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[6_TD$DIFF]A B S T R A C T

Rapid and simultaneous in situ detection of multi-components is extremely crucial for the real-time
monitoring of nutrients in fruits. Herein, a facile and user-friendly poly(carboxybetaine methacrylate)-
coated paper-based microfluidic device (pCBMA-mPAD) has been exploited to synchronously identify
and semi-quantify vitamin C, glucose, sucrose and fructose in fruits. The pCBMAwas successfully grafted
from the surface of paper sensor using a convenient and robust method, which was confirmed by Fourier
transform infrared spectroscopy (FT-IR) and X-ray photoelectron spectrometry (XPS). The superior
hydrophilicity and ultra-low fouling of pCBMA endowed the pCBMA-mPAD with remarkably rapid
response (3min), high sensitivity, good linear relationship and low detection limit (LOD) (vitamin C:
y = 33.809 + 5.175x, R2 = 0.993, LOD = 0.179mmol/L; glucose: y =�0.113 + 30.066lg(x), R2 = 0.988,
LOD = 0.095mmol/L; sucrose: y =�5.334 + 34.858lg(x), R2 = 0.996, LOD = 0.097mmol/L; fructose:
y = 4.996 + 23.325lg(x), R2 = 0.994, LOD = 0.140mmol/L). Furthermore, satisfactory results were yielded
in the detection of these nutrients in 9 fruits, which were much agreed well with those obtained by
spectrophotometry. Such a portable and versatile pCBMA-mPADwill profoundly shape the future of food
analysis, especially for the assessment of food quality and nutrition in the process of agricultural
production and marketing.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Fruit is one of themostwidely consumed foods in theworld and
constitute an indispensable source of nutrients for human health
such as sugars, vitamins andminerals [1]. The analysis of nutrition
content in fruit is of extreme significance for determining edible
quality and monitoring quality changes during the production and
storage. Among various nutrients, sugars and vitamin C are
considered as two capital important indicators for fruit evaluation.
The sugars, including glucose, fructose and sucrose, are intimately
related to the taste of fruit and are often used as indices of fruit
development and ripening, which is beneficial for guiding fruit
farmers to harvest reasonably and ensure the maximization of
economic benefits [2,3]. Otherwise, the vitamin C, an attractive
index of foodstuff quality for consumers, is extensively used to
assess the nutritional value and freshness of fruit, which has
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important practical significance for guiding preservation and
consumption [3]. Consequently, the knowledge of exact qualitative
and quantitative distribution of characteristic individual sugar and
vitamin C in fruits is of capital importance to the quality
classification, origin traceability and consumption guidance, which
is conducive to the long-term and healthy development of fruits
industry.

Current analytical methods for the determination of sugars and
vitamin C rely mainly on chromatographic or spectroscopic
techniques such as high-performance liquid chromatography
(HPLC) [3–6], infrared spectroscopy [6,7], nuclear magnetic
resonance (NMR) [8,9] and fluorescence spectroscopy [10].
Although these assays enable higher accuracy and sensitivity,
they are suffering from drawbacks of complicated pre-processing,
expensive instruments and professionals, which are not ideal for
on-site quantification, especially in orchards. Accordingly, to better
realize fast and reliable field test, developing an easy-to-operate
and cost-effective device is imminent.
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. (a) Schematic diagram for fabricating the pCBMA-mPAD: (i) The
procedure of fabricating the hydrophobic PDMS channels, (ii) the procedure of
coating pCBMAon the surface of CF and (iii) place the pCBMA-CF onto the patterned
PDMS to form the pCBMA-mPAD assay platform. (b) The reaction scheme for
grafting pCBMA onto cellulose substrate.
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Fig.1. The detection for vitamin C by pCBMA-mPAD and spectrophotometry. (a) The
reaction principle of vitamin C analysis. The effects of experimental conditions
including (b) pH of system buffer, (c) the concentration of FeCl3 and (d) the
concentration of 1,10-Phen on pCBMA-mPAD and spectrophotometry. (e) Linear
relationship between vitamin C concentrationwith gray intensity of pCBMA-mPAD
(black) or absorbance of spectrophotometry (blue). All values are given as
means� SD (n � 3).
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Paper-basedmicrofluidic analytical device (mPAD) is deemed as
an alternative approach for point-of-care food testing by virtue of
its simplicity, low-cost and ease of handling [11–16]. As the
compatibility and producibility of mPAD improve, so does the
number of applications [17–20]. On the one hand, the mPAD
integrated with signal reporters can provide field visual detection
such as smartphones [21], scanners [22,23] and even naked-eye.
On the other hand, various physical [24] and chemical patterns
[25], including ink-jet etching [26], laser treatment [27] and
flexography printing [28], etc., make the industrial mass produc-
tion of mPAD possible [29–31]. However, the general bare paper
sensor is susceptible to interference by undesirable proteins,
biomolecules or microorganism, which limits its wider practical
application in complex real samples [19,32]. In order to address
this issue, zwitterionic polymer poly(carboxybetaine methacry-
late) (pCBMA) has been proved to be an efficacious choice as its
excellent dual capacity of high hydrophilicity and superior anti-
bio-fouling performance [20]. Jiang’s group [33–36] illustrated
that PCB modified cellulose paper had excellent anti-fouling
capacity and could successfully detect glucose in serum with a
quicker analytic diffusion rate and higher sensitivity. Inspired by
previous studies, the construction of high-efficiency paper device
for rapid and simultaneous detection of multiple nutrients in fruits
is a promising but challenging subject. Herein, we presented an
economical and easy-to-use pCBMA-functionalized microfluidic
paper-based analytical device (pCBMA-mPAD) for rapidly simulta-
neous detection of vitamin C, glucose, sucrose and fructose in
complex fruits. The pCBMA was coated on the surface of cellulose
filter (CF) using surface-initiated atom transfer radical polymeri-
zation (SI-ATRP), which was characterized by Fourier transform
infrared spectra (FT-IR) and X-ray photoelectron spectroscopy
measurement (XPS). As the pCBMA exhibited the outstanding
features of superior hydrophilicity and ultra-low fouling, the
pCBMA-mPAD enabled efficient and parallel detection of interest
analytes in 3minwithout a large number of reagents and samples.
Qualitative analysis was performed by visual observation the
specific color changes in the test zones, and quantitative results
were achieved by recording the corresponding greyscale intensity.
Additionally, the pCBMA-mPAD was successfully applied to the
determination of vitamin C, glucose, sucrose and fructose in 9
fruits and the results were consistent with spectrum analysis
events.

Fabrication and characterization of the pCBMA-mPAD. The
simple protocol for fabricating pCBMA-mPAD, according to the
previous work [35,37], is mainly divided into three steps
(Scheme 1). (i) The preparation of hydrophobic PDMS channels:
The glass surface was first silanization via trialkoxysilane and then
was coated with PDMS to pattern hydrophobic barriers, which
finally followed by laser-cutting to create hydrophobic channels.
(ii) The fabrication and characterization of pCBMA coated cellulose
filter (pCBMA-CF): The Whatman No. 1 filter paper was used to
pattern hydrophilic channels and the design of the branch-shaped
paper sheet with reaction zone (5mm diameter) and a straight
channel (6mmwide and 8mm long) was carried out by AutoCAD
software. After bare cellulose filter (bare-CF) was cut into size, the
pCBMA was coated on the surface of CF using SI-ATRP, which was
characterized by X-ray photoelectron spectroscopy measurement
(XPS, Fig. S1 in Supporting information) and FT-IR (Fig. S2a in
Supporting information). The detailed protocol was presented in
Supporting information. (iii) The pCBMA-CFwasmounted onto the
patterned PDMS channels to form pCBMA-mPAD assay platform.
The super-hydrophilicity and sensing properties between bare-CF
and pCBMA-CF were compared and discussed in Figs. S2b and S3
(Supporting information).

Colorimetric detection of vitamin C. The principle of vitamin C
analysis is displayed in Fig. 1a, which is based on its excellent
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Fig. 2. The detection for sucrose by pCBMA-mPAD and spectrophotometry. (a) The
reaction principle of sucrose analysis. The effects of experimental conditions
including (b) pH of buffer, (c) the amount of IVR-GOD-HRP and (d) the concentration
of ABTS on pCBMA-mPAD and spectrophotometry. (e) Linear relationship between
sucrose concentrationwith gray intensity of pCBMA-mPAD (black) or absorbance of
spectrophotometry (blue). All values are given as means� SD (n � 3).

J. Li et al. / Chinese Chemical Letters 31 (2020) 1099–1103 1101
reducing ability that can reduce Fe from trivalent to divalent, and
ferrous iron further couple with 1,10-phenanthroline (1,10-Phen)
to generate a special orange-red chelate [38]. To realize the best
analytical performance for vitamin C, we explored the effects of
pH, time, concentration of FeCl3 and 1,10-Phen on pCBMA-mPAD.
As shown in Fig. 1b, the mean relative intensity was almost no
change when the pH increased from 3.0 [7_TD$DIFF]to 7.0, indicating the pH
did not affect the color reaction. This phenomenon, for one thing is
attributed to the ability of vitamin C to reduce Fe3+ under acidic and
neutral conditions is not significantly different; for another, it is
because the orange-red chelate is stable in the pH range of 2–9
[39]. Moreover, we found that the color reaction began to stabilize
after 3min (Fig. S4 in Supporting information). As a result, themild
condition (pH 6, 3min) was selected in subsequent experiments.
On the contrary, the chromogenic reagent had a great influence on
color development. The chromogenic reagent was prepared with
different concentrations of FeCl3 (10–50 [8_TD$DIFF]mmol/L) and 1,10-Phen
(10–50 [9_TD$DIFF]mmol/L) in a 1:3 (v/v) ratio. As shown in [10_TD$DIFF]Figs. 1c and d, the
mean relative intensity increased markedly with the increasing
concentration of FeCl3 and 1,10-Phen and tended to be a stable level
when their concentration up to 40mmol/L. Therefore, the
40mmol/L FeCl3 and 40mmol/L 1,10-Phen were further chosen
to pretreat the test zone for subsequent experiments. Under
optimized conditions, a good linear correlation was obtained
between the mean relative intensity and the vitamin C concentra-
tion ranging from 0.1mmol/L to 10mmol/L, with the correlation
equation of y = 33.809 + 5.175x (y, mean relative intensity; x,
vitamin C concentration, mmol/L), and the correlation coefficient
was R2 = 0.993 (Fig. S5 in Supporting information, Fig. 1e). The
detection limit was determined to be 0.179mmol/L (LOD, defined
as 3s/S, s = 0.309, s refers to the standard deviation of the blank
samples (n = 11), and S refers to the slope of the fitting standard
curve). Concurrently, contrast experiments with spectrophotome-
try were accomplished, and all datawere collected and analyzed at
the characteristic peak (510 nm, Fig. S11a in Supporting informa-
tion). Under the optimal experimental conditions (pH 6, 40mmol/L
FeCl3 and 40mmol/L 1,10-Phen), a good linear equation
(y = 0.102 + 0.221x, R2 = 0.995, LOD = 0.149mmol/L, s = 0.011) was
obtained. All above results indicate that pCBMA-mPAD not only
possesses excellent detection performance for vitamin C, but also
shows high consistency with spectrophotometry.

Colorimetric detection of sucrose and glucose. The glucose and
sucrose assay are based on GOD-HRP and Inver-GOD-HRP enzymes
mediated-oxidation ABTS, respectively [18]. The schematic dia-
gram is displayed in Fig. 2a. Sucrose is first hydrolyzed by invertase
to generate glucose, GOD further catalyzes glucose to produce
H2O2, and then H2O2/HRP-mediated oxidation of ABTS generates a
green substance. Compared with the analysis of sucrose, the GOD-
HRP systemwithout invertase was used for glucose analysis. Thus,
this highly specific analysis of glucose served as the basis for
accurate analysis of other sugars.

The optimization experiments of pH, IVR-GOD-HRP and ABTS
for sucrose detection were carried out, respectively. As manifested
in Fig. 2b, the proposed pCBMA-mPAD exhibited an optimal
intensity at pH 4.5 system, indicating that the enzyme activity of
IVR-GOD-HRP was the highest under this condition. In addition,
the gray intensity increased and gradually up to a plateauwhen the
IVR-GOD-HRP dose reached 0.6mL (Fig. 2c) or ABTS concentration
(Fig. 2d) reached 50mmol/L. Hence, the acetate buffer (pH 4.5),
IVR-GOD-HRP (0.6mL) and ABTS (50mmol/L) were selected to
pretreat the detection area. On the optimal conditions, a linear
response over the range of 6–80mmol/L was obtained, with a
correlation equation of y =�5.334 + 34.858lg(x) (y, mean relative
intensity; x, sucrose concentration, mmol/L) and a correlation
coefficient R2 = 0.996 (Fig. S7 in Supporting information, Fig. 2e).
The detection limit as low as 0.097mmol/L (s = 1.128) was
achieved. Correspondingly, the analysis of sucrose was imple-
mented by spectrophotometry, and all data were collected at
414 nm characteristic peaks (Fig. S11b in Supporting information).
Under the optimal experimental conditions (pH 4, IVR-GOD-HRP
1mL, ABTS 45mmol/L), a good linear equation of sucrose
(y = 0.047 + 0.075x, R2 = 0.993, LOD = 0.160mmol/L, s = 0.004)
was obtained.

For glucose assay, as the reaction principle of glucose and
sucrose analysis is the same, the determination of glucose was
based on the above optimal conditions, in which only the complex
enzyme was replaced by the GOD-HRP with the same enzyme
activity. As a result, a good correlation equation of
y =�0.113 + 30.066lg(x) (y, mean relative intensity; x, glucose
concentration, mmol/L) was realized with a correlation coefficient
R2 = 0.988 (Fig. S8 in Supporting information) over the range of
2�100mmol/L. The detection limit was low to 0.095mmol/L
(s = 0.954). Moreover, an excellent linear relationship between
glucose concentration and absorbance was also obtained
(y = 0.047 + 0.075x, R2 = 0.993, LOD = 0.157 [11_TD$DIFF]mmol/L, s = 0.004).
Compared with spectrophotometry, the pCBMA-coated paper
sensor greatly shortens the incubation time (30min, Fig. S6 in
Supporting information) of the enzymatic reaction that enables the
detection of glucose and sucrose fast and accurate.

Seliwanoff test, a well-known specific chemical reaction for
ketose, is often used to identify and quantify fructose. The
schematic diagram of this assay is depicted in Fig. 3a. In short,
in the presence of hydrochloric acid, fructose is oxidized to
4-hydroxymethyl furfural, which further reacts with resorcinol to
form a red compound in a boiling water bath [40].

To successfully manipulate this reaction on pCBMA-mPAD, the
hot air condition was employed instead of boiling water bath. The
exploration for the reaction temperature and time was prioritized.
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Fig. 3. The detection for fructose by pCBMA-mPAD and spectrophotometry. (a) The
reaction principle of fructose analysis. The effects of experimental conditions
including (b) reaction time, (c) the concentration of resorcinol and (d) the
concentration of HCl on pCBMA-mPAD and spectrophotometry. (e) Linear
relationship between fructose concentration with gray intensity of pCBMA-mPAD
(black) or absorbance of spectrophotometry (blue). All values are given as
means� SD (n � 3).
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Fig. 4. Quantitative results of vitamin C, glucose, sucrose and fructose in nine fruit samp
(a1-d1) on analytical results by these two methods.
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As shown in Fig. 3b, it took 8min for the reaction to produce a
stable signal in boiling water bath by spectrophotometry, while
only 3min for pCBMA-mPAD in 60 �C oven environment (Fig. S9 in
Supporting information). Although the mean relative intensity
increased as increasing temperature and time, we chose 60 �C for
3min as the optimum reaction environment to avoid the scorched
state of paper chip due to excessive temperature or time.Moreover,
as shown in Figs. 3c and d, with the increasing concentration of
resorcinol or hydrochloric acid, the mean relative intensity
increased and tended to be a plateau when resorcinol exceeded
45 mmol/L or hydrochloric acid over 6mol/L. Consequently, 45
mmol/L resorcinol, 6 mol/L hydrochloric acid and deionized water
were selected to prepare a color reagent with a volume ratio of
3:5:4 to pretreat the test area for further test. Under the optimal
conditions, a good linear calibration equation was determined as
y = 4.996 + 23.325lg(x) (y, mean relative intensity; x, fructose
concentration, mmol/L) with R2 = 0.994 (Fig. S10 in Supporting
information, Fig. 3e). The detection limit was achieved to be 0.140
mmol/L (s = 1.091). Meanwhile, the determination of fructose was
also proceeded by spectrophotometry (Figs. 3b and e). All data
were collected at 480 nm characteristic peaks (Fig. S11c in
Supporting information), and a good linear equation was
established as y = 0.056 + 0.202x (R2 = 0.997, LOD = 0.029 mmol/L,
s = 0.002). All the above results not only indicate that the two
methods have good synchronization performance, but exhibit the
advantage of micro-device that can significantly simplify the
experimental steps for fructose analysis.

As a demonstration of its availability in real sample, the
proposed pCBMA-mPADwas applied to analyze vitamin C, glucose,
sucrose and fructose in 9 fruits (kiwifruit, lemon, grapefruit, apple,
grape, longan, mandarin orange, pear, pitaya). Chromogenic
reagents and enzymes were fully adequate for each nutrient test
in the fruit, and the real content of each nutrient was calculated
from the formula mentioned above. As shown in Fig. 4a, kiwifruit
had the highest vitamin C content (�170mg/100 g) while pitaya
les by pCBMA-mPAD and spectrophotometry (a–d), and the correlation coefficients



Table 1
The nutritional evaluation of kiwifruit from different origins and varieties by pCBMA-mPAD (n = 3), unit: mg/100 g.

Sample Vitamin C Glucose Sucrose Fructose

SX-(YH) 159.946� 3.680 948.705� 2.804 519.556� 5.082 3065.641� 33.840
SX-(GH) 101.748� 8.019 930.917� 2.485 232.762� 9.217 3999.965� 65.584
NZ-(GH) 102.363� 11.377 895.092� 3.004 294.021� 3.943 3431.247� 36.849
ZJ-(GH) 108.065� 13.298 863.902� 4.077 570.295� 6.705 3863.320� 12.716
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had the lowest (< 15mg/100 g). Similarly, there were significant
differences in the levels of glucose, sucrose and fructose among
different fruits. The glucose content in fruits was as follows: grape
(�1600mg/100 g) >> pitaya � kiwifruit> apple> orange �
pear> longan � grapefruit � lemon (Fig. 4b). And the higher
sucrose content was observed in longan (2000mg/100 g), orange
(1500mg/100 g) and grapefruit (1000mg/100 g) (Fig. 4c). More-
over, it was found that the fructose was more than 2000mg/100 g
in most fruits, except for pitaya (<1000mg/100 g) (Fig. 4d).
Contemporaneously, the contents of vitamin C, glucose, sucrose
and fructose in fruits were determined by spectrophotometry, and
good correlation coefficients were obtained to 0.978, 0.965, 0.989
and 0.917 in these two methods, respectively.

In addition, the developed pCBMA-mPAD was used to evaluate
nutrients of kiwifruit from different habitats (Shaanxi, New
Zealand, Zhejiang; labeled as SX, NZ and ZJ) and categories
(yellow-heart, green-heart; labeled as YH and GH) (Table 1). The
synchronous experiment was also verified by spectrophotometry
(Table S2 in Supporting information). All the results indicate the
category of kiwifruit has a greater impact on its nutrition than the
origin, suggesting that the pCBMA-mPAD possesses potential
applications in nutrition assessment and origin discrimination.

In summary, we described a method for efficient determination
of coexisting nutrients in fruits by using a simple and affordable
multiplexed pCBMA-mPAD. For an assay, all buffers, chromogenic
reagents and enzymes are pre-stored in dry form on each test area,
and then the user only needs to add a few drops of fruit to each
reaction area, waiting for 3min tomeasure the gray intensity of the
color image. Given the merits of readily available, cheap, portable
and capable of on-site assays even by nonskilled persons, the
pCBMA-mPAD could be distributed to areas of orchards, super-
markets and even families to guide picking, preservation,
consumption and intake. In addition, we also hope to extend
additional spot tests, such as chemical or biological contaminants
testing, to create a comprehensive analytical platform for
evaluation of food quality and safety. Overall, this particularly
practical micro-device provides enormous boost for moving the
laboratory to the field.
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