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Abstract

Paper-based analytical devices (PADs) were developed as low-cost tools for detecting
chemical and biological compounds, commonly fabricated from cellulose derived from
plant biomass. Bamboo, a fast-growing and abundant plant with high cellulose content
(40–50%), was investigated as a substrate source. In this study, the selection of bamboo
was based on its rapid growth cycle and the abundance of parenchyma cells that facili-
tated nanofibrillation compared to cellulose fibers from softwood or hardwood. Cellulose
fibers were extracted from black bamboo (30 and 60 mesh) using mechanical and acid
hydrolysis methods. The mechanical method employed ultrasonication to obtain nanocel-
lulose, while the acid hydrolysis method used strong acids, i.e., H2SO4. The resulting
nanocellulose papers exhibited variations in contact angle, porosity, and transmittance that
directly affected their permeability and fluid flow behavior. The results indicated that the
mechanical method, which extracted nanocellulose from parenchyma cells, yielded more
consistent thermophysical and mechanical properties suitable for paper-based biosensors.
The fabricated nanocellulose papers were tested as PADs for colorimetric detection of
dopamine and hydrogen peroxide. Based on the literature comparison, their sensing perfor-
mance, including sensitivity, linearity, limit of detection (LOD), and limit of quantification
(LOQ), was comparable to other nanocellulose-based papers, indicating the potential of
bamboo-derived nanocellulose as a sustainable substrate for PADs.

Keywords: colorimetry; nanocellulose paper; mechanical; acid hydrolysis; PAD; dopamine;
hydrogen peroxide

1. Introduction
Paper-based analytical devices (PADs) have been developed as platforms for detecting

specific chemical or biological compounds. PADs are typically used for various applications,
including disease diagnosis, drug analysis, environmental monitoring, and food safety.
The advantages of PADs include cost-effectiveness, ease of fabrication, capillary action
principles, eco-friendliness, user-friendliness, and the requirement for only small sample
volumes [1]. The use of paper as an analytical detection medium allows for the microporous
structure of cellulose to serve as a channel where reagents react with samples to produce
color, fluorescence, or electrochemical gradients. Quantification can also be performed
to detect the concentration of analytes within the sample [2]. PADs create hydrophobic
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zones to restrict fluid flow within the channels and hydrophilic zones to facilitate fluid
movement [3].

Various methods exist for creating hydrophobic and hydrophilic zones in PADs,
including wax printing [4], photolithography [3], and laserjet printing [5]. The operation of
PADs is based on the interaction between the analyte and the reagent, leading to observable
changes in physical–chemical properties, one of which is a color change [6]. This color
change can be analyzed using colorimetric methods. Typically, this method utilizes simple
optical technologies, such as digital cameras, smartphone cameras, or scanners, combined
with image processing software to measure color, hue, and intensity. The quantification
results of the color change, represented as intensities in RGB, Grayscale, or HSV color
spaces, allow for the creation of calibration curves to determine the concentration of the
analyte in the sample [7]. The advantages of this colorimetric method include high accuracy,
ease of implementation, rapid detection, high sensitivity, and stability, as well as the ability
to obtain readings that can be viewed directly or further analyzed with the aid of simple
devices [8]. In most colorimetric paper-based biosensors, biopolymer cellulose materials,
such as filter paper, chromatography paper, or blotting paper substrate [9], are used. These
cellulose-based papers require certain physicochemical, optical, and mechanical properties
depending on the sensing techniques utilized for analytical means.

The analytical performance of PADs is closely related to the physicochemical character-
istics of the substrate. Parameters such as contact angle, porosity, and optical transmittance
determine how fluids migrate through microchannels and how colorimetric reactions de-
velop on the surface. A lower contact angle reflects higher hydrophilicity, enabling efficient
capillary flow and uniform distribution of reagents, whereas excessive wetting may cause
uncontrolled spreading and poor color resolution [10]. Porosity and pore size influence
permeability and sample absorption rates, affecting the detection limit and repeatability
of the assay [11–13]. Likewise, optical transmittance impacts light scattering within the
cellulose network, where moderate transparency enhances color contrast and measurement
accuracy [12]. Optimizing these interrelated parameters is therefore critical for achieving
reproducible and sensitive PAD responses [14].

To enhance its surface area, mechanical strength, and functionalization capacity, im-
proving the sensitivity of colorimetric detection in PADs, it is common to modify the
cellulose into a nanostructure, i.e., nanocellulose with crystallite size ranging from 1 to
100 nm. Nanocellulose has been recognized to show excellent mechanical properties, flex-
ibility, transparency, and biodegradability [15]. Extraction nanocellulose can be derived
from biomass, e.g., plants, certain marine animals, and microorganisms [16], and typically
utilized mechanical, chemical, and biological methods. Mechanical methods include ultra-
sonic treatment, homogenization, grinding, or cryo-crushing, while the chemical method
degrades cellulose using strong acid solutions. The biological method decomposes cellulose
into nanocellulose with the assistance of enzymes or microorganisms [17]. The utilization
of plant biomass as a nanocellulose source has emerged recently since it is renewable and
biodegradable, making it suitable for sustainable material development. Among them,
bamboo has gained increasing attention due to its abundance and eco-friendly nature.

Bamboo is a commonly used source of cellulose fibers due to its rapid growth cycle
and abundant availability in tropical climate regions. Bamboo-derived nanocellulose also
presents distinct advantages compared with cellulose obtained from softwood or hardwood.
It possesses abundant parenchyma cells with thin walls and high cellulose accessibility,
which facilitate nanofibrillation more effectively than the dense fibers in wood [18]. Its short
maturation period (3–5 years) supports rapid and sustainable production cycles [19,20], while
its cellulose fraction (40–50%) and relatively low lignin content improve the efficiency of
extraction [21,22]. Bamboo has high porosity, tensile strength, transparency, and permeability

https://doi.org/10.3390/polysaccharides7010014

https://doi.org/10.3390/polysaccharides7010014


Polysaccharides 2026, 7, 14 3 of 19

due to many well-arranged vertical channels within the material [23]. Previous research has
focused on the characterization of nanocellulose paper for PADs using two types of bamboo,
i.e., black bamboo with a cellulose content of 43.27%, and Apus bamboo at 42.45% [24]. The
results indicated that black bamboo paper exhibited the highest cellulose content. Furthermore,
nanocellulose obtained from bamboo exhibits favorable mechanical strength, high porosity,
and stable thermal behavior, making it suitable for biosensor substrates [24–27]. These unique
physicochemical properties allow bamboo to be modified into low-cost materials and show
considerable potential for colorimetry detection.

In this work, we further explore the tunability of nanocellulose paper derived from
black bamboo. In particular, nanocellulose extraction methods were varied using mechani-
cal and acid hydrolysis for fabricating nanocellulose paper with different meshed sizes and
nanocellulose concentrations. Physicochemical, optical, thermal, and mechanical properties
were probed to determine the optimal nanocellulose paper composition. Previous studies
on bamboo nanocellulose mainly focused on structural applications, such as mechanical
reinforcement [18] or food packaging [21]. However, none have explored its potential as
a substrate for colorimetric detection. Finally, the performance of black bamboo derived
nanocellulose paper will be compared to that of commercially available nanocellulose
paper for colorimetric detection of chemical substances using dopamine and H2O2.

2. Materials and Methods
2.1. Fabrication of Nanocellulose Paper Using Mechanical Method

Extraction of cellulose using a mechanical method stems from the cellulose con-
tained in bamboo parenchyma cells. Parenchyma cells were obtained from black bamboo
(Gigantochloa atroviolacea). The inner part of the bamboo was cut, shredded, and sieved to
obtain bamboo particles sized between 30 and 60 mesh. The fine bamboo particles were
soaked in distilled water to facilitate the separation of parenchyma cells from fibers. The
parenchyma cells were then immersed in a NaClO2 and citric acid (CTA) mixture (20:1, v/v)
for 1 h at 75 ◦C aiming to remove lignin. Subsequently, the separated parenchyma cells
were washed with distilled water six times to ensure that the parenchyma cells contained
holocellulose fibers. Afterward, the parenchyma cells were immersed in 2 wt% KOH for
2 h at 90 ◦C to eliminate hemicellulose. The treated cells were again soaked into a mixture
of NaClO2 and CTA for 1 h at 75 ◦C, followed by immersion in 5 wt% KOH for 2 h at 90 ◦C.
The parenchyma cells were neutralized using 1 wt% HCl, for 2 h at 80 ◦C, and washed with
distilled water. Before the paper fabrication process, the parenchyma cells were soaked in
water to prevent the regeneration of hydrogen bonds amongst the cellulose suspension.

Nanocellulose paper fabrication was prepared using nanocellulose suspensions at
concentrations of 2.5%, 5%, and 10% in distilled water and stirred for 10 min at 1000 rpm.
The suspensions were then ultrasonicated using an ultrasonic generator for 50 min at a
frequency of 40 kHz and followed by stirring for 1 h at 1000 rpm. The suspensions were
poured into 60 × 15 mm polystyrene Petri dishes and dried in an oven for 16–20 h at 50 ◦C
until all solvents were evaporated. The resulting paper was stored at room temperature
(25 ◦C) with 60% relative humidity [21].

The mechanical route was conducted through chemical pretreatments with NaClO2

for delignification and KOH for hemicellulose removal. No strong acid was employed
in this process. The term mechanical denoted that nanofibrillation was primarily driven
by ultrasonic energy, whereas the chemical pretreatments were intended only for fiber
purification. Six variations of nanocellulose paper were fabricated, including 30 mesh with
2.5% concentration (30/2.5%), 30 mesh with 5% concentration (30/5%), 30 mesh with 10%
concentration (30/10%), 60 mesh with 2.5% concentration (60/2.5%), 60 mesh with 5%
concentration (60/5%), and 60 mesh with 10% concentration (60/10%).
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2.2. Fabrication of Nanocellulose Paper Using Acid Hydrolysis Method

Bamboo particles sized 30 mesh and 60 mesh were immersed in distilled water
overnight. Extraction of nanocellulose was carried out by soaking the bamboo powder in
a 20%, 30%, and 45% H2SO4 solution at a ratio of 1:8 (w/w) and heating at 45 ◦C for 2 h
for optimization. Upon experimental screening (pre-fabrication), the optimized concen-
tration of H2SO4, i.e., 45%, for acid hydrolysis was used further for subsequent processes.
Subsequently, the mixture was filtered and rinsed with distilled water until neutral. The
process continued to the bleaching stage, where the bamboo was treated with a solution
containing 12% NaClO2 and 2.4% CH3COOH with a volume ratio of 1:10 (w/w) and heated
at 80 ◦C for 1 h. The bleaching process was carried out twice. Afterward, the mixture was
filtered and rinsed with distilled water until neutral [25]. The nanocellulose suspensions
with various concentrations similar to that in the mechanical method were then stirred
at 1000 rpm for 1 h. The procedure for the fabrication of nanocellulose paper was also
identical to that explained in Section 2.1 [25]. Overall, the nanocellulose extraction and
fabrication processes using both mechanical and acid hydrolysis methods are schematically
depicted in Figure 1.

Figure 1. Fabrication of nanocellulose paper using mechanical and acid hydrolysis methods.

2.3. Characterization of Nanocellulose Paper

X-ray diffraction (XRD) characterization was carried out using PANalytical X-pert
MPD with Cu K-alpha radiation (λ = 1.0.154056 nm). The diffraction intensity specified
for the cellulose field was the intensity measured at the crystalline peak 2θ = 16◦, 22◦,
and 34◦ [28]. XRD was also used to calculate the size of the crystallites with the follow-
ing Scherrer formulation. Fourier transform infrared spectra (FTIR) of the parenchyma
cells were recorded on a Fourier transform infrared spectrometer (Nicolet iS10 Thermo
Scientific, Waltham, MA, USA) at the wavenumber range of 4000–400 cm−1. Scanning
Electron Microscope (SEM) FEI Inspect S50 was used to determine the microstructure and
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morphology of the sample. The hydrophobicity of the nanocellulose paper surface was
probed using an Ossila Contact Angle Goniometer, and the contact angle was determined
using an open-source image processing tool (ImageJ 1.54d) and each measurement was re-
peated three times (n = 3). UV–vis spectroscopy was used to determine the transmittance of
nanocellulose paper according to Beer–Lambert’s law using the Thermo Scientific Genesys
10 UV–Visible Spectrophotometer. Thermogravimetric analysis (TGA) was performed
with the Mettler Toledo TGA/DSC 1 instrument. The sample was heated at 40–600 ◦C
under a N2 atmosphere with a heating rate of 10 ◦C/minutes, where weight loss was
recorded for each increase in temperature. Mechanical properties of the paper were tested
using the Sauter TVO Stepper Motor Powered Test Stand with a constant elongation rate
(20 mm/min) according to ISO 1924-3:2008. The sample with a size of 1 × 5 cm was tested
by applying a load to the sample and subjecting it to stress until the sample fractures. The
permeability test was carried out to evaluate the fluid flow characteristics. The nanocel-
lulose paper was fabricated with hydrophilic and hydrophobic areas using the laserjet
printing method. A channel pattern 4 mm in diameter, 2 mm in width, and 40 mm in length
was printed, and heated in an oven at 160 ◦C for 10 min. The patterned paper was attached
to a glass slide (25.4 × 76.2 mm) and the permeability test was carried out by dropping 7 µL
of red-colored distilled water in the hydrophilic zone and the temporal water propagation
within the channel was recorded. To ensure repeatability, the measurement was conducted
three times.

2.4. Design and Fabrication of PAD

The design of the PAD paper consisted of a detection zone with a diameter of 3 mm,
fluid flow channels measuring 2 mm in width and 4 mm in length, and a sample zone
with a diameter of 5 mm [14]. The PAD was fabricated on bamboo nanocellulose paper
by laserjet printing (HP P1102) to define hydrophilic and hydrophobic zones, followed by
heating at 160 ◦C for 10 min to form stable hydrophobic barriers. As shown in Figure 2,
the device consisted of a central sample zone connected to four detection zones through
hydrophilic channels, while the surrounding regions were made hydrophobic to restrict
fluid spreading. The nanocellulose paper was tested for H2O2 detection and the sample
test indicated a brownish color in the detection zones, indicating successful fluid transport
and reaction within the defined areas.

Figure 2. Design and fabrication of PAD, and example results of utilization of bamboo nanocellulose
paper as PAD substrate for dopamine and H2O2 detection. The yellow circles highlight the color
change formed in the detection zones after analyte exposure.

2.5. Preparation and Colorimetric Detection of Neurotransmitter by PAD

The fabricated PAD paper was then tested by depositing 10 µL of dopamine solution
(1–8 mM) onto the sample zone. Once the sample reached the detection zone, a reagent
composed of 1 µL of 2,4-Dinitrophenylhydrazine (DNP) at 0.8 mM, 1 µL of Potassium
Periodate (PPI) at 10 mM, and 1 µL of NaOH at 10 mM was added [29]. After a few
seconds, a color change occurred due to the chemical reaction in the dopamine assay, which
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involves the oxidation of DNP by PPI to form a diazonium ion under acidic conditions.
The acidic medium was subsequently neutralized by the addition of NaOH. Thereafter,
the interaction between the diazonium ion and dopamine led to the formation of an
azo compound exhibiting a yellowish-brown coloration. The results of the color change
were then captured using a smartphone (Samsung Galaxy A54, Samsung Electronics,
Suwon, Republic of Korea). Camera settings were optimized, specifically, f/1.8, ISO values
40, and shutter speeds 1/200s. The camera settings were kept constant throughout the
experiments to eliminate variations caused by lighting or exposure. The background color
was maintained uniformly with a white background to prevent unwanted color reflections.
After that, the RGB measurement feature in ImageJ software was used to quantify intensity
in the Grayscale color spaces. Each measurement was repeated four times (n = 4) to confirm
the reproducibility of the colorimetric response, and the results were presented as mean
values with standard deviations [14].

2.6. Preparation and Colorimetric Detection of H2O2 by PAD

Hydrogen peroxide (H2O2) at a concentration of 1–8 mM, glycerol, potassium iodide
(KI), and soluble starch were used for the colorimetric test. Saturated 1.6 M KI solution was
prepared by dissolving KI in boiling distilled water, and then 1 µL of the KI solution was
deposited onto the detection zone. An amount of 10 µL of H2O2 was dissolved in glycerol
and deposited onto the sample zone. Starch solution was prepared at a concentration of
1.0% (w/v) and 1 µL was deposited onto the detection zone. The detection method is based
on the reaction between H2O2 and KI, resulting in the formation of iodine molecules (I2).
The amount of iodine produced is subsequently detected through its interaction with starch,
forming an iodine–starch complex on the paper substrate [30]. The intensity of the resulting
color is proportional to the H2O2 measured as a peroxide value (PV), which serves as a key
indicator of lipid oxidation and food quality [31,32].

3. Results and Discussions
3.1. Physicochemical Properties of Bamboo Nanocellulose

The X-ray diffraction (XRD) pattern indicates the crystal structure of bamboo nanocel-
lulose extracted using both mechanical and acid hydrolysis methods. The XRD pattern
for the mechanical method, as shown in Figure 3a, reveals maxima at 2θ of 16.13◦, 22.30◦,
and 34.90◦, while the acid hydrolysis method, depicted in Figure 3b, exhibits diffraction
peaks at 2θ of 15.73◦, 22.72◦, and 35.27◦. Both diffraction patterns correspond to JCPDS No.
00-050-22411, identified as the crystalline structure of cellulose type I [33]. This indicates
that the differences in the extraction methods of bamboo nanocellulose do not alter its
crystal structure [22]. Cellulose I has two polymorphic structures: triclinic (Iα) and mono-
clinic (Iβ). Cellulose Iα possesses Miller indices of (100), (010), (110), and (114), whereas
cellulose Iβ has Miller indices of (110), (110), (200), and (004) [34]. In this study, the bamboo
nanocellulose exhibited Miller indices of (110), (200), and (004), indicating a dominance of
cellulose Iβ.

The highest crystallinity index (CrI) obtained from the mechanical method is found to
be 64.10% for a 30/10% ratio, whereas the acid hydrolysis method yields a crystallinity of
57.32% at a 30/5% ratio. The nanocellulose paper with a 30-mesh variation exhibits a higher
CrI compared to the 60-mesh variation, attributed to its longer fibers and larger particles,
resulting in a more organized and robust crystalline structure. In contrast, the 60-mesh
paper contains shorter fibers and finer particles, leading to a more amorphous structure.
Furthermore, the CrI of nanocellulose paper produced by the acid hydrolysis method is
lower than that of the mechanical method. In this case, the mechanical method breaks down
cellulose fibers through ultrasonic processes or physical separation, thereby preserving

https://doi.org/10.3390/polysaccharides7010014

https://doi.org/10.3390/polysaccharides7010014


Polysaccharides 2026, 7, 14 7 of 19

the original crystalline structure of cellulose and preventing significant degradation of
the crystalline structure. In contrast, the acid hydrolysis method degrades cellulose fibers
using strong acids, such as H2SO4, which remove the amorphous regions of cellulose while
simultaneously causing partial degradation of the crystalline structure [22].
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Figure 3. XRD pattern of nanocellulose extracted using (a) mechanical method and (b) acid hydro-
lysis method.

The broadening of diffraction peaks, expressed as full width at half maximum
(FWHM), is analyzed to estimate the crystallite size and lattice strain of the samples.
Based on previous studies [35], the corresponding hkl planes are identified for each
diffraction peak. The crystallite size (D) and lattice strain (ε) are then determined using
Equations (1) and (2).

D =
k × λ

FWHM × cosθ
(1)

ε =
β

4tan θ
(2)

where D denotes crystallite size (nm), k represents shape parameter (0.94), λ is X-ray
wavelength (0.1542 nm), θ is the Bragg angle (◦), FWHM refers to the full width at half
maximum of the diffraction peak, and β is the FWHM in radians. Using the Scherrer
equation for nanocrystalline structures, the crystallite size was calculated and is shown
in Table S1. The crystallite sizes (D) of the samples ranged from 3.70 to 4.07 nm with
CrI between 40.48% and 64.10% for mechanical methods. Paper using acid hydrolysis
has a crystallite size range from 3.61 to 4.42 nm with a CrI between 42.98% to 57.32%.
These crystallite sizes are comparable to a previous report that obtained a crystallite size of
4.18 nm [13], and crystallite size of 1.3–1.6 nm with a CrI of 38.9–42.2% [36]. These results
indicate that both materials can be classified as nanocellulose, as their crystal sizes are below
100 nm. In this work, CrI values using mechanical (40.48–64.10%) and acid hydrolysis
(42.98–57.32%) overlap with the bamboo literature, e.g., 56.9% [37]; 57.1–64.8% [21]; and
55.7% [38], and are lower than typical softwood (71.8%) and hardwood (69.6%) nanopapers
processed via TEMPO [26]. The difference in crystallinity between nanocellulose paper
prepared using mechanical methods and acid hydrolysis roots from the cellulose source,
where the mechanical method extracts nanocellulose mainly from parenchyma cells which
are rich in cellulose content. Meanwhile, the acid hydrolysis method proceeds with both
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bamboo fiber and parenchyma cells, which in turn yield relatively lower cellulose content.
Nanocellulose paper prepared by the mechanical method containing higher fractions of
nanocellulose exhibited increased crystallinity despite having a slightly smaller crystallite
size, indicating more organized arrangement of cellulose chains [38].

FTIR characterization aims to identify the functional groups which are present in the
nanocellulose structure. The FTIR spectrum graphs for nanocellulose 30/5% extracted
via mechanical and acid hydrolysis methods in the wavenumber range of 500–4000 cm−1

are shown in Figure 4. The corresponding FTIR data for other samples are presented in
Figure S1. All stretching of the hydroxyl (O-H) groups indicated in 3570–3200 cm−1 shows
the presence of moisture. The absorption peak in the range of 2900–2880 cm−1 corresponds
to C-H stretching, which results from the formation of cellulose chains. The IR bands in
1160–1048 cm−1 indicate stretching of C-O-C and C-O bonds within the cellulose chain.
Additionally, the peak in the range of 1680–1620 cm−1 corresponds to the stretching of
the functional group C=C [39]. The distinct IR absorption band at 1727 cm−1 indicates
C=O stretching, which is observed only for the acid-hydrolyzed sample. This C=O band
represents a small amount of hemicellulose that contains C=O bonds at a higher range of
1765–1715 cm−1 [40]. The peak at 1429 cm−1 indicates the occurrence of -CH2 bending [41].
The peak at a wavenumber of 1318 cm−1 indicates OH bending vibrations, which typically
occur in the wavenumber range of 1300–1320 cm−1 due to the perpendicular movement of
the O-H bond axis [42].
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Figure 4. Results of FTIR characterization of nanocellulose paper 30/5% using (a) mechanical and
(b) acid hydrolysis methods.

To examine the surface morphology of the nanocellulose paper, SEM characterization
were performed. Figure 5 illustrates the morphology of nanocellulose 30/5% extracted from
the (a) mechanical and (b) hydrolysis methods. The morphology of nanocellulose extracted
from the mechanical method is characterized by long, cylindrical fibers that are separated
from one another. In contrast, the nanocellulose extracted by acid hydrolysis using 45%
H2SO4 shows a morphology similar to that obtained from the mechanical method and does
not exhibit fiber agglomeration, unlike the sample treated with 20% H2SO4, as shown in
Figure S2 [43].
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Figure 5. Results of SEM testing on the surface structure of nanocellulose paper 30/5% using
(a) mechanical method and (b) hydrolysis method of 45% H2SO4.

SEM images were further analyzed using an image processing tool (ImageJ) to obtain
the porosity and pore diameters of each variation that later correlates with the permeability
characteristics of nanocellulose paper. These physical parameters are summarized in
Table 1. The highest pore diameter obtained from the mechanical method was 0.19 µm
for the 30/2.5% variation, while the acid hydrolysis method yielded a pore diameter of
0.14 µm for the 60/2.5% variation. The lowest fiber pore diameter from the mechanical and
acid hydrolysis methods were observed in the 60/10% variation. Table 1 shows that the
highest porosity level from both methods is the 30/2.5% variation, while the lowest porosity
level is obtained for the 60/10% variation. The 30/2.5% variation exhibits the highest
porosity, as the larger mesh size and lower nanocellulose concentration led to a looser
structure with more space between the fibers. Conversely, the 60/10% variation displays
the lowest porosity, where the larger mesh size and higher nanocellulose concentration
tend to decrease porosity due to a denser structure with less space between the fibers [22].

Table 1. Porosity and pore diameter of the surface of nanocellulose paper using mechanical and acid
hydrolysis methods.

Sample
Variation

Mechanical Acid Hydrolysis

Porosity (%) Pore Diameter (µm) Porosity (%) Pore Diameter (µm)

30/2.5% 41.54 0.19 22.38 0.12
30/5% 22.72 0.15 21.05 0.10

30/10% 21.09 0.12 15.60 0.09
60/2.5% 37.05 0.15 16.02 0.14
60/5% 16.07 0.06 10.75 0.06

60/10% 8.79 0.01 8.94 0.05

3.2. Thermophysical and Mechanical Properties of Nanocellulose Paper

The physical properties of nanocellulose paper’s surface are important for controlling
the mixing of flow within the microchannel. The contact angle (CA) indicates the degree of
hydrophilicity and hydrophobicity of the nanocellulose paper, which is derived from the
droplet image formed when fluid is deposited on its surface. The fabrication of hydrophobic
areas on the PAD paper using laserjet printing was conducted to prevent fluid permeation
outside the sample zone, detection zone, or channels, while the hydrophilic area directs
the sample toward the detection zone [44]. A CA of less than 90◦ indicates that the surface
can absorb water (hydrophilic), whereas a contact angle greater than 90◦ signifies that the
surface is hydrophobic or does not absorb water.
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Figure 6a shows that as the concentration of nanocellulose in the paper increases, the
paper tends to become more hydrophilic, as this is affected by the concentration of hydroxyl
(O-H) groups. A higher concentration of nanocellulose leads to an increased number of
hydroxyl groups on the surface of the paper. The polar hydroxyl groups interact with polar
water molecules through hydrogen bonding. An increase in hydroxyl groups results in
more hydrogen bonds with water molecules, effectively attracting water molecules, thus
resulting in a lower CA and a more hydrophilic paper [45]. Figure 6b illustrates that the
surfaces of each variation of nanocellulose paper exhibit hydrophilic properties, as the
average CA values are less than 90◦. Among all variations, the most hydrophilic sample in
the mechanical method and hydrolysis method is 60/10%.
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Figure 6. Correlation between the increase in hydroxyl groups (bar chart) and the contact angle (line
plot) value of nanocellulose paper (a) 30 mesh and (b) 60 mesh; error bars represent the standard
deviations of repetitive experiments (n = 3); (c) mean results of contact angle testing of nanocellulose
paper using mechanical method and acid hydrolysis method.

The optical properties of nanocellulose paper are reflected by the transmittance spectra
in the visible range. Figure 7 shows the transmittance of paper substrate 30/5% from
the mechanical method and hydrolysis method using a 45% concentration of H2SO4.
Figure S3c shows the highest transmittance of ~30% for the nanocellulose paper 30/2.5%
prepared using mechanical method, while the acid hydrolysis method yielded the highest
transmittance of ~19% for the 60/2.5% variation. The lowest transmittance in the mechan-
ical method is found for the 60/10% variation, while the lowest in the acid hydrolysis
method is for the 30/10% variation. In general, increasing the concentration of nanocel-
lulose lowers the transmittance of the paper. This phenomenon is due to the increased
concentration of nanocellulose or the thickness of the nanocellulose paper, resulting in a
longer path length for light as it passes through the sample, leading to more light scattering
and absorption, thereby reducing the amount of light that can be transmitted [10].

The mechanical properties of nanocellulose paper 30/5% are indicated by the stress–
strain curve presented in Figure 8, which characterizes the material’s deformation behavior
under applied tensile strength. Figure S4a,b show that the increase in nanocellulose content
enhanced both tensile strength and elongation, indicating a denser paper structure, stronger
interfibrillar bonding, and improved mechanical properties. Figure S4c,d show that as the
nanocellulose content increases, the porosity of the substrate decreases, exposing more
hydroxyl groups on its surface, as in Figure 6a,b. The mechanical test indicates that the
porosity of nanocellulose paper decreases as the nanocellulose content increases, regardless
of the preparation method. This trend is attributed to the ability of nanocellulose fibrils to
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fill pores between fibers. These additional hydroxyl groups form more hydrogen bonds,
which in turn enhance the tensile strength of the material [11,12].
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Figure 7. UV–vis transmission spectra of nanocellulose paper 30/5% using mechanical method and
acid hydrolysis method with 45% H2SO4.
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Figure 8. Stress–strain of nanocellulose paper 30/5% using mechanical method and acid hydrolysis
method with 45% H2SO4.

Table 2 summarizes the mechanical properties of the resultant nanocellulose paper
at various variations. The tensile strength indicates the maximum stress allowable to
be applied on materials before it breaks. The Young’s modulus indicates the ability of
a material to return to its original shape after being subjected to an elastic deformation
force, while the elongation (%) indicates the maximum change in length that occurs in
the material when it reaches fracture. The result shows that the mechanical properties
of nanocellulose paper are strongly affected by its porosity. For paper fabricated from
mechanically extracted nanocellulose, a decrease in porosity from 41.54% to 8.79% leads to
an increase in tensile strength from 2.5 MPa to 13.2 MPa and the elongation increases from
3.9% to 7.9%. A similar trend occurs in the acid hydrolysis nanocellulose paper, where
decreasing porosity from 22.38% to 8.94% yields an increasing tensile strength from 1.9
MPa to 15.2 MPa and elongation reaches 8.3%. The Young’s modulus increases as the
porosity of nanocellulose paper decreases. However, the 60-mesh nanocellulose paper
prepared using the mechanical method shows an inverse trend, where decreasing porosity
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leads to a lower Young’s modulus. This finding suggests that, in addition to porosity, fibril
conformation and distribution resulting from the extraction method play a crucial role in
determining stiffness. Overall, decreasing the porosity of nanocellulose paper contributes
to improved tensile strength [12] and elongation, while the effect on the modulus depends
on the extraction method and fibril organization.

Table 2. Tensile strength, Young’s modulus, and elongation of nanocellulose papers prepared using
mechanical and acid hydrolysis methods. The numbers 30 and 60 indicate the mesh sizes used to
sieve bamboo powder, while the percentages (2.5–10%) denote the concentration of cellulose.

Mechanical Acid Hydrolysis

Sample
Variation

Tensile
Strength

(MPa)

Young’s
Modulus

(MPa)

Elongation
(%)

Tensile
Strength

(MPa)

Young’s
Modulus

(MPa)

Elongation
(%)

30/2.5% 2.5 10.9 3.9 1.9 7.1 2.1
30/5% 4.7 13.8 4.1 6.9 14.5 4.6
30/10% 5.9 14.5 6.3 7.9 9.1 5.8
60/2.5% 1.5 12.5 3.9 1.5 6.2 1.9
60/5% 9.9 6.8 5.9 8.3 7.3 7.8
60/10% 13.2 7.5 7.9 15.2 37.4 8.3

The correlation among porosity, hydroxyl groups, and hydrophilicity is visualized in
Figure S5 (Supplementary Information). As the nanocellulose concentration increases, the
paper structure becomes denser and less porous [22]. However, the surface exposure of
–OH groups and the enhanced hydrogen bonding promote stronger water affinity, resulting
in lower CA and higher hydrophilicity [45]. Simultaneously, the increased concentration
of nanocellulose reduces the pore size and leads to lower light transmittance [10]. This
observation is in agreement with the earlier discussion on optical characteristics, where
higher nanocellulose concentrations result in a longer path length for light as it passes
through the sample, leading to greater light scattering and absorption, and, consequently,
lower transmittance.

The TGA characterization in Figure 9 aims to analyze the thermal stability of the paper
since the fabrication of PADs requires heating at 160 ◦C for 10 min. In this regard, the
thermal stability of the nanocellulose paper is tested over a temperature range of 40 to
600 ◦C. The results of the TGA testing of nanocellulose paper reveal three stages of weight
loss. The first stage occurs in the temperature range of 40–100 ◦C and is attributed to the
evaporation of water due to the hydrophilic nature of the paper [46]. This is consistent
with the FTIR results, which show a peak in the wavelength range of 3570–3200 cm−1,
indicating the presence of water. The second stage occurs in the temperature range of
180–360 ◦C, involving the degradation of organic components such as hemicellulose, lignin,
and cellulose. The acid hydrolysis method tends to degrade at lower temperatures com-
pared to the mechanical method. The third stage, above 360 ◦C, corresponds to the degra-
dation of carbon residue and the remaining organic material. The acid hydrolysis method
produces a higher residue compared to the mechanical method [27]. Additional sample
variations are provided in the Supplementary Information Figure S6.

The 30/5% mechanically processed nanocellulose paper exhibits the smallest weight
loss at 7.77%, while the 30/5% acid hydrolysis paper shows the highest weight loss at
9.71%. One parameter that might affect thermal stability is the crystallinity index. Table S1
indicates that as the crystallinity index of nanocellulose increases, its resistance to thermal
decomposition also increases, enhancing thermal stability. This phenomenon is attributed
to the orderly and dense crystalline structure, which is more resistant to bond breakage
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or structural changes at high temperatures. Conversely, a lower crystalline index or a
predominantly amorphous structure results in a less stable crystalline framework, which
can accelerate the degradation process [47].
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Figure 9. Thermogravimetric analysis of nanocellulose paper 30/5% prepared using mechanical and
acid hydrolysis method.

3.3. Evaluation of Fluid Flow Performance

To determine the permeability of nanocellulose paper, water flow rate testing was con-
ducted. Fluid flow is classified into wet-out flow and fully wetted flow. Wet-out flow occurs
when fluid contacts a dry porous medium, described by the Lucas–Washburn equation:

l(t) =

√
γr′t cos(θ)

2µ
(3)

where l(t) represents the fluid travel distance (m), t denotes the time (s), r′ refers to the
average pore radius of the paper (m), γ represents the surface tension (mN·m−1), µ denotes
the viscosity of the fluid (kg·m−1·s−1), and θ refers to the contact angle of the fluid on the
paper surface (◦) [1]. Fully wetted flow is fluid flow in a wetted porous medium, modeled
by Darcy’s law:

Q = −KA∆P
µ L

(4)

where Q denotes the fluid flow rate (m3s−1), K represents the permeability of the paper
(m2), A indicates the paper area (m2), µ refers to the fluid viscosity (kg·m−1·s−1), L signifies
the paper length (m), and ∆P denotes the surface pressure on the paper (Pa) [1]. The
experimental results of fluid transport behavior are presented in Figure 10.

The experimental results show that both the mechanical method with 30/2.5% vari-
ation and the acid hydrolysis method with 60/2.5% variation require the shortest time
of 3.6 s to reach the full distance. These results are consistent with their corresponding
physical properties, where both show higher porosity and pore diameters compared to
other variations. Complete evaluation of paper permeability according to Darcy’s Law and
the Lucas–Washburn equation is summarized in Table 3 [1]. The highest permeability in
the mechanical method is found to be 4.55 × 10−7 m2, whereas the acid hydrolysis method
exhibits the highest permeability of 1.28 × 10−7 m2.
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Figure 10. Fluid flow rate curves for (a) mechanical and (b) acid hydrolysis methods; error bars
represent the standard deviations of repetitive experiments (n = 3).

Table 3. Permeability coefficient (k) of nanocellulose papers fabricated from black bamboo using
mechanical and acid hydrolysis methods. The permeability values (k, in m2) represent the fluid
transport capability of the paper substrates, calculated from Darcy’s law based on the flow rate.

k (m2)

Sample Mechanical Acid Hydrolysis

30/2.5% 4.55 × 10−7 7.10 × 10−8

30/5% 1.93 × 10−7 3.41 × 10−8

30/10% 7.99 × 10−8 3.34 × 10−8

60/2.5% 4.50 × 10−7 1.28 × 10−7

60/5% 6.07 × 10−8 6.51 × 10−8

60/10% 7.82 × 10−10 2.32 × 10−8

3.4. Colorimetry Test to Detect Neurotransmitter and H2O2

Colorimetric testing was carried out to examine the performance of nanocellulose paper
as a PAD substrate. The nanocellulose paper used for the colorimetric test was 30/5% for
both the mechanical method and acid hydrolysis method, as both show lower porosity for
reducing diffuse optical scattering, while maintaining relatively high permeability for efficient
mixing between the reagent and analyte. The colorimetric test was undertaken to create
calibration curve of dopamine and H2O2 measurements. For example, the colorimetric images
of H2O2 sensing that were used for image processing are depicted in Figure S7 (Supplementary
Information). For each concentration, measurements are collected in quadruplicate (n = 4),
and the error bars show the standard deviation across replicates. Figure 11a,b illustrate the
colorimetric calibration curve, where the Grayscale intensity is plot vs. dopamine and vs.
H2O2 concentration, respectively. The static characteristics of the PAD for dopamine and H2O2

detection are assessed based on a linear regression model to obtain the sensitivity (slope),
linearity (R2), limit of detection (LOD), and limit of quantification (LOQ). The LOD and LOQ
are calculated as given in Equations (5) and (6), where S is the standard deviation of the
y-residuals and y-intercept from the linear regression line, and b is the slope of the calibration
curve. All static characteristics of colorimetric sensing are summarized in Table 4.

LOD =
3.3S

b
(5)
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LOQ =
10S

b
(6)
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Figure 11. Calibration curve for (a) dopamine and (b) H2O2 testing on nanocellulose PAD using
the mechanical and hydrolysis paper substrates with gray intensity scales. Error bars represent the
standard deviations of repetitive experiments (n = 4).

Table 4. Data for the calibration curve of dopamine and peroxide testing on nanocellulose PAD.

Analyte PAD Method Slope R2 y-Intercept LOD LOQ

Dopamine Mechanical 2.73 0.90 1.69 2.03 mM 6.17 mM
Acid Hydrolysis 4.40 0.93 2.38 1.79 mM 5.42 mM

H2O2
Mechanical 10.01 0.99 2.84 0.94 mM 2.84 mM

Acid Hydrolysis 6.35 0.98 2.00 1.04 mM 3.14 mM

The highest R2 (0.93) indicating the highest linearity is observed for colorimetric
detection using the nanocellulose paper prepared from the method. Further, the PAD
using acid hydrolysis nanocellulose paper indicates a low LOD and LOQ of 1.79 mM and
5.42 mM, respectively. These results are comparable with previously reported dopamine
paper-based sensors using commercial filter paper, which showed an LOD ranging from
0.56 to 5.58 mM. The nanocellulose paper demonstrates performance comparable to that of
commercial filter paper [14]. For H2O2 detection, the static characteristics of a PAD using
mechanically prepared nanocellulose paper shows better linearity and sensitivity than that
of a PAD using acid hydrolysis nanocellulose paper.

3.5. Comparison with Other Nanocellulose Paper Substrates

Table 5 highlights the comparison of the physical, optical, and thermomechanical
properties of bamboo-derived nanocellulose paper with other nanocellulose paper sub-
strates. This work demonstrates that the characteristics of nanocellulose derived from black
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bamboo are comparable to that of commercial-grade papers commonly used as sensor
substrates. The properties are also consistent with those reported for other nanocellulose-
based papers, exhibiting favorable values. Hence, black bamboo has strong potential as a
sustainable paper-based sensor substrate. Moreover, no previous studies have reported the
use of bamboo paper as a sensor substrate for the detection of bio-substances, e.g., H2O2 or
dopamine, highlighting the significant contribution of this research.

Table 5. Characteristics comparison with other paper substrates.

Cellulose
Resource

Extraction
Method CrI Porosity Thermal and

Weight Loss CA Transmittance Tensile
Strength Application Ref.

Whatman
Grade 1 - - 11 µm 3–7% 50.40◦ 2.5% 39.1 MPa Substrate

Sensor [48,49]

Whatman
Grade 2 - - 20 µm - 46.04◦ 2% - Substrate

Sensor [48]

Banana Tree
Chemical

and
Mechanical

- 46% - 81◦ 68% 51 MPa Membranes [50]

Bamboo Mechanical - 57.1–73.6% 72.4% at
260–800 ◦C - - 1.6–17.6 MPa

Tissue
Membrane

and Scaffold
[12]

Hardwood
TEMPO

mechanical

69.6% 30.1% - - >80% 123.9 MPa
Nanocellulose

Paper
[26]

Softwood 71.8% 30.8% - - >80% 130 MPa

Bamboo 67.9% 28.1% - - >80% 197 MPa

Moso
Bamboo Mechanical - - >80% at >250 ◦C 26.2–23.8◦ - 184 MPa Waste

Utilization [18]

Bamboo Mechanical 56.9% - - 41.0◦ 74.9% - UV Shielding
Material [37]

Bamboo
Pulp

TEMPO
mechanical - - 10.59% at max

335 ◦C - - 761 MPa Magnetic
Nanopaper [51]

Moso
Bamboo Mechanical 57.1–64.8% - 5% at

209–294 ◦C - - 27.4 MPa Food
Packaging [21]

Black
Bamboo

Mechanical 40.5–64.1% 8.8–41.5% 7.7% at
180–360 ◦C 47.6–57.7◦ 4.5–29.7% 1.5–13.2 MPa

Substrate
Sensor

This workAcid
Hydrolysis 42.9–57.3% 8.9–22.4% 9.7% at

180–360 ◦C 44.9–56.1◦ 5.6–18.7% 1.5–15.2 MPa

4. Conclusions
A comparative study of nanocellulose paper fabrication using the mechanical method

and acid hydrolysis method has been carried out. The nanocellulose paper fabricated
using the mechanical method involves the extraction of parenchyma cells, purification,
ultrasonication, dilution, and drying, which yields average characteristics of 50.34◦ contact
angle, 54.05% crystallinity, porosity of 24.54%, and a transmittance range of 4–30%. On the
other hand, the fabrication of nanocellulose paper via the acid hydrolysis method includes
strong acid hydrolysis, bleaching, dilution, and drying, which yields nanocellulose paper
with average characteristics of 52.86◦ contact angle, 49.71% crystallinity, porosity of 15.75%,
and a transmittance range of 5–19%. The utilization of bamboo-derived nanocellulose
paper allows for colorimetric detection of dopamine and H2O2, with an LOD ranging from
1.79 mM to 20.03 mM and 0.94 mM to 1.04 mM, respectively. Overall, the current results
show promising application of nanocellulose paper extracted from black bamboo as a paper
sensor substrate. Particularly, the mechanical method using the extraction of parenchyma
cells yields the most consistent thermophysical and mechanical properties suitable for
a paper-based biosensor. Nonetheless, there remains room for further optimization of
nanocellulose paper characteristics, particularly optical and mechanical properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polysaccharides7010014/s1.
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