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Naked-eye point-of-care testing platform
based on a pH-responsive superwetting
surface: toward the non-invasive detection
of glucose
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Abstract
Herein, we demonstrate a contact angle (CA)-based naked-eye point-of-care testing platform with rapid pH-responsive
superwettability that can switch between superhydrophilic and superhydrophobic properties for quantitative
biosensing. The CA of the droplet on the pH-responsive surface approached ~0° at pH 1 and conversely reached
161.4° ± 6.2° at pH 13. We realized the sensitive detection of the pH, urea, and glucose by monitoring the changes in
the CA. The traditional invasive diagnosis of diabetes causes pain and brings the risk of infections, such as acquired
immune deficiency syndrome (AIDS), hepatitis B, hepatitis C, and syphilis, to the user. To address this issue, we
implemented a method for the non-invasive diagnosis of diabetes in human saliva and urine, which avoided the
significant drawbacks mentioned above. The accuracy of this method was demonstrated by comparing the results
with those from commercial glucometers and theoretical calculations. Interestingly, we successfully monitored
glucose levels in sweat before, during, and after cycling. The sensing performance was barely influenced by the
temperature, elevation, and droplet color, illustrating promise for expansion to hundreds of millions of potential
customers, especially those with color blindness or color weakness. Given its low cost, lack of instruments, and rapid
response (within 1 s), this strategy might overcome the limitations of the mechanical stability and durability of
superwettable materials and thus might extend the industrial-scale application of bioinspired superwettable systems.

Introduction
Learning from nature provides an exciting strategy for

constructing smart and functional materials. In nature,
many biological materials display significant stimuli-
responsive surface wettability1. For instance, the leaves
of Pinus sylvestris treated with gaseous air pollutants

exhibited an increase in the contact angle (CA)2. The
leaves of Phaseolus vulgaris L., Pisum sativum L., Vicia
faba L., and Brassica napus L. became less hydrophilic
following exposure to acid rain3. Stimuli-responsive
materials, which are functionally similar in wettability to
natural surfaces, have been developed for bioseparation4,
drug delivery systems5,6, cell-based diagnostics7, biosen-
sing8,9, and so on10,11. By combining stimuli-responsive
materials with microstructures or nanostructures, smart
switching between superhydrophobic and super-
hydrophilic properties has been realized in the last two
decades12–14. The current applications of superwettable
materials, such as self-cleaning15, anti-icing16, water har-
vesting17, printing18, and water–oil separation19, are
generally restricted to the industrial field because they
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need long-term operation processes, which might
enhance the likelihood of damaging the functional surface
by external forces1. To address this challenge, complex
structures, chemistries, and materials are being examined
worldwide. However, a simple alternative idea is to
explore a facile application that needs short-term opera-
tion and is not influenced by the mechanical stability and
durability of the surface.
Point-of-care testing (POCT) is a rapid diagnostic

testing method that satisfies the requirements of the
ASSURED (affordable, sensitive, specific, user-friendly,
robust, equipment-free, and deliverable to end-users)
standard proposed by the World Health Organization20.
Significant efforts have been devoted to the development
of rapid quantitative readouts in POCT assays, such as
optical detection21–25, electrochemical detection26–29, and
commercial portable instrument-based detection30–33.
While these methods are sensitive and user-friendly, most
of them are unsuitable for application with the broad
population. Hundreds of millions of people have vision
problems worldwide. Color blindness, for instance, affects
as many as 8% of men and 0.5% of women34. Thus, optical
detection methods, typically those including a lateral flow
strip and colorimetric, fluorescence, and chemilumines-
cence strategies, are not appropriate for people with color
blindness or color weakness. Electrochemical detection
methods need external equipment, which adds to the
complexity and cost of the devices. Commercial portable
instruments, such as portable glucometers, ATP meters,
pressure meters, and smart phones, increase the testing
cost, making them unaffordable in rural and remote areas.
Moreover, the customer might experience pain and a risk
of infections, such as acquired immune deficiency syn-
drome (AIDS), hepatitis B, hepatitis C, and syphilis, by
using the invasive glucometer. In addition, most of the
reported methods focus on single target detection, which
cannot satisfy the demands of multiple target detection in
complex environments. It is, therefore, desirable to design
a generally available, simple, and low-cost POCT platform
for multiple target detection.
Since the CA can be simply and visually monitored for

wettability characterization, it can be determined by
nearly all people, excluding the blind, and thus provides
an attractive possibility for utilization in an efficient
POCT device. In this study, we developed a naked-eye
POCT platform based on the rapid pH−responsive
superwettability switch between superhydrophobicity and
superhydrophilicity for the detection of pH, urea, and
glucose. To control the surface wettability, this pH-
responsive superwetting surface consisted of fumed silica
nanoparticles that were coated with the organosilanes (3-
[2-(2-amino ethylamino) ethylamino] propyl trimethoxy
silane (AEPTMS) and octyl trimethoxy silane (OTMS)).
Based on the remarkable switch in the wettability, we

achieved the detection of glucose by reading the CA
change. The CA decreased with increasing concentration
of glucose because the gluconic acid produced from the
glucose oxidase-catalyzed reaction led to a decrease in
the solution pH. It was demonstrated that a decrease
in the CA of human specimens from hydrophobic to
hydrophilic by naked-eye detection indicates the occur-
rence of diabetes. Although other bioinspired materials,
for example, nanopores and nanotubes35,36, have been
developed for glucose detection, the superwetting surface
provides several extraordinary advantages. First, we found
that the wettability was barely affected by the ambient
temperature and pressure, indicating the wide applic-
ability of this method in all countries. Second, the color of
the droplet had no effect on the CA, thereby providing
promise for expansion to hundreds of millions of poten-
tial customers, especially those that are color-blind or
color-weak. Moreover, the low cost, instrument-free, and
disposable biosensor presented a rapid sensing response
(within 1 s), which avoided long-term operation. Thus, the
mechanical stability and durability of the superwettable
materials are not crucial factors in biosensing applica-
tions. The results are significant for the design and crea-
tion of superwettable biosensors and for overcoming the
limitations caused by the service life of superwettable
materials in practical applications and thus might extend
the industrial-scale application of bioinspired super-
wettable systems.

Experimental section
Materials and instrumentation
AEPTMS and glucose oxidase (GOx) were purchased

from Sigma-Aldrich Co. Ltd. (Milwaukee, WI, USA).
OTMS was purchased from Xiya Reagent Co. Ltd.
(Chengdu, China). Fumed silica nanoparticles (SiNPs) (15,
50, and 200 nm) were purchased from Macklin Bio-
chemical Co., Ltd. (Shanghai, China). Glucose, fructose,
galactose, mannose, arabinose, xylose, and ascorbic acid
were obtained from Aladdin Chemistry Co., Ltd.
(Shanghai, China). Urease was purchased from Wor-
thington Co., Ltd. (Shanghai, China). Urea, glycine,
toluene, ethanol, tetrahydrofuran (THF), and other sol-
vents were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Beijing, China). All of the chemicals and
enzymes used were of analytical grade, and the water used
throughout the experiments was Milli-Q ultrapure water.
Specimens, including blood, urine and saliva, from normal
people and patients with diabetes were obtained from
Union Hospital, Tongji Medical College, Huazhong Uni-
versity of Science and Technology. Britton-Robinson
buffer was used to prepare solutions with different pH
values. An Accu–Chek glucometer was purchased from
Roche Company (Ireland), an Contour Plus glucometer
was purchased from Bayer Consumer Care AG
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(Switzerland), and a OneTouch glucometer was pur-
chased from Johnson and Johnson (USA). The CA was
measured using a 2 µL droplet by the OCA20 instrument
(DataPhysics, Germany). The surface morphology was
characterized by scanning electron microscopy (SEM)
using a Hitachi S4800 electron microscope (Japan) at 3.0
kV. X-ray photoelectron spectroscopy (XPS) was per-
formed by using the Thermo ESCALAB 250XI system
(USA). Zeta potentials were obtained using the Zetasizer
Nano system (UK).

Preparation of pH-responsive silica nanoparticles (pH-
SiNPs)
A mixture of SiNPs with different sizes (15, 50, and 200

nm) was heated in an oven at 100 °C for 4 h to remove the
moisture. The mixture of SiNPs was placed in a reflux
apparatus containing dry toluene, and 1.5 mM solutions
containing different ratios of AEPTMS and OTMS were
added into it and heated to 110 °C under an inert atmo-
sphere for approximately 4 h. After the reaction was
completed, these pH–SiNPs were centrifuged and washed
three times with dry toluene to remove the free organo-
silanes before drying under vacuum at 80 °C.

Preparation of pH-responsive superwetting surfaces
Glass plates were immersed in a hydrogen peroxide

solution (30%, H2O2) for 3 h to remove dirt and grease.
Then, ultrasonication of these glasses was carried out with
absolute ethanol for 30 min before thoroughly washing
them with plenty of Milli-Q ultrapure water. After that,
these glasses were placed in an oven and dried for 1 h at
80 °C. In the coating process, the coating solution was
prepared by adding the dried powdered pH-SiNPs into
dry THF and stirring the mixture thoroughly for
approximately 1 h at room temperature. Then, sonication
was performed for another hour. It was better to use this
mixture solution immediately while it was fresh. The pH-
SiNPs were grafted through self-assembly on the ultra-
clean glasses by dipping at a rate of 1 mm/s. Before drying
in the oven, the glasses were left to stand for approxi-
mately 10 min to finish the self-assembly process. After
heating at 80 °C for 2 h, the plates were slowly cooled to
room temperature before use.

Urea detection using the pH-responsive superwetting
surface
For urea detection, we used urea solutions with different

concentrations and a 10 UmL−1 urease solution. Urea
solutions with concentrations ranging from 100 to 3mM
were reacted with the urease solution in phosphate buffer
(pH 3) at 37 °C for 10min. After the reaction was com-
pleted, urea detection was accomplished by detection of
the generated hydroxyl ions with our as-prepared super-
wetting surface.

Glucose detection using the pH-responsive superwetting
surface
Different concentrations of glucose and GOx were

added into PBS (pH 6), which is the optimized condition
for GOx. To optimize the incubation time, the reaction
was incubated from 0 to 120min at 37 °C. To optimize the
concentration of GOx, the reaction was examined with
different GOx concentrations ranging from 1 to 20 U
mL−1 at 37 °C. The sensitivity test was investigated with
the total concentration of glucose ranging from 1mM to
1 nM with 10 UmL−1 GOx at 37 °C for 60 min. For the
selectivity test, glucose, fructose, galactose, mannose,
arabinose, xylose (total concentration 0.5 mM), and GOx
(10 UmL−1) were used for the reaction.

Glucose detection in human blood, urine, saliva and sweat
To evaluate glucose detection in a practical setting,

human blood specimens were collected from the 9
patients with diabetes and 9 normal people, and urine and
saliva specimens were collected from 9 patients with
diabetes and 6 normal people. The blood was collected
approximately 2 h after a meal, and the urine and saliva
were collected in the early morning. The blood specimens
were centrifuged and then diluted 1000 times with a 20
mM PBS buffer solution (pH 7.4) to adjust the glucose
concentration into the linear range. The urine specimens
were centrifuged and diluted 250 times before use. In
addition, the saliva was diluted five times with PBS before
use. The glucose oxidase-catalyzed reactions for all spe-
cimens were carried out at 37 °C for 60 min. The sweat
specimens were gathered from the forehead, breast and
back at three times before, during and after student
volunteers performed cycling exercise. The sweat was
centrifuged and diluted five times with PBS. The detection
of glucose in these collected sweat samples was carried
out according to the abovementioned procedures.

Results and discussion
To construct the superwetting surface, silica nano-

particles with different sizes (15, 50, and 200 nm) were
used to modify the surface topography (Figure S1), pro-
moting the roughness of hierarchical superwetting sur-
faces14. The organosilanes hydrophilic AEPTMS and
hydrophobic OTMS were employed to functionalize the
silica nanoparticles and switch the wettability as a func-
tion of the pH (Fig. 1a). The morphology of the
as-prepared hierarchical superwetting surface was char-
acterized by scanning electron microscopy (SEM). Dif-
ferent sizes of silica nanoparticles were observed on the
rough surface (Fig. 1b). The various sized nanoparticles
enhanced the degree of roughness and improved the
wettability of the superwetting surface because a large
amount of air could be trapped between the droplet and
the voids of the surface37,38. Such a high degree of
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roughness promoted the liquid repellency, transforming
the hydrophobic surface to superhydrophobic or hydro-
philic to superhydrophilic1. X-ray photoelectron spectro-
scopy (XPS) characterization was further performed to
investigate the composition of the as-prepared pH-
responsive silica nanoparticles (pH-SiNPs). The spectra of
each of the elements Si, C, N, and O were clearly observed
with their corresponding binding energies (Figure S2).
The C1 s spectrum in the binding energy range of
284.5–285.0 eV revealed the presence of C–C and C–H

groups on the pH–SiNP surfaces. The binding energy of
286.0 eV represented C–N bonds. The C–NH2 group was
observed at a binding energy of approximately 399.2 eV in
the N1 s spectrum. The highest peak at a binding energy
of 532.0 eV corresponding to the O1 s peak illustrated the
presence of abundant Si–O–Si group formed by the
reaction of the organosilanes with the silica nanoparticles.
A peak at approximately 103.6 eV, which is the Si2 p peak
of SiO2, showed that there was little bare space on the
silica nanoparticles14,39. These facts demonstrated that

Fig. 1 a Working principle of the switching of the pH-responsive superwetting surface properties between superhydrophobic and
superhydrophilic as a function of the pH. The percentage of AEPTMS is 10% on silica nanoparticles with sizes of 15, 50, and 200 nm. The CA of a
water droplet decreased to ~0° at pH 1 and increased to 161.4° ± 6.2° at pH 13. The scheme is not drawn to scale. b SEM images of the pH-responsive
superwetting surface. The low-magnification SEM image of the superwetting surface shows the general morphology of the rough surface (left). The
high-magnification SEM image of the superwetting surface indicates a high degree of roughness (right)
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organosilanes were successfully grafted on the surface of
the silica nanoparticles.
As shown in Fig. 1a, AEPTMS and OTMS were

important ingredients for achieving the pH response.
AEPTMS has hydrophilic properties in acidic solutions
due to the protonation of the pH–sensitive amino groups,
and OTMS possesses superhydrophobic properties14,39. In
the presence of a solution with a pH of 1, the surface was
completely wetted within 1 s, and the CA was approxi-
mately 0° owing to the protonation of AEPTMS (Fig-
ure S3A and Movie S1). When an alkaline solution (pH
13) was dropped on the surface, the amino group of
AEPTMS was unprotonated, showing a high CA of 161.4°
± 6.2° with superhydrophobic properties. Thus, the dro-
plet rapidly rolled along the surface at a low rolling angle
of 3° (Figure S3B and Movie S1).
Therefore, the use of AEPTMS and OTMS caused the

surface properties to switch between superhydrophobic
and superhydrophilic as a function of the pH. The
response speed of the POCT surface was then studied. It
was found that the CA took approximately only 1 s to
settle when a droplet with a pH of 1 was dropped on the
surface (Fig. 2a). Similarly, Fig. 2b shows that the surface
had a rapid response (within 1 s) to the alkaline solution
(pH 13). The results reveal the feasibility of the design and
creation of a rapid-response superwettable POCT
platform.
Zeta potential measurements were conducted to

examine the charge of the pH-SiNPs (Figure S4). The
measurements revealed that the zeta potential values at
pH 5 and pH 7 were positive, which meant that negative
ions could approach the positive ions on the surface of the
pH-SiNPs because of the protonation of the amino groups
on the pH-SiNPs39. However, the zeta potential value
decreased to nearly −28mV at pH 9, indicating that few
negative ions attached to the surface of the pH-SiNPs39.
Therefore, it was deduced that AEPTMS and OTMS
contributed to the hydrophilicity and hydrophobicity of
the system and that the rough surface contributed to the
creation of superhydrophilicity and superhydrophobicity.
The pH-responsive superwettability was strongly

dependent upon the percentage of AEPTMS functional
groups on the silica nanoparticles. To achieve the best
pH-responsive performance, we prepared various surfaces
by changing the percentage of AEPTMS on the silica
nanoparticle (0, 10, 50, 90, and 100%), and the wettability
was studied as a function of the pH (Figure S5). The
absence of AEPTMS caused the surface to be super-
hydrophobic (CA ≥ 150°) for droplets from pH 1 to 13
because of the lack of amino groups. In the construction
of the surface using 10% AEPTMS, the CA linearly
increased with increasing the pH from 1 to 7, indicating
the remarkable pH-responsive superwettability. As the
percentage of AEPTMS further increased, the

performance became unsatisfactory. When the percentage
of AEPTMS was above 90%, the surface displayed a
strongly superhydrophilic property (CA nearly 0°) due to
numerous amino groups of AEPTMS present. Thus, 10%
AEPTMS was chosen to prepare the pH-responsive
superwetting surface.
To examine the pH-sensitive superwettability of the

superwetting surfaces, we investigated the change in the
CA with solutions having different pH values using the
constructed superwetting surface (Fig. 2c). It can be seen
that the CA gradually increased from 0° to 152.5° ± 6.9°
with the increase in the pH from 1 to 7. Then, the CA
remained nearly constant at 150° and formed a plateau
under alkaline conditions, showing the significant super-
hydrophobicity of the surface. The change in the CA was
linear in the pH range of 1 to 7. The linear equation was y
= 25.39x − 25.43 with a correlation coefficient of 0.986
(Fig. 2d). Figure 2e illustrates visual images of the CA for
solutions with different pH values, indicating that the pH
can be detected by the naked eye.
To clearly demonstrate the pH response, in situ neu-

tralization was performed on the superwetting surface.
The CA of a pH 6 droplet decreased gradually from 126°
± 3.8° to 90° ± 1.9° following the addition of 1 µL of a pH
3 solution (Fig. 2f and Movie S2). After another 1 µL of a
pH 1 solution was added, the droplet nearly spread on the
surface with a low CA of 30° ± 2.0°. However, the CA
changed only slightly in a control test that used a pH
6 solution instead of the pH 3 and pH 1 solutions (Fig. 2g
and Movie S2). The in situ CA switching further con-
firmed the remarkable pH responsiveness of the super-
wetting surface.
To demonstrate the applicability of the POCT platform

in a broad population, we investigated the surface wett-
ability under different interfering environments. As
shown in Fig. 2h, the CA remained nearly constant despite
the distinct color of the droplets (pH 7), which indicated
the suitability of the method for people with color
blindness or color weakness. Unlike with optical detec-
tion, hundreds of millions of people, especially those with
color blindness or color weakness, are expected to be
included as potential customers. Furthermore, we can
store the superwetting surfaces in daily ambient envir-
onments with temperatures varying from 4 to 55 °C. As
expected, such temperature variations barely affected the
CA (Figure S6). In addition, even when the working
pressure decreased to 0.5 atm, the superwetting surface
still exhibited satisfactory performance (CA= 151.2° ±
1.8°), which means it can be used over 5000m above sea
level. Unlike the pressure-based method39, the CA-based
method is suitable for application in all countries.
Surface tension might be a factor that affects the CA.

Hence, the surface tensions of solutions with different pH
values were tested (Figure S7). It can be seen that surface
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tension was nearly constant (approximately 71.8 mN/m)
for different pH values ranging from 1 to 13. As the
surface tension of water is 71.8 mN/m at 20 °C, the change

in the pH barely influenced the surface tension of the
solution. Thus, the surface tension is not a key factor and
has a negligible effect on the CA switching in this system.

Fig. 2 a Relationship between the CA and the wetting time in the presence of an acidic solution (pH 1). b Relationship between the CA and
the wetting time in the presence of an alkaline solution (pH 13). c Calibration curve over a wide range from pH 1 to 13 examining the relationship
between the CA and pH. d Linear relationship between the CA and pH from 1 to 7. e Wetting states of droplets with different pH values. The volume
of the test droplet is 2 µL. fWetting states of in situ neutralization of the superwetting surface by mixing 1 µL of a pH 6 solution with 1 µL of pH 3 and
1 µL of pH 1 solutions sequentially. g Control experiment of in situ neutralization using a pH 6 solution instead of pH 3 and pH 1 solutions. Error bars
indicate the standard deviation of three replicates. h Digital photos and CA measurements of droplets with distinct colors
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The super wettability of the as-prepared superwetting
surface was found to be maintained even after at least 10
cycles with pH 1 and 13 solutions (Figure S8). The super
wettability could be recovered by rinsing the surface with
absolute ethanol before drying at 80 °C. Whenever the
basic solution was tested, the rinsing step was not
necessary because of the self-cleaning property of the
superhydrophobic surface. The regenerated
pH–responsive superwetting surface can avoid the fatal
weakness of irreproducibility and enhance the reliability
of the detection.
To evaluate the biosensing performance of the pH-

responsive superwetting surface, we chose urea as a model
molecule for detection. Urea can be hydrolyzed into
ammonium and hydroxyl ions (OH-) based on the
urease–catalyzed reaction to raise the pH of the solu-
tion40. The generated OH- ions caused a switch in the
properties of the superwetting surface from hydrophilic to
hydrophobic (Fig. 3a). We analyzed urea over a wide
range of concentrations from 100 nM to 3mM (Fig. 3b). It
was noted that the CA increased with increasing urea
concentration. The linear response occurred in the range
from 100 nM to 1 µM (Fig. 3c). The CA was nearly con-
stant at urea concentrations above 1mM. By analyzing
and fitting the resultant data, the linear equation y= 44.39
x + 55.61 was obtained with a correlation coefficient of
0.993. A detection limit of 29 nM was obtained based on
S/N= 3. Figure 3d illustrates visual images of the CA with
different urea concentrations, indicating that the urea can
be detected by the naked eye based on the change in the
CA.
To examine the selectivity for urea detection, the

effects of interfering agents, such as Na+, K+, ascorbic
acid, glucose, and glycine, were investigated by com-
paring the CAs (Fig. 3e). In this experiment, all agents
were used as 1 mM solutions for the urease-catalyzed
reaction. It was observed that the CA slightly changed
with the addition of interfering agents. Conversely, a
significant change in the CA was obtained when 1 mM
urea was added to the system. Thus, it was proposed
that these interferences barely influence urea detection
because of the remarkable specificity of the urease-
catalyzed reaction to urea.
To demonstrate that the pH-responsive superwetting

surface is applicable to the detection of other biomole-
cules, we examined the glucose detection ability, as shown
in Fig. 4a. In the glucose detection method, a glucose
oxidase (GOx)-catalyzed reaction in which glucose was
converted to gluconic acid, providing free hydrogen ions
(H+), was employed41,42. The generated protons reduced
the pH of the solution, resulting in a decrease in the CA.
Based on the switching of the wetting property, we can
establish a sensing strategy for the naked-eye detection of
glucose using CA as the readout signal.

A series of experiments were performed to optimize the
conditions for glucose detection. First, we investigated the
GOx-catalyzed reaction with different reaction times
(0–120min). It was recognized that the CA gradually
decreased with increasing reaction time. After 40 min of
incubation, the CA decreased significantly and then
remained nearly constant (Figure S9A). Subsequently, the
concentration of GOx was optimized. We found that the
CA decreased with increasing GOx concentration (Fig-
ure S9B). The CA achieved a plateau at a GOx con-
centration of 6 UmL−1, and after that, the CA remained
nearly stable even when the GOx concentration was fur-
ther increased.
To examine the sensitivity of our superwetting surface

in glucose detection, GOx-catalyzed reactions activated by
glucose were carried out over a wide range of glucose
concentrations from 1 nM to 1mM (Fig. 4b). It can be
seen that the CA linearly decreased with increasing con-
centration in the range from 1 to 800 nM (Fig. 4c). By
analyzing and fitting the resultant data, it was found that
the linear correlation coefficient of this range is 0.988 with
a linear equation of y=−48.70x+ 130.6 and a detection
limit of 0.32 nM (S/N= 3). Figure 4d shows visual images
of glucose solution droplets from 1 to 800 nM on the
superwetting surface, indicating that glucose can be
detected by the naked eye based on the change in the CA.
The CAs of solutions with and without glucose have

been studied theoretically and experimentally (Fig. 4e).
Since 1.0 µmol of glucose can be oxidized to gluconic acid
and H2O2 by 1 U of GOx per min43, 4.8 × 10−5 M protons
can be theoretically produced after 60 min of incubation
when 0.8 µM glucose and 10 UmL−1 GOx are added. The
theoretical pH (pH= ‒lg [H+]) would then be 4.3. Based
on the pH–responsive curve (y= 25.39x − 25.43, where x
is the pH and y is the CA.), the theoretical CA would be
83.7°, which is close to the experimental CA (90.3°).
Considering that the reaction efficiency is not exactly
100%, it is reasonable that the experimental CAs are
generally higher than the theoretical CAs when different
concentrations of glucose are examined. The irregular gap
between the experimental and theoretical CAs might
result from multiple factors. For instance, the temperature
and humidity might have influences on the output CA1,
the generated acid could affect the activity of GOx43, and
the buffer resistance might be another impact factor26,27.
To evaluate the selectivity of our assay, other mono-

saccharide substances, such as fructose, galactose, man-
nose, arabinose, and xylose, were used as interfering
agents. As shown in Fig. 4f, the CA changed remarkably in
the presence of glucose. Of note, slight changes in the CA
were found when other interfering agents were added to
the system. This result might be attributed to the fact that
GOx reacted specifically with β-D-glucose and barely
reacted with the other analogs.
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Taken together, our results reveal that a POCT platform
has been established for the naked-eye detection of var-
ious targets, including the pH, urea, and glucose, based on
the pH-responsive superwetting surface.
To evaluate the practicability and confirm the accuracy

of the POCT platform, we chose glucose for invasive and

noninvasive disease biomarker detection since diabetes
mellitus continues to be a major burden on society
globally. In glucose detection, biofluids, such as blood,
urine, saliva, and sweat, might be used as biomarkers for
clinical monitoring of diabetes44. The normal glucose
concentrations in biofluids are 4–8mM in blood45,

Fig. 3 Illustration of urea detection by the pH-responsive superwetting surface. a Schematic representation of urea detection based on the
OH− released from the urease–catalyzed reaction. The surface could be reused after washing and drying. (b) Sensitivity test with different
concentrations of urea (100, 200, 400, 600, 800 nM and 1, 10, 100, 200, 400, 600, 800, 1, 2, and 3mM). c Linear relationship between the CA and urea
concentrations ranging from 100 nM to 1 µM. d Wetting states of droplets with different concentrations of urea within the linear range. e
Relationship between the change in the CA (ΔCA= | CA − CA0 |, where CA and CA0 are the CAs of the experimental group and the blank control,
respectively) and interfering agents (Na+, K+, ascorbic acid, glucose, and glycine). All substances were tested at 1 mM with 10 UmL−1 of urease at 37
°C for 10 min of incubation. The initial pH was 3. The volume of the test droplet was 2 µL. Error bars refer to the standard deviation of three replicates
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0.5–2.8 mM in urine46, 0.008–0.21 mM in saliva45 and
0.005–1mM in sweat, which is correlated with the blood
glucose concentration44. Glucose homeostasis refers to
the maintenance of a stable glucose level within the body
by the balancing of insulin and glucagon. However, in a
disturbed glucose homeostasis, insulin resistance and

glucose intolerance produces a state characterized by the
inability to maintain stable glucose levels because insulin
lowers the blood glucose concentration by promoting
glucose uptake47. The control of glucose homeostasis
during exercise is dictated by complex interactions
between multiple hormonal regulators (e.g., insulin and

Fig. 4 Illustration of glucose detection by the pH-responsive superwetting surface. a Schematic representation of glucose detection based on
the gluconic acid released from the GOx-catalyzed reaction. The surface could be reused after washing and drying. b Sensitivity test with different
concentrations of glucose (1, 10, 100, 200, 300, 400, 500, 600, 700, 800 nM and 1, 10, 50, and 100 µM, 500 µM and 1mM). c Linear relationship between
the CA and glucose concentrations ranging from 1 nM to 800 nM. d Wetting states of droplets with different concentrations of glucose within the
linear range. e The theoretical and experimental CA in the presence of different glucose concentrations ranging from 1 nM to 800 nM. The theoretical
CA was obtained from the pH-responsive curve. f Relationship between the change in the CA (ΔCA= | CA − CA0 |, where CA and CA0 are the CAs of
the experimental group and the blank control, respectively) and interfering agents (fructose, mannose, arabinose, galactose, xylose and glucose). The
interfering substances were tested at 0.5 mM with 10 UmL−1 GOx at 37 °C for 60 min of incubation. The initial pH was 6. The volume of the test
droplet was 2 µL. Error bars indicate the standard deviation of three replicates
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glucagon), the nervous system, and various molecular
regulators within skeletal muscle and the liver, allowing
for precise control of the glucose concentration during
most activities48.
Thus, our proposed POCT sensor based on CA

readouts was applied to glucose detection in various
fluids (blood, urine and saliva) from patients and normal
people. The quantitative visual detection method was
evaluated by comparing the results of the visual CA
method with the results acquired by commercial gluc-
ometers. We tested a series of blood samples (diluted
1000 times before use) from 9 patients with diabetes and
9 normal people. Figure 5a indicates that the CA of all

normal specimens exhibited significantly higher values
due to the apparent hydrophobicity, whereas the CAs of
the samples from patients with diabetes decreased due
to the hydrophilic property. According to this survey,
the POCT platform is capable of distinguishing between
people with diabetes and normal people by visually
reading the wettability, in which relative hydrophobicity
corresponds to normal blood and relative hydrophilicity
indicates the occurrence of diabetes. In addition, the low
relative standard deviation of this method compared
with that of the commercial glucometers indicates the
remarkable accuracy and reliability for real sample
analysis (Table S1).

Fig. 5 Visual quantitative detection of glucose in practical settings by the pH-responsive superwetting surface. a Invasive glucose detection
of blood specimens obtained from 9 patients with diabetes and 9 normal people showing that the CAs of the samples from normal people were
over 100°, corresponding to hydrophobicity, and those from patients with diabeties decreased to nearly 50°, indicating the hydrophilicity of the
surface. b Non-invasive detection of saliva and urine obtained from 9 patients with diabetes and 6 normal people illustrating that the CA can be
employed to distinguish between samples people with diabetes and normal people

Gao et al. NPG Asia Materials (2018) 10: 177-189 186



Currently, most of the commercially available gluc-
ometers are capable of tracking an individual’s glucose
level in the blood, which is an invasive detection method,
causing pain and bringing the risk of infections, such as
AIDS, hepatitis B, hepatitis C, and syphilis, to the user.
Measurements of human saliva, urine, and sweat could
enable facile non-invasive detection, efficiently avoiding
these drawbacks due to the abundant information of
glucose contained in these fluids that can be retrieved
non-invasively. Figure 5b displays the non-invasive
detection results for urine (diluted 250 times before use)
and saliva (diluted 5 times before use) samples from 9
patients with diabetes and 6 normal people. A very low
value was observed for the patient samples, whereas the
CA was relatively high for the normal samples (Table S2).
Meanwhile, since the major physiological stimulators of

muscle glucose uptake are exercise and insulin and
because the measurement of glucose in sweat provides a
potential solution for the estimation of blood glucose
levels, we performed a survey of sweat glucose detection.
Sweat samples from different body parts, including
the forehead, breast, and back, were collected from five

pre-prandial healthy volunteers during cycling on an
ergometer (Fig. 6a). We found that during cycling, the
CAs of the sweat specimens (diluted 5 times before use)
gradually increased for each of the different body parts,
including the forehead (Fig. 6b), breast (Fig. 6c), and back
(Fig. 6d). This increase in the CA implied a decrease in the
glucose concentration in sweat during cycling because the
glycogen that is made from glucose was consumed
through exercise, which is in accordance with the repor-
ted phenomenon49. From an individual perspective, the
CA followed a similar increasing trend in the analysis of
the sweat from different body parts (Figure S10). Because
the sweat rate or metabolic capacity of the organs varies
between body parts49,50, the concentration of glucose
could change depending on the region where the sweat
was collected. The detailed results of non-invasive glucose
detection in sweat before, during, and after the cycling
exercise are summarized in Table S3.
Of note, the blood, urine, saliva, and sweat specimens

were diluted before the GOx-catalyzed reaction to adjust
the glucose concentration into the linear range. In this
case, the pH of these specimens was approximately 7.4,

Fig. 6 a Sweat specimens for non-invasive glucose detection were collected from the forehead, breast and back of five volunteer students
before, during and after cycling exercise. The CAs of the sweat specimens from the forehead (b), breast (c), and back (d) were observed to
increase slightly with each successive collection time from before to after cycling. The volume of the test droplet was 2 µL. Error bars indicate the
standard deviation of three replicates
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which excluded interference by the inherent pH of the
specimens.
Taken together, we demonstrated that the proposed

POCT platform exhibits excellent performance in non-
invasive glucose detection in human urine, saliva and
sweat samples.

Conclusion
We have designed a rapid pH-responsive superwetting

surface with superior superwettability as a POCT plat-
form for the naked-eye determination of the pH, urea, and
glucose. This surface was demonstrated to switch between
being superhydrophilic and superhydrophobic properties
as a function of the pH. Compared with commercial
glucometers, the proposed POCT platform exhibited
superior accuracy in the determination of samples from
patients with diabetes. Moreover, the non-invasive diag-
noses of diabetes in urine and saliva were achieved. The
developed method provided a non-invasive means for
monitoring changes in glucose levels during exercise. The
CA-based superwettable POCT platform provided
advantages of being rapid, straightforward, equipment-
free, and low-cost. More importantly, the performance
was barely influenced by the temperature, elevation, and
color of the droplet, making it suitable for people with
color blindness or color weakness and extending its
applicability to hundreds of millions of people. For the
nature-inspired superwettable system, this rapid-response
disposable POCT sensor might overcome the limitations
of the mechanical stability and durability of superwettable
materials and thus extend the industrial-scale application
of bioinspired superwettable systems. While the practical
results gathered in this system are preliminary in scope,
future studies will aim to construct detailed on-body
biosensors that integrate the superwetting surface with
photoelectric properties, data processing, and wireless
transmission to monitor more clinically relevant sweat
metabolites. We expect that the concept can be expanded
to additional applications in athletic performance assess-
ment as well as in the general healthcare field.
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