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Abstract Nitrocellulose (NC) membrane was fabri-
cated and tested for its potential use in various paper-
based biosensors for use in point-of-care testing. 
However, contemporary technologies are complex, 
expensive, non-scalable, limited by conditions, and 
beset with potentially adverse effects on the environ-
ment. Herein, we proposed a simple, cost-effective, 
scalable technology to prepare nitrocellulose/cotton 
fiber (NC/CF) composite membranes. The NC/CF 
composite membranes with a diameter of 20 cm were 
fabricated in 15 min using papermaking technology, 
which contributes to scalability in the large-scale pro-
duction of these composites. Compared with exist-
ing commercial NC membranes, the NC/CF com-
posite membrane is characterized by small pore size 
(3.59 ± 0.19 μm), low flow rate (156 ± 55  s/40 mm), 
high dry strength (up to 4.04 MPa), and wet strength 

(up to 0.13 MPa), adjustable hydrophilic-hydrophobic 
(contact angles ranged from 29 ± 4.6 to 82.8 ± 2.4°), 
the good adsorption capacity of protein (up to 
91.92 ± 0.07  μg). After lateral flow assays (LFAs) 
detection, the limit of detection is 1  nM, which is 
similar to commercial NC membrane (Sartorius CN 
140). We envision the NC/CF composite membrane 
as a promising material for paper-based biosensors of 
point-of-care testing applications.
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Introduction

Green/sustainable cellulose paper-based biosensors 
have received considerable interest in  vitro diag-
nostics in resource-limited settings due to its cost-
effective, simple to operate, portable, and rapid as 
compared to these high-cost and long analysis time 
traditional methods (e.g., quantitative real-time poly-
merase chain reaction, enzyme-linked immunosorb-
ent assays) (Liu et al. 2021b; Xiao et al. 2022). The 
paper-based biosensors have been extensively used 
for rapid tests supporting public health, environmen-
tal monitoring, and food safety monitoring (Fan et al. 
2020; Modha et al. 2021; Noviana et al. 2021). Diag-
nostic biosensors have been developed in response to 
the COVID-19 pandemic (Tang et al. 2021), circula-
tion of Salmonella typhimurium, Escherichia coli 
O157:H7 (Zheng et  al. 2021) and alpha-fetoprotein, 
and carcinoembryonic antigen (Lin et  al. 2022). 
Lateral flow assays (LFAs) (Ince et  al. 2022; Sena-
Torralba et  al. 2022), vertical flow assays (VFAs) 
(Bhardwaj et  al. 2019; Chen et  al. 2020), ELISAs 
(Charernchai et  al. 2022; Dignan et  al. 2021), cell-
based biosensors (Liu et  al. 2021a), and wearable 
sensors (Gao et  al. 2019a) are popular biosensors at 
point-of-care testing (POCT). Due to their high capa-
bility of binding proteins, hydrophilicity, and flex-
ibility, nitrocellulose (NC) membranes as a porous 
substrate play an important role in developing paper-
based biosensors (Tang et al. 2022b).

Several technologies have been developed to pre-
pare NC membranes, including phase inversion 
(Khamis et  al. 2020), electrospinning (Wang et  al. 
2020), and spin coating (Horstmann et  al. 2020). 
Phase conversion technology requires complex post-
treatment operation after casting nitrocellulose solu-
tion onto glass plates to NC membrane with high 
porosity and tunable pore size, requiring 17 h (Ahmad 
et  al. 2008; Khamis et  al. 2020; Tang et  al. 2019b). 
Electrospinning technology relying on a strong elec-
tric field is limited by relatively poor yields and costs 
of equipment, needing 36  h (B. Naderizadeh et  al. 
2012; Luo et al. 2012; Wang et al. 2020). Spin coat-
ing technology utilizes centrifugal forces to disperse 
polymer solution on a flat polyester film substratum 
to reproducibly prepare NC membranes of uniform 
structure, requiring 13.5  h (Wang et  al. 2022b; Yin 
et  al. 2010). In contrast, this technology only uses 
a small and flat substrate and uses large amounts of 

solution during operation, which makes it unsuitable 
for large-scale manufacture. Besides that, these tech-
nologies all still need toxic solvents to dissolve nitro-
cellulose and are time-consuming (> 12 h) to dissolve, 
defoam, and dry. Additionally, these NC membranes 
fabricated by the above technologies often used plas-
tic substrate (e.g., Commercial polyester transparent 
film (Pawar et al. 2019)) to improve their mechanical 
strength for achieving paper-based biosensor detec-
tion. Thus, these technologies are complex, expen-
sive, limited by their specific conditions and not ame-
nable for large-scale production, and are unfriendly 
environments. Therefore, there is a demand for a 
simple, cost-effective technology that can be used on 
a large scale to prepare NC membranes that are uni-
form and provide good performance.

Traditional papermaking technology is simple, 
low-cost, and can prepare large volumes of various 
films (Cao et al. 2021; Huang et al. 2021; Liao et al. 
2022), and offers an opportunity to develop sim-
ple, cost-effective, large-scale, methods to prepare 
high-performance composite paper-based materi-
als. Cellulose/phenol–formaldehyde resin composite 
film with strong mechanical properties of 140  MPa 
tensile strength, excellent robustness, and broad-
band light management (high transparency (~ 86%), 
optical haze (~ 90%) and excellent anti-ultraviolet 
performance) has been fabricated (Sun et  al. 2021). 
Aramid nanofibers/polyphenylene sulfide composite 
membranes with excellent thermal stability, flame-
retardancy, better interfacial compatibility, and ion 
conductivity (1.43 mS  cm−1) have been prepared and 
used as separators in lithium-ion batteries (Zhu et al. 
2019). Recently, carbon fiber/graphene oxide/cellu-
lose composite paper electrodes with well-controlled 
structure, flexibility, stability, and repeatability have 
been developed for phenol electrochemical detection 
(Wang et  al. 2022a). Based on the above analysis, 
papermaking technology is suitable for the scalable 
production of composite materials. In addition, cot-
ton fiber has been used to mix with other materials 
to fabricate composite material with high mechanical 
strength (Seki et al. 2022). However, the application 
of papermaking technology for nitrocellulose/cotton 
fiber (NC/CF) composite membranes preparation of 
paper-based biosensors has been rare.

Here, we proposed a simple, low-cost, effec-
tive, and large-scale papermaking technology to 
prepare NC/CF composite membranes. This NC/
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CF composite membrane was fabricated by NC and 
CF. Next, its physical properties, including porous 
structure, hydrophilicity, flow rate, and mechani-
cal strength, and chemical properties, including sur-
face elements, functional groups, crystal structure, 
and protein adsorption capacity, were characterized. 
Finally, human immunodeficiency virus (HIV) and 
LFAs were utilized to validate the performance.

Experimental section

Chemicals and materials

Cotton pulp was acquired from Hubei Jinhuan New 
Material Technology Co., Ltd. (Hubei, China). 
Nitrocellulose (NC) of H 1/2 type with 11.5–12.2% 
nitrogen content was supplied by Hengshui Heshuo 
Cellulose Co., Ltd. (Hebei, China). HIV probe (HIV 
capture probe, HIV control probe, and HIV detec-
tion probe), target DNA, and 20 × SSC buffer was 
obtained from Sangon Biotech Co., Ltd. (Shang-
hai, China). Streptavidin was purchased from Pro-
mega Corporation (USA). Sodium phosphate triba-
sic  (Na3PO4·H2O), sodium dodecyl sulfate (SDS), 
sodium chloride (NaCl), and sugar were obtained 
from Damao Chemical Reagent Factory (Tian-
jin, China). Phosphate buffer saline (PBS), albu-
min bovine (full component), and 5 × Coomassie 

brilliant blue G-250 solution were obtained from 
Solarbio Co., Ltd. (Beijing, China). Commercial 
NC (CNC) membrane (Sartorius CN 140), absor-
bent pad, conjugation pad, sample pad, and back-
ing pad were bought from Jiening Biotech Co., 
Ltd. (Shanghai, China). All chemical reagents were 
of analytical purity.

Preparation of NC/CF composite membrane

NC/CF composite membranes with 80  g/m2 basis 
weight were fabricated by the papermaking process 
(Fig. 1). First, various ratios of NC and CF (1:9, 1:1, 
and 9:1) were mixed and dispersed by a standard 
slurry dispenser, then, the mixed solutions were trans-
ferred to the paper former. Next, all mixed solutions 
were filtrated under vacuum to fabricate different wet 
NC/CF composite membranes. Finally, these wet NC/
CF composite membranes were dried to generate var-
ious NC/CF composite membranes with a diameter 
of 20 cm, which were named 10% NC/CF composite 
membranes, 50% NC/CF composite membranes, and 
90% NC/CF composite membranes, respectively.

Fig. 1  Schematic of the 
preparation process of NC/
CF composite membrane 
by papermaking technology 
and its application for HIV 
LFAs
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Characterizations of physicochemical properties of 
the NC/CF composite membranes

The thickness of these NC/CF composite membranes 
was measured by the digital thickness gauge (Xinyuan 
Hengtong Household Products Co., Ltd., China), and 
the basis weight and tightness of these NC/CF com-
posite membranes were calculated according to pre-
viously reported literature (Tang et al. 2022a). Scan-
ning electron microscopy (SEM) (VEGA-3-SBH, 
TESCAN, Czech Republic) was used to observe the 
front and cross-sectional morphologies of different 
NC/CF composite membranes after being coated with 
gold, and then the pore size and porosity of these NC/
CF composite membranes were evaluated by mer-
cury porosimeter (Auto Pore IV 9500, Micromeritics, 
USA). Flow rates of NC/CF composite membranes 
were detected according to the reported literature with 
slight modification (Ahmad et al. 2007). The detailed 
process was as follows: these NC/CF composite 
membranes were cut into strips with 15 mm × 40 mm 
(width × length), the strip was immersed in deionized 
water and the time was measured from start point to 
end point in the vertical direction. Finally, the flow 
rate was calculated by the length/the time. The dry 
tensile strength and wet tensile strength (immers-
ing the sample in water for 20 min) of these NC/CF 
composite membranes were measured by Servo mate-
rial multifunctional high and low-temperature con-
trol testing machine (AI-7000-NGD, Goodtechwill, 
China) according to the reported literature with slight 
modification (Liu et al. 2023). In detail, these NC/CF 
composite membranes were cut into 40 mm × 10 mm 
(length × width), and the tensile speed of samples 
was 1 mm/min. Meanwhile, NC/CF composite mem-
branes were first cut into circles with a diameter of 
6  mm by punching and then immersed in deionized 
water for 0 min or 20 min. Changes in the shape of 
these NC/CF composite membranes were observed 
by images with the smartphone (Huawei nova 6). The 
hydrophilicity of these NC/CF composite membranes 
were evaluated by dynamic absorption contact angle 
(DAT1100, Fibro, Sweden).

Surface elements, surface functional groups, 
and crystal structures of different NC/CF compos-
ite membranes were measured by energy-dispersive 
x-ray spectroscopy (EDS) (VEGA-3-SBH, TES-
CAN, Czech Republic), Fourier transform infrared 
(FT-IR) (Vertex 70, Netzsch, Germany) and X-ray 

diffractometer (XRD) (Bruker, D8 Advance, Ger-
many). For EDS, the elemental species and content 
of these NC/CF composite membrane surfaces at 
1000 × were obtained using the face scan mode. For 
FT-IR, these NC/CF composite membranes were cut 
into small pieces and mixed with dried potassium 
bromide (KBr) powder, and the mixture was then 
pressed into tablets. Transmission mode measure-
ments were carried out at a resolution of 4  cm−1 over 
the spectral range of 500 to 4000  cm−1. For XRD, NC 
fiber or the mixture of NC fiber and CF fiber were 
placed uniformly and flatly on the sample table, the 
scanning speed was 6°/min, the scanning step was 
0.02° and the scanning range was 5 to 60°. Capac-
ity to absorb the protein of these NC/CF composite 
membranes was measured according to the reported 
literature with slight modification (Sun et  al. 2007; 
Tang et al. 2020). BSA was chosen as a model of pro-
tein adsorption. First, NC/CF composite membrane 
was cut into 1 cm × 1 cm. Next, six sheets of NC/CF 
composite membrane were incubated and shaken in 
2 mL of BSA solution with 1 mg/mL for 3 h at room 
temperature. After adsorption, the optical densities 
of residual BSA solutions were measured by a multi-
functional microplate reader (Thermo Scientific, Ger-
many) at 595 nm according to the Bradford method. 
The concentration of BSA was calculated according 
to the standard curve. Then, the volumes of residual 
BSA solutions were examined by pipette. Finally, the 
adsorption capacity of BSA on these NC/CF compos-
ite membranes was calculated by the equation (The 
adsorption capacity of protein = Initial concentration 
of BSA × initial volume -Residual concentration of 
BSA × residual volume.

LFAs detection

Gold nanoparticles (AuNPs) with a diameter of 13 nm 
were prepared as previously described (Hu et  al. 
2013). HIV as the model target, these sequences of 
the control probe, capture probe, and detection probe 
were synthesized according to the reported literature 
(Tang et  al. 2016). First, the sample pad, conjuga-
tion pad, NC/CF composite membrane, and absorbent 
pad were assembled sequentially on the backing pad. 
Then, it was cut into LFAs strips of width and length 
of 4 and 60 mm, respectively using a ZQ2000 rapid 
test cutter. Then, the control probe and capture probe 
were added to the NC/CF composite membrane, and 
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gold nanoparticles modification with the detection 
probe were added on the conjugation pad, respec-
tively. Next, it was dried in the oven at 37  °C for 
2  h. 100 μL of different concentrations of HIV tar-
get (50  nM, 25  nM, 10  nM, 5  nM, 2.5  nM, 1  nM, 
0.5 nM, 0.25 nM, and 0 nM) were detected. Finally, 
the images were collected by Huawei nova 6, and the 
optical density was measured by IPP6.0 software. All 
experiments were repeated with three replicates.

Results and discussion

To address limitations associated with existing NC 
membranes, a simple, low-cost, large-scalable (opera-
tion time: 15 min), and high-performance papermak-
ing technology was developed to prepare NC/CF 
composite membrane (Fig. 1). The basic physical and 
chemical properties of the NC/CF composite mem-
brane including porous structure, hydrophilicity, flow 
rate, mechanical strength, surface elements, func-
tional groups, crystal structure, and protein adsorp-
tion capacity were firstly investigated. Then, we chose 
LFAs as a paper-based POCT platform to demon-
strate its application performance.

Physicochemical properties of NC/CF composite 
membrane

To understand the physical properties of pure CF 
membranes and NC/CF composite membranes, the 
thickness, basis weight, and tightness of these materi-
als were measured (Table 1). The thickness of these 
materials was pure CF membrane < 10% NC/CF 
composite membrane < 50% NC/CF composite mem-
brane < 90% NC/CF composite membrane because 
the binding ability of hydroxyl groups between the 
fibers was inversely proportional to the content of 
NC. The basis weight and tightness of these materi-
als was pure CF membrane > 10% NC/CF composite 
membrane > 50% NC/CF composite membrane > 90% 

NC/CF composite membrane because the binding 
ability of hydroxyl groups between the fibers was 
inversely proportional to the content of NC. All these 
results are well supported by the introduction of cot-
ton fiber to improve the binding ability of NC fibers. 
Based on the above analysis, morphologies of these 
NC/CF composite membranes containing various 
contents of NC were characterized. The morpholo-
gies indicated that cellulose fiber and NC fiber inter-
twined to form their porous structure (Fig. 2A). The 
result of the front section indicated that the pore size 
of these pure CF membranes and NC/CF composite 
membranes with different NC contents was 90% NC/
CF composite membrane (5.96 ± 1.15 μm) > 50% NC/
CF composite membrane (5.41 ± 1.07 μm) > 10% NC/
CF composite membrane (3.59 ± 0.19  μm) > pure 
CF membrane (2.35 ± 0.22  μm) (Fig.  2A  (a1,  a2,  a3, 
 a4)). These results indicated that the pore size of 10% 
NC/CF composite was smallest in the NC/CF com-
posite membranes (Fig.  2B) since the cotton fiber 
of 10% NC/CF composite membrane was higher 
than other NC/CF composite membranes, and more 
hydroxyl groups enhanced the bonding between fib-
ers. The result that the porosity of the NC/CF com-
posite membrane was increased from 77.74 ± 0.008% 
(pure CF membrane) to 87.54 ± 0.43% (90% NC/
CF composite membrane) (Fig.  2B), indicating that 
the adsorption capability of water of the NC/CF 
composite membrane increased with the increase of 
porosity. The result of the cross-section showed that 
the thickness of these NC/CF composite membranes 
was similar to the trend of the above thickness meas-
urements (Fig. 2A  (b1,  b2,  b3,  b4)). In addition, flow 
rates of these NC/CF composite membranes were 
also investigated (Fig. 2C). Flow rates through these 
NC/CF composite membranes is 50% NC/CF com-
posite membrane (68.33 ± 21.22  s/40  mm) > 90% 
NC/CF composite membrane 
(146.67 ± 35.12  s/40  mm) > 10% NC/CF composite 
membrane (156.33 ± 55.82 s/40 mm) > pure CF mem-
brane (231 ± 29.20  s/40  mm), which demonstrated 

Table 1  The basic physical 
properties of pure CF 
membranes and NC/CF 
composite membranes

Sample Thickness (mm) Basis weight (g/m2) Tightness (g/cm3)

CF membrane 0.22 ± 0.02 78.13 ± 0.07 0.35 ± 0.004
10% NC/CF composite membranes 0.23 ± 0.03 77.81 ± 0.06 0.33 ± 0.002
50% NC/CF composite membranes 0.25 ± 0.02 74.34 ± 0.06 0.30 ± 0.004
90% NC/CF composite membranes 0.26 ± 0.04 72.66 ± 0.09 0.27 ± 0.002
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that the flow rate of 10% NC/CF composite mem-
brane was slowest in the NC/CF composite mem-
branes. Larger flow resistance in the NC/CF compos-
ite membrane is due to the smaller pore size of 10% 
NC/CF composite membrane (Low et al. 2013).

Pure CF membranes had higher dry tensile strength 
(~ 5.09  MPa) and wet tensile strength (~ 0.14  MPa) 
as compared to these NC/CF composite membranes, 
because the surface of cotton fiber has abundant 
hydroxyl groups that increase the bonding between 
cotton fiber. In these NC/CF composite membranes, 
the dry tensile strength of 10% NC/CF compos-
ite membrane was greatest (~ 4.04  MPa), while that 
of 90% NC/CF composite membrane was the least 
(~ 0.062  MPa) (Fig.  3A). The wet tensile strength 
of 10% NC/CF composite membrane was greatest 
(~ 0.13  MPa), while that of 90% NC/CF composite 

membrane was the least (~ 0.015  MPa) (Fig.  3B). 
It demonstrated that the introduction of CF could 
enhance the mechanical strength of NC/CF compos-
ite membrane because the pure NC fiber could not be 
fabricated membrane by the papermaking technol-
ogy. Additionally, the ability of NC/CF membranes 
to bind hydrogen was inversely proportional to NC 
content with/without immersion in deionized water. 
Considering the practical application of the NC/CF 
composite membrane, the shape changes of the NC/
CF composite membrane were further investigated 
through immersion in water after 20 min. Compared 
to other NC/CF composite membranes, the edge of 
90% NC/CF composite membrane was partially dam-
aged (Fig. 3C), which indicated the hydrogen bonds 
between these fibers are broken after immersion in 
water. Additionally, the hydrophilic-hydrophobic 

Fig. 2  The physical properties of these pure CF membranes 
and NC/CF composite membranes. A The morphology of 
these pure CF membranes and NC/CF composite membranes, 
including front section a and cross section b. B The pore size, 

porosity of these pure CF membranes and NC/CF composite 
membranes. C The flow rate of these pure CF membranes and 
NC/CF composite membranes
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property was shown, the result that the contact angle 
of the NC/CF composite membranes was increased 
from 25.3 ± 3.3 (pure CF membrane) to 82.8 ± 2.4 
° (90% NC/CF composite membrane) (Fig.  3D). 
Hydrophilicity of these NC/CF composite membranes 
was inversely proportional to NC content.

NC/CF composite membranes with different NC 
contents were successfully prepared by the pro-
posed/developed papermaking technology. The sur-
face of pure CF membranes contained C and O ele-
ments. The surface of NC/CF composite membranes 
contained C, O, and N elements, and the content of 
N of the NC/CF composite membrane was posi-
tively correlated with the amount of NC (Fig. 4A). 
From the FT-IR spectrum, the spectrum of NC/
CF composite membrane has all the absorption 

bands of NC fiber and CF, although some peaks 
of both structures are overlapping. The basic char-
acteristic peaks of NC/CF composite membrane at 
3600–3400   cm−1, 1636   cm−1, and 1273   cm−1, in 
correspondence to the stretching vibrations of O–H, 
the asymmetric and symmetrical stretching vibra-
tions of the –NO2, respectively, which agree with 
the structure of NC (Fig. 4B) (Fernández de la Ossa 
et  al. 2011). It is noted that the –NO2 functional 
group of the NC/CF composite membrane increased 
significantly with the increase of NC content, which 
contributes to enhancing the adsorption of biomol-
ecules of the NC/CF composite membrane because 
the strong dipole of the –NO2 functional group on 
the NC/CF composite membrane could interact the 

Fig. 3  The physical properties of these pure CF membranes 
and NC/CF composite membranes. A The dry tensile strength 
of these pure CF membranes and NC/CF composite mem-
branes. B The wet tensile strength of these pure CF membranes 

and NC/CF composite membranes. C The shape changes of 
these pure CF membranes and NC/CF composite membranes 
before and after immersion in water. D The contact angles of 
these pure CF membranes and NC/CF composite membranes
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high dipole of the peptide bonds on the protein sur-
face via electrostatic forces (Tang et al. 2019a).

Introducing CF can change the crystal structure 
of the NC/CF composite membrane. The main char-
acteristic diffraction peaks of the NC/CF composite 
membrane at 2θ = 14.8 °, 16.5 °, 22.8 ° and 34.4 ° 
(XRD patterns, Fig. 4C), in line with (1–10), (110), 
(200), (004) crystal planes of cellulose I structure, 
respectively. In comparison, at 2θ = 12.9°, XRD pat-
terns corresponded to one part of the NC crystalline 
domain (Sebe et  al. 2012; Trache et  al. 2016). Fur-
thermore, the characteristic diffraction peak of type 
cellulose I structure of the NC/CF composite mem-
brane was gradually weakened, and the signal inten-
sity of the NC crystalline domain was gradually 
increased with the increase of NC content and the 
decrease of CF.

Finally, the adsorption capacity of biomol-
ecules of material as a key parameter could 

affect the property of paper-based biosensors. 
Thus, the adsorption capacity of protein of pure 
CF membranes and NC/CF composite mem-
brane was also examined (Fig.  5). Capacities of 
these NC/CF composite membranes to absorb 
BSA was 10% NC/CF composite membrane 
(91.92 ± 0.07  μg) > 50% NC/CF composite mem-
brane (60.87 ± 0.1  μg) > 90% NC/CF composite 
membrane (56.21 ± 0.08  μg) > pure CF membranes 
(46.22 ± 0.05 μg) (Fig. 5B), indicating that the 10% 
NC/CF composite membrane has the greatest capac-
ity to absorb protein according to the standard curve 
of BSA (Fig. 5A). This is because the pore size of 
other NC/CF composite membranes was too large 
or too small for biomolecules adsorption (Hartmann 
et al. 2013). Based on the results of the characteri-
zation of the physiochemical properties of NC/CF 
composite membranes, the 10% NC/CF composite 
membrane as the optimal membrane was used for 
LFAs application.

Fig. 4  The chemical properties of these pure CF membranes and NC/CF composite membranes. The result of EDS images A, FT-IR 
spectrum B and XRD patterns C 
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Application of LFAs

To further verify the performance of NC/CF compos-
ite membrane in a paper-based biosensor, 10% NC/
CF composite membrane was used as the substrate 
was fabricated to LFAs strips (Fig.  6A). The result 
of HIV target detection illustrated that the detection 
limit of LFAs of NC/CF composite membrane was 
1  nM (Fig.  6B). To further compare the differences 

between 10% NC/CF composite membrane and exist-
ing commercially available membranes, CNC mem-
brane (Sartorius CN 140) was also used to fabricate 
LFA strips with a detection limit of 1 nM (Fig. 6C). 
That result verified that both sensitivities were con-
sistent. However, the optical densities of LFAs of 
10% NC/CF composite membrane with different sam-
ple concentrations were less than that of the CNC 
membrane (Fig.  6D). To analyze this phenomenon, 

Fig. 5  The adsorption 
capacity of protein of 
these pure CF membranes 
and NC/CF composite 
membranes. A The standard 
curve of BSA solution. B 
The adsorption capacity of 
protein of these pure CF 
membranes and NC/CF 
composite membranes

Fig. 6  HIV detection. A Schematic of LFAs strip. B The 
detection limit of 10% NC/CF composite membranes was 
1  nM. C The detection limit of CNC membrane was 1  nM. 

D The optical density of test line on 10% NC/CF composite 
membranes and CNC membranes
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the pore size of the CNC membrane and 10% NC/
CF composite membrane were compared. The size of 
pores of the CNC membrane (3.2 ± 0.85 μm) was less 
than that of the 10% NC/CF composite membrane 
(3.59 ± 0.19  μm), which indicated that the smaller 
pore size increased the interaction between biomol-
ecules and further improved the optical density of the 
CNC membrane test line (Yahaya et al. 2019).

Conclusions

In this study, papermaking technology was success-
fully applied to develop cost-effective technology and 
could be used to prepare larger-scale NC/CF compos-
ite membranes. Smaller pore size (3.59 ± 0.19  μm), 
lesser flow rate (156 ± 55 s/40 mm), good mechanical 
strength (dry tensile strength up to 4.04 MPa and wet 

tensile strength up to 0.13 MPa), greater hydrophilic-
ity (contact angle up to 29 ± 4.6°) and greater than 
the adsorption capacity of protein (91.92 ± 0.07  μg) 
as compared to existing commercial NC membrane 
(Table  2). For LFAs application, in addition, a 10% 
NC/CF composite membrane could achieve a similar 
sensitivity to the commercial membrane (Sartorius 
CN 140). Hence, we envision that our NC/CF com-
posite membrane has great potential for other paper-
based platforms.
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Table 2  Types and properties of some existing commercial NC membranes

NC mem-
brane type

Manufacturer Pore size Flow rate Dry tensile 
strength

Water 
contact 
angle

Protein adsorp-
tion capacity

References

Hybridiza-
tion NC 
Filter 
membrane

Millipore 0.45 µm – 0.18 ± 0.1 MPa – 21.32% Sathirapongsasuti 
et al.( 2021)

HF 18002 Millipore 1.08 µm 180 s/4 cm – 67° – Li et al. (2019)
HF 120 Millipore 17 ± 1 µm 42 s/2 cm – – – Alam et al. ( 2021)
HFB 18002 Millipore 5.46 µm 180 s/4 cm – 0° – Zhang et al. (2019)
HFC 13502 Millipore – 135 s/4 cm – – – Gao et al. ( 2019b)
HFB 18002 Millipore – 180 s/4 cm – – –
HFC 18002 Millipore – 180 s/4 cm – – –
Pall vivid 90 Pall 11.87 ± 1.95 µm 80–100 s/4 cm – – – Tang et al. (2020)
Sartorius CN 

95
Sartorius 5.8 ± 0.98 µm 96.9 s/4 cm – – – Tang et al. (2020)

Sartorius CN 
140

Sartorius 3.2 ± 0.85 µm 134.3 s/4 cm – – – Tang et al. (2020)

Pall vivid 
170

Pall 4.22 ± 0.85 µm 50–225 s/4 cm – – – Tang et al. (2020)

HFB 13500 Millipore – 135 s/4 cm – 0° – Yew et al. ( 2018)
Sartorius CN 

140
Sartorius – 60 s/4 cm – – 5.04% Wang et al. ( 2020)

commercial 
NC mem-
brane

Shanghai 
JieYi Bio-
technology

– 60 s/4 cm – 0° 5.3% Wang et al. (2021)

10% NC/CF 
composite 
membrane

This work 3.59 ± 0.19 µm 156 ± 55 s/4 cm 4.04 MPa 29 ± 4.6° 91.92 ± 0.07 μg 
(11.66%)

This work
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