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Abstract

The detection of puerarin concentration is an essential capability to study the

functional role of the Pueraria root as a natural medicine and dietary source in

the treatment of cardiovascular diseases and liver protection. Current methods

to detect and measure puerarin concentration, such as ultraviolet–visible spec-

trophotometry (UV), are bulky, require an external power supply, and are

inconvenient to use. Here, we propose a triboelectric puerarin-detecting sensor

(TPDS) which is based on liquid–solid contact electrification, in which liquid–
solid interactions generate rapid electrical signals in only 0.4 ms to enable real-

time detection of puerarin concentration in water droplets. The electrical signal

of the TPDS decreases with an increase of puerarin concentration, and the sen-

sitivity of the approach is 520 V�(μg/mL)�1. The TPDS represents a miniature

and cost-effective sensor that is 0.2% of the size and 0.01% of the cost of a UV

spectrophotometer. Our theoretical analysis verified that the puerarin concen-

tration in droplets can effectively regulate the electronic structure, where

higher concentrations of puerarin lead to a narrower energy bandgap, which

allows the TPDS to detect puerarin concentration without the need for an

external power supply. The TPDS therefore provides a route for the
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development of a portable and self-powered method to measure the concentra-

tion of an active ingredient in droplets through the conversion of natural

energy.

KEYWORD S

concentration detection, density functional theory, puerarin, self-powered, triboelectric
sensor

1 | INTRODUCTION

The accumulation of active ingredients in natural medi-
cines is influenced by their place of origin, harvesting
method, and processing methods employed,1 which sub-
sequently affects their efficacy for treating diseases.2

Therefore, real-time monitoring of the content of active
ingredients is particularly important for process optimiza-
tion and enhancing the effectiveness of natural medi-
cines. Pueraria root, derived from the Leguminosae plant
Pueraria lobata (Wild.) Ohwi, is well-known both as a
herbal medicine and a food source, where there are abun-
dant species and resources in Asia, America, and
Europe.3–5 It has been traditionally used to treat diabetes,
hypertension, hyperlipidemia, diarrhea, and fever,6 while
also being rich in nutrition and suitable for enhancing
human immunity through a variety of delicious foods.7,8

Pueraria root has demonstrated notable efficacy with
minimal adverse reactions. The effects of treating hyper-
tension and decomposing alcohol are largely attributed to
the presence of isoflavones,9–14 with the main isoflavone
compounds found in Pueraria root being puerarin.15,16

Therefore, the concentration of puerarin serves as an
indicator of the efficacy of Pueraria root in treating
human diseases. Common methods for extracting
puerarin from P. lobata, such as boiling and ultrasonic
extraction, have long extraction and heating times and
can cause damage to certain components.17–22 The most
commonly employed techniques for quantifying puerarin
concentration encompass chromatography and spectrom-
etry, as exemplified by high-performance liquid
chromatography (HPLC) and ultraviolet–visible spectro-
photometry (UV–Vis spectrophotometry), respectively.
However, these methods require the use of bulky and
expensive instruments, as well as highly skilled operators
for sample handling and analysis. These include the use
of fine filter membranes for the removal of impurities in
the preparation process of samples and the consumption
of mobile phases in the analytical process. In addition,
HPLC and other instruments are only able to be used
using a single column, which restricts their ability to ana-
lyze multiple samples simultaneously. The time-
consuming pretreatment process not only necessitates

the involvement of professional technicians, but also con-
strains the real-time detection of puerarin. Consequently,
there is a pressing need for the development of a novel
instrument that can facilitate the real-time detection of
puerarin in a rapid, cost-effective, and lightweight
manner.

In this regard, an electrical signal may be generated
from the contact or friction of two materials, and tribo-
electric nanogenerators (TENGs) are constructed based
on this phenomenon, which operate based on a mini-
mal driving force. Such devices can gather mechanical
energy and convert it into electrical energy.23,24 The
TENG is characterized by a high sensitivity, rapid
response time, lightweight nature, and low cost. As a
result, it an ideal solution for the providing potential
portability and overcoming the challenge of existing
large and heavy content-determination instruments. In
addition, previous research has successfully identified
liquids with the aid of a TENG,25 where the study
devised a triboelectric droplet-tasting sensor that
employs morphological alterations of droplets and vari-
ations in electrical signals to identify the liquid type.
Hence, the analysis of electrical signals generated by
liquid–solid friction may enable the detection of liquid
concentration.

Here, we have developed a triboelectric puerarin-
detecting sensor (TPDS). The TPDS comprises of an
upper electrode, a fluorinated ethylene propylene (FEP)
friction layer, a Kapton dielectric layer, and a lower elec-
trode that captures the energy from the liquid–solid con-
tact. The sensor operates on the principle that the
saturation of friction materials affects electron transfer,
making it possible to rapidly detect the concentration of
puerarin without the need for an external power source.
The TPDS device has a volume of 125 cm3 and a low cost
of $1.4. In comparison to ultraviolet–visible spectropho-
tometry, it utilizes only 0.2% of the volume and 0.01% of
the cost. Furthermore, the TPDS can be self-powered and
has a response time of only 0.4 ms. As a result, this sen-
sor solves the issues associated with large volumes and
high costs in determining concentration. Our density
functional theorem (DFT) calculations reveal that when
water-solubilized puerarin makes contact with FEP
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incorporating more puerarin molecules into the solution
diminishes the number of electrons transmitted from the
water to the FEP. The phenomenon may be associated
with the greatest energy of the largest highest occupied
molecular orbital (HOMO) energy and the lowest unoc-
cupied molecular orbital (LUMO) energy. This study pro-
vides a new understanding of the liquid–solid contact
mechanism utilized in component concentration detec-
tion and offers valuable insights into the development a
user-friendly content determination methods and
models.

2 | RESULTS AND DISCUSSION

2.1 | Miniature and cost-effective self-
powered TPDS can reduce detection time

In this work, we developed a TPDS that can detect the fla-
vonoid content of P. lobata (Figure 1A), such as puerarin
(Figure 1B). It is particularly important to be able to deter-
minate the concentration of puerarin because of its ability
to alleviate atherosclerosis and induce vasodilation, reduce
the degree of hepatic steatosis, inflammation and fibrotic

FIGURE 1 Triboelectric puerarin-detecting sensor (TPDS) for determining the content of puerarin in P. lobata. (A) Overall plant map of

P. lobata. (B) Molecular formula of puerarin. (C) Positive effects of puerarin on the human body. (D) Comparison of UV, UPLC-MS/MS, RP-

LC, NMR, HPLC-UV, and TPDS in volumes, cost, detection times, and energy consumption. (E) Schematic of TPDS. (F) Model diagram

showing droplet contact with TPDS. (G) Picture of the TPDS.
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liver damage, and prevent cardiovascular and blood–brain
barrier (BBB) lowering; see Figure 1C.26–28 Compared to
current methods, such as ultraviolet–visible spectropho-
tometry (UV), ultra-performance liquid chromatography/
tandem mass spectrometry (UPLC-MS/MS) and reversed-
phase liquid chromatography (RP-LC),9 quadruple proton
nuclear magnetic resonance (NMR) and high-performance
liquid chromatography with ultraviolet detection
(HPLC-UV), TPDS collects the energy in the droplet and
detects the amount of drug in the droplet in a low-cost,
small-volume, and rapid manner (Figure 1D).9,29–31 The
UV-based method has the smallest volume of any previous
measurement method at 54 720 cm3, while the TPDS has
a volume of only 125 cm3 or 0.2% of UV method volume.
While UV has the lowest cost of the current available
methods at $12 555, the TPDS approach has a cost of only
$1.4, a reduction of four orders of magnitude, or 0.01% of
UV's cost. The TPDS has an inspection time of only 9 min,
including 8 min for an extraction test; see Table S1.

The structure of the TPDS is shown in Figure 1E. As
the droplet falls, it comes into contact with the upper
electrode and makes contact against the FEP friction
layer (Figure S1A), thereby generating an electrical signal
as an output. The Kapton acts as a dielectric layer that
increases the charge storage and enhances the electrical
signal (Figure S1B,C). During operation, the TPDS is
tilted at 45�, as in Figure 1F, and the droplet slides down
by gravity, and a cyclic process is completed. A tilt of 45�

facilitates droplet slippage and has been demonstrated to
yield the most optimal results when compared to other
tilting angles (Figure S2). The TPDS provides a low-cost,
small-volume method to rapidly detect the concentration
of puerarin in the droplet. An overall illustration of the
TPDS is shown in Figure 1G.

The electrical signal for detecting pure water with the
TPDS leads to an open-circuit voltage of 109 V and a
short-circuit current of 28 μA (Figure S3). In general, the
output power (P) can be calculated from the external load
resistance by,

P¼ I2R

where I is the current and R is the load resistance.
Finally, we can obtain the maximum power of the TPDS
as 1429 μW (Figure S3).

2.2 | TPDS to detect puerarin solution
brewed under different conditions

The TPDS was used to detect the effects of extraction
temperature, solid–liquid ratio, and extraction time on
the efficiency of hot water extraction of Pueraria root

(Figure 2A). To ensure the accuracy of the TPDS, the
concentration of Puerarin was simultaneously deter-
mined using UV spectrophotometry. The extracted solu-
tion was diluted in a 1:100 gradient and added dropwise
to the FEP friction layer of the TPDS, thereby generating
electrical signals of different values. The dissolution of
puerarin from Pueraria root increased with increasing
extraction temperature (Figure 2B). The results for the
TPDS showed that the magnitude of the current and volt-
age signals decreased with increasing extraction tempera-
ture, which was inversely proportional to the
concentration of puerarin in the solution. Similarly,
the magnitude of the electrical signals detected by TPDS
were inversely proportional to the content of puerarin in
solution as the solid–liquid ratio and extraction time var-
ied. The experimental results showed that the highest sol-
ubility of puerarin was obtained when the extraction
temperature was 100�C (Figure 2B). A decrease in the
solid–liquid ratio to 1:30 resulted in a deceleration of
the decline in puerarin concentration (Figure 2C). At a
solid–liquid ratio of 1:50, the puerarin concentration in
the solution reached its minimum, and the solubility of
puerarin was greatest after an extraction time of 8 min
(Figure 2D).

The absorbance of the Pueraria root solution was
determined using UV spectrophotometer using an exter-
nal standard method. The concentration of puerarin was
calculated as follows:

c¼A=εl:

Here A represents the absorbance, ε represents the
molar extinction coefficient, and l represents the thick-
ness of the solution. The puerarin demonstrated excellent
linearity in the concentration range of 0–50 μg mL–1

(Figure S4). In addition, the UV spectrophotometer
showed high precision, good reproducibility, and stability
(Table S2). The recovery results indicated that the
method was feasible (Table S3).

2.3 | TPDS to detect the concentration of
puerarin in Pueraria root from different
origins

Factors such as climate, geological environment, and ele-
mental composition of the soil can lead to differences in
the content of puerarin in Pueraria root. As a result, the
content of puerarin in a Pueraria root from different pro-
duction areas can vary. Puerarin was detected by TPDS
in Pueraria root from six production areas: Zhangjiajie in
Hunan Province (HN-ZJJ), Suizhou in Hubei Province
(HB-SZ), Nanning in Guangxi Province (GX-NN),
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Shangluo in Shaanxi Province (SX-SL), Chengdu in Sich-
uan Province (SC-CD) and Jinzhai in Anhui Province
(AH-JZ); see Figure S5. The results showed that the elec-
trical signals detected by TPDS were different (Figures S4
and S5), with the largest electrical signals from region
AH-JZ and the smallest electrical signals from region SC-
CD (Figure 3A). The concentration of Pueraria root was
detected by UV spectrophotometer, and the results
showed that SC-CD had the highest concentration of
Pueraria root and AH-JZ had the lowest (Figure 3B), indi-
cating that the size of the electrical signals detected by
TPDS was inversely proportional to the concentration of
Pueraria root. The electrical signals were detected by
TPDS after diluting the solutions of Pueraria root from

the six production regions in different gradients
(Figure 3C). The results showed that the electrical signals
became weaker as the solution concentration increased.
A schematic simulating TPDS detection of the output
electrical signals of high and low-concentration solutions
showed that the output electrical signals of high-
concentration solutions were smaller, indicating that
fewer electrons were transferred (Figure 3D). After a
droplet is introduced into the TPDS, it spreads out and
interacts with the FEP friction surface, generating tribo-
electricity. The droplet is positively charged, where the
higher the puerarin concentration the lower the charge
the droplet produces; as the FEP is negatively charged,
the positive charge flows from the bottom electrode to

FIGURE 2 Detection of puerarin concentration in solution using TPDS. (A) Schematic of TPDS for detection of puerarin by hot water

extraction under extraction temperature, solid–liquid ratio, and extraction time. Illustration displays the current signal of the TPDS to detect

the water output and Pueraria root liquid. (B–D) Variation of current, voltage measured by TPDS and puerarin concentration with

temperature (B), solid–liquid ratio (C), time (D). Electrical signal detected by TPDS decreased with the puerarin content increased.
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the top electrode with the objective of neutralizing the
negative charge of the FEP. The positive charge gener-
ated at the bottom electrode is returned as the droplet
flows away from the FEP friction material. The process of
generating a current is then repeated as subsequent
droplets fall.

In order to investigate the performance of TPDS in
detecting the concentration of puerarin, water droplets
with a known puerarin concentration were applied onto

the FEP surface, and it was found that the output current
and voltage of the droplet decreased with an increase in
puerarin concentration (Figure S8), and the electrical sig-
nals detected by the TPDS continued to decrease with an
increase of puerarin concentration. Figure S8E,F esti-
mates the sensitivity of TPDS by comparing the differ-
ence in current (dI) and voltage (dU) as the
concentration of puerarin changes (dC), with sensitivities
ranging from 3 to 520 V� (μg/mL)�1 for dU/dC and up to

FIGURE 3 TPDS to determine the amount of puerarin in pueraria roots from various regions. (A) Electrical signal diagram for

detection of Pueraria root by TPDS. (B) Absorbance and concentration levels of puerarin in Pueraria root brewed solutions from various

production areas are compared. (C) Electrical signal diagrams detected by TPDS in different dilution conditions of Pueraria root from

distinct production regions are analyzed. Electrical signal generated decreases as the concentration of the solution increases. (D) Schematic

of simulating the output electrical signal of high and low concentration puerarin solution. Electrical signal of the lower concentration

solution is greater, indicating increased electron transfer.

6 of 12 SU ET AL.

 25673165, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12624 by C

as-B
eijing Institution O

f, W
iley O

nline L
ibrary on [05/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Finf2.12624&mode=


105 μA� (μg/mL)�1 for dI/dC, and the high sensitivities
indicate that TPDS has excellent performance. The opti-
mal sensitivity was observed when the concentration
range of puerarin was between 0 and 1 μg mL–1, and the
electrical signals demonstrated discernible differences,
even when the concentration range exhibited minimal
variation. This phenomenon elucidates the discrepancy
between the slight alterations in concentration and the
pronounced fluctuations in electrical signals at extraction
temperatures of 90–100�C (Figure 2B), solid–liquid ratios
of 1:30–1:50 (Figure 2C), and extraction times of 7–9 min
(Figure 2D). The elevated sensitivities substantiate the
exceptional performance of the TPDS. As shown in
Figure S8, the response and recovery times of TPDS are
faster than 20 ms, with the fastest being 0.4 ms, which
realizes the synchronization between concentration
detection and droplet stimulation. In conclusion, the
TPDS was employed to ascertain the concentration of
puerarin in solution, exhibiting a response time of 0.4 ms
and a sensitivity of 520 V� (μg/mL)�1 for puerarin con-
centrations ranging from 0 to 1 μg mL–1.

To assess the durability and reliability of the TPDS,
we conducted a 1000-repetition test in which drops
of Puerarin-containing droplets were added
uninterruptedly. The current signals were recorded
throughout the test, and the results demonstrated that
the TPDS exhibited consistent performance even after
1000 repetitions (Figure S9). To further investigate the
stability of the TPDS, the standard deviation (RSD) of
the current change was tested when the TPDS were made
after 0 and 180 days. The results demonstrated that the
RSD values were 0.836% and 1.665%, respectively, indi-
cating that the sensors exhibited stability and reliability
(Table S4).

The pH and contact angle of the solution were
determined to investigate the mechanism of TPDS
detection of puerarin concentration. The pH of the solu-
tions with different concentrations of puerarin ranged
from 6.0 to 6.5 (Figure S10), and the change in pH was
not consistent with the trend of the electrical signal;
this indicated that there was no direct relationship
between the pH of the solution and the magnitude of
the electrical signal. The results of the contact angle
measurement showed that the contact angle decreased
as the concentration of puerarin in the solution
increased (Figure S10). The contact area increases as
the contact angle decreases, so that as the friction area
increases the electrical signal increases if the charge
generated by friction per unit area remains unchanged.
The experimental results show that the electrical signal
is small for a small contact angle, and there is no direct
relationship between the concentration of puerarin in
TPDS and the contact angle.

2.4 | General theoretical model and
understanding of TPDS operation

The charge transfer difference between the FEP friction
layer and water is obtained as the concentration of
puerarin (PUE) changes (Figure 4A), and the increase and
decrease in charges are indicated by the blue and red
regions. It is found that the red regions are largely
obtained from water, and the blue regions are obtained
from FEP, which demonstrates that electrons are trans-
ferred from water to the FEP friction layer. However, as
the puerarin concentration increases, the number of trans-
ferred electrons from water to the FEP decreases. In order
to understand the mechanism by which the puerarin can
affect electron transfer, we calculated the molecular
orbitals of water and different polymers (Figure 4B). The
largest highest occupied molecular orbital (HOMO) energy
and the lowest unoccupied molecular orbital (LUMO)
energy of gap of FEP/H2O is approximately 5.72 eV, while
the HOMO–LUMO gap of FEP/PUE decreases to 4.22 eV.
This result suggests that the number of electrons trans-
ferred from water to the FEP friction layer may be propor-
tional to the increase of the HOMO-LUMO gap, which is
strongly related to the different functional groups of the
polymers. In addition, the electronic structures will be
rearranged upon transfer of charges, in order to achieve a
new stable state. For example, certain fluorine atoms in
FEP can carry a negative charge, while others can carry a
positive charge. As observed in Figure 4D,E, oxygen atoms
possess a positive charge in FEP/H2O, but a negative
charge when puerarin is added, due to the presence of dis-
tinct functional groups. As the puerarin concentration
increases, more electrons are transferred from water to the
puerarin, leading to less charges being transferred to the
FEP friction layer (Figure 4C). Finally, it can be shown
that little charge is transferred in the FEP/puerarin sys-
tem, and when the puerarin is replaced by H2O, one can
obtain the largest amount of transferred charge
(Figure 4F), As shown in Figure S11, the total number of
transferred charges decreases in the system of
FEP/puerarin. In summary, as the puerarin concentration
increases, the total number of charges transferred between
the droplet and the FEP decreases, resulting in a reduction
in the electrical signal, as observed experimentally.

2.5 | Structure design and working
principle

The TPDS consists of an aluminum foil upper electrode, a
FEP friction layer, a Kapton dielectric layers, and an alumi-
num foil lower electrode. The Kapton, FEP film, and alu-
minum foil top electrode are cleaned sequentially with
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FIGURE 4 Legend on next page.
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ethanol and deionized water solution, and then covered
with the bottom electrode. When the sensor operates, the
top electrode and bottom electrode are electrically
connected with a wire, and the sensor operates in the fol-
lowing manner: (i) When there is contact between a drop-
let and the FEP film, the droplet induces a positive charge,
while the FEP film induces a negative charge. (ii) Since
FEP is a low-conductivity electret, a layer of negative
charge persists on the FEP surface, retaining its intensity
for an extended period. This allows for the sustained super-
position of the electron cloud as the droplet slides down
the FEP layer. (iii) A positive charge is generated on the
upper electrode surface, thereby neutralizing the negative
charge on the FEP surface. The transfer of electrons occurs
from the top electrode to the bottom electrode. (iv) As the
droplet moves away from the FEP film, the positive charge
is transferred back to the bottom electrode. The movement
of electrons is from the bottom electrode to the top. (v) As
the droplets repeatedly fall onto the sensor, the charge is
continuously transferred between the two electrodes,
thereby generating an electrical signal. The magnitude of
the signal is proportional to the concentration of puerarin,
thereby enabling the detection of concentration. In step
“i”, the quantity of charge is contingent upon the concen-
tration of puerarin present in the droplet. The droplet is
composed of water and puerarin, where the introduction of
puerarin to the droplet results in an enhancement of the
transfer of charge from the water to the puerarin, accompa-
nied by a corresponding reduction in the charge interacting
with the FEP. Consequently, the electrical signal is
observed to be relatively weak when puerarin is present in
the droplet. In contrast, the absence of puerarin in the
droplet results in the transfer of the entire charge from the
water to the FEP, producing a robust electrical signal. In
step “ii” the addition of the Kapton film enables the nega-
tive friction layer of FEP and the Kapton composite to
carry a greater negative charge than the FEP layer alone.
This results in an increase in the electric potential energy.

3 | CONCLUSION

In summary, we present a triboelectric puerarin-detecting
sensor (TPDS)-based system for detecting the active

ingredient content in natural medicines, which includes
a fluorinated ethylene propylene (FEP) friction layer,
Kapton dielectric layers, and an upper and lower elec-
trode. This new technology showcases the low cost, ease
of use, small size, and rapid response speed, allowing for
direct content detection. In addition, the use of the TPDS
without an additional power supply or complex circuitry
greatly saves on both space and economic costs. This con-
tribution to sustainable development suggests that the
TPDS design is capable of meeting diverse challenges
related to detection of natural active ingredients.

There is potential for further studies to evaluate the
performance of TPDS for future industrial conversion
and to assess its resolution and universality to a range of
other active ingredients. We have conducted preliminary
tests on aqueous extracts of Astragalus membranaceus
(Fisch) Bge., which showed open-circuit voltages and
short-circuit currents of 20 μA and 76 V, respectively
(Figure S12), suggesting that the TPDS is versatile for
detecting the concentration of other medicinal ingredi-
ents. At present, this study has some limitations. First,
the hot water extraction method yields numerous active
ingredients that are not purified or separated. As a result,
the accurate content of puerarin and any similar compo-
nents cannot be determined individually. Second, if other
solvents are used, such as ethanol or n-butanol, it could
affect the electron transfer process, altering the size of
the electrical signal output. Therefore, the detection pro-
cess must ensure the solvent's uniqueness and consis-
tency. Last, while the TPDS can measure the trend of the
active component content in various solutions,
the device's accuracy in detecting solutions with similar
concentrations is limited when the concentration of
puerarin in solution is greater than 2 μg mL–1, making it
difficult to determine the specific content. Hence, the
device's resolution and precision require improvement,
for example by using a more sensitive material for fric-
tion or changing the dilution gradient to increase the dif-
ference in puerarin concentration in solution.

With its rapid start-up, low cost, and simple pre-
treatment, the TPDS provides a sustainable and practical
approach for converting natural energy into a means of
determining the active component content in droplets.
This technique holds the potential for widespread use in

FIGURE 4 Charge transfer and interaction analysis of H2O with different polymers. (A) Charge density difference of Contact

Electrification (CE) between FEP and H2O, the FEP/H2O and puerarin (PUE), and the FEP/H2O with two molecules of PUE (2PUE); insets

indicate the corresponding section map and selected atoms when these different polymers are in contact with water. (B) Simulated frontier

orbital energy levels and calculated highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO) gaps of FEP,

H2O, and PUE diagrams. (C) Change of charge transfer between PUE and H2O. (D) and (E) Charge distributions in each element and the

total charge transfer in the system of FEP/H2O, and FEP/(H2O + PUE), respectively. (F) Total charge transfer in the systems of FEP/H2O,

FEP/(H2O + 2PUE), FEP/(H2O + PUE), and FEP/PUE.
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the field of content determination and presents promising
possibilities for the portability of such determination.

4 | METHODS

4.1 | Materials and preparation

The commercial Fluorinated Ethylene Propylene (FEP)
film was purchased from Shanghai Witlan Industry Co.,
Ltd; aluminum chloride (AlCl3, 99%) was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd;
sodium hydroxide (NaOH, 90%) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd.; fer-
ric chloride (FeCl3, 98%) was purchased from J&K Scien-
tific; Puerarin (98%) was purchased from Shanghai
yuanye Bio-Technology Co., Ltd.

4.2 | Fabrication of TPDS

The structure of the Triboelectric Puerarin Detecting
Sensor (TPDS) is composed of a Fluorinated Ethylene
Propylene (FEP) film as the friction layer, Kapton as
the dielectric layer, and two aluminum electrodes. A
laser cutting machine (PLS 4.75, General Laser Systems,
USA) was used to cut the right-angled trapezoidal
acrylic plate with the upper base of 30 mm, the lower
base of 50 mm, the right-angled waist of 20 mm as the
column, and the acrylic plate of 50 mm � 50 mm
� 5 mm as the support layer. Then, a lower electrode
made of Al foil, FED, Kapton, and the top electrode
made of Al foil is successively covered on the acrylic
plate to complete the TPDS.

4.3 | Electrical signal measurement

The electrical output of the TPDS was measured using an
Keithley 6514 (Kasley, USA) electrometer. The drop rate
was set at 1 drop per second with a drop height of 20 cm,
the voltage was measured using a 200 MΩ resistor in par-
allel to stabilize the baseline voltage.

4.4 | Preparation and detection of
solution

The extracted puerarin was diluted 100 times and ana-
lyzed using a UV spectrophotometer at a wavelength
between 200 and 400 nm. The experimental factors
included solid–liquid ratios of 1:10, 1:15, 1:20, 1:25, 1:30,
1:35, 1:40, 1:45, and 1:50; water temperatures of 25, 50,

55, 60, 65, 70, 75, 80, 85, 90, 95, and 100�C; and an extrac-
tion time of 1, 2, 3, 4, 5, 6, 7, 8, and 9 min.

4.5 | Qualitative determination of
puerarin

Complexation of metal salts: A 5 mL of solution from the
Pueraria root was taken and mixed with 1% AlCl3 solu-
tion in a test tube, a yellow-green precipitation appeared
in the solution. Reaction with NaOH solution: A 5 mL of
solution from Pueraria root was placed in a test tube and
mixed with 1 mL of 4% NaOH aqueous solution, the solu-
tion turned yellow after mixing. Reaction with FeCl3
solution: A 5 mL solution of Pueraria root was mixed
with a 1% FeCl3 solution in a test tube, resulting in the
solution turning a grassy green color.

4.6 | Detection of puerarin
concentration

Standard Curve Creation: To prepare a 50 μg mL–1

reserve standard solution, 10 mg of the puerarin standard
product was accurately dissolved in distilled water to
make a fixed volume of 200 mL. Then, 0, 0.1, 0.2, 0.4, 0.6,
0.8, and 1.0 mL of the solution were accurately measured
and distilled water was added to make a total volume of
1 mL. The solution was mixed thoroughly and left to
stand for 5 min. Subsequently, the absorbance was mea-
sured at 250 nm. Finally, standard curves were produced
by plotting the absorbance on the y-axis and the concen-
tration of the standard solution on the x-axis, using the
equation provided.

A¼ 0:06752Cþ0:10091,R2 ¼ 0:9941:

Here, A represents absorbance and C represents con-
centration. After determining the extract's absorbance,
the puerarin content in the sample was calculated based
on the linear regression equation (n = 3).

4.7 | Density functional theory (DFT)
calculations

DFT calculations were conducted using Gaussian 16. The
ground state geometry optimizations and single point
energy calculations were carried out through the B3LYP
exchange-correlation functional accompanied by the
6-31G** basis set. Grimme's D3 version with the Becke-
Johnson damping function was used for conducting the
density functional dispersion correction. Atomic dipole

10 of 12 SU ET AL.

 25673165, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/inf2.12624 by C

as-B
eijing Institution O

f, W
iley O

nline L
ibrary on [05/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Finf2.12624&mode=


moment corrected Hirshfeld atomic charges (ADCHs)
were utilized for estimating the charges.32 The Mutiwfn
program (version 3.8) was used to analyze the charge
density difference, charge transfer, and HOMO–LUMO
values.33
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