and further increase of the
HCG concentration increased the OD gradually, which means
HCG can be detected at 25 mIU mL . Such result makes the
test strip possible to be used in real applications.

Real fresh urine sample test from a pregnant woman
showed that the T-line of the NC21 strip showed clear positive
result as that of the commercial pregnancy test strip (Fig. S2,
Electronic Supporting Material). Although dilution of the
urine made the color of the T-line of the NC21 strip gradually
lighter, it showed positive results for a dilution of 5% urine
sample, indicating the feasibility of the ENC membrane strip
to detect real urine samples. However, further investigation of
the ENC strip needs to be done to improve the sharpness and
visibility of the T-line for positive detection.

Linear range and detection limit

Figure 6 shows that the proposed method exhibited indepen-
dent linear correlations in the quantitative detection of HCG
and the optical density value corresponding to the image in-
creased with the concentration of HCG. The corresponding
regression equations is expressed as followsq (R =0.9802).
It can be seen that when the concentration of HCG is 5—
1000 mIU mL™", the optical density of the image is linear with
the concentration, and the LOD is 10 mIU mL .

Table 1 shows an overview of the recently reported LOD
values of the HCG optical method based on nanomaterials.
The LOD of ENC-based strips for HCG is almost 2.5 times
than that of commercially available pregnancy test strips
(Table 1). A comparison of the recently reported methods
for HCG detection with this research in Table 1 shows this
method has advantages in fast detection, flexibility, high sen-
sitivity, and versatility.

Specificity analysis

Besides sensitivity, the specificity evaluation of the strip is
also an important parameter. Figure 7a shows the specificity
result for HCG. It was found that no coloration occurred in the
T-line, suggesting that no nonspecific binding existed and

Table2 Comparison of the analytical results for HCG among different methods

Techniques Modifiers Advantage Disadvantage POC’ ornot  References

Immunosensor ZnO Intense PL? Instrumental assistance ~ No Rodrigues et al. 2020 [42]

Microfluidics immunoassay ~ Particle Reduced reagent and time ~ Instrumental assistance ~ No Piao et al. 2019 [43]

Photothermal immunoassay PB! Photothermal conversion Instrumental assistance ~ No Hong et al. 2019 [44]

Microfiber Fiber Sensitive to temperature Instrumental assistance ~ No Chen et al. 2019 [45]

sensor

Aptasensor GO High-affinity material Instrumental assistance ~ No Chiu et al. 2019 [46]

Screen-printed sensor Electrodes Unique electrochemical Instrumental No Samar et al. 2019 [47]
behavior assistance

Liquid crystals Oligopeptide ~ No antibody and label Instrumental assistance ~ No Ding et al. 2013 [41]

ICT AuNPs Controllable preparation LOD needs to improve  Yes This work

of NC membrane

! Prussian blue; % Photoluminescence; > Point of care
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thus the assay was indeed specific, indicating that utilizing the
electrospun membrane is feasible to achieve high sensitivity
of the strip. In order to further test the specificity, we detected
the OD values of different T-lines (Fig. 7b). The results show
that there is a significant difference between the OD value of
the T-line of HCG, LH, and FSH. Only HCG has a strong OD
signal, which indicates that the ICT strip has good specificity
for the detection of HCG.

Besides, the advantages and disadvantages of using
different methods to detect HCG are summarized in
Table 2. It can be seen that different methods to detect
HCG have their advantages, but the disadvantages are
almost similar. When these novel methods or novel
nanomaterials are used to detect HCG, it is necessary to
have instrument assistance to obtain the results.
Instrument assistance usually gets higher sensitivity, how-
ever, which is not immediate and real-time response. As
for this method, the membrane is adjustable and control-
lable for the test strips; however, the LOD still needs to
improve.

Conclusion

An ENC-based ICT strip has been successfully constructed
realizing HCG detection with high sensitivity and specificity.
By electrospinning, the membrane displays a higher specific
surface area, lower flow rate, and higher protein loading ca-
pacity, which are helpful to overcome the defects of the tradi-
tional NC membrane. It is important to note that the availabil-
ity of the ICT strip was improved by the electrospinning meth-
od, paving the way for the application of ENC in point-of-care
testing fields. Based on this work, novel label nanomaterials
could be integrated into ENC-based ICT strips to further in-
crease the sensitivity to a greater extent. On the other hand,
further work needs to be done to realize the sensitive and
universal detection of other analytes in ENC-based ICT strips.
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