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ABSTRACT: The construction of the Space Station provides a spaceflight
laboratory, which enables us to accomplish tremendous short- and long-
duration research such as astronomy, physics, material sciences, and life
sciences in a microgravity environment. Continuous innovation and develop-
ment of spaceflight laboratory prompted us to develop a facile detection
approach to meet stringent requirements in a microgravity environment that
traditional experimental approaches cannot reach. Here we introduce
superhydrophilic microwells onto superhydrophobic substrates that are capable
of capturing and transferring microdroplets, demonstrating a proof-of-concept
study of a biosensing platform toward microgravity application. The capability
of manipulating microdroplets originates from the capillary force of the
nanoscale dendritic coating in superhydrophilic microwells. Based on
theoretical modeling, capillary forces of the superhydrophilic microwells can
dominate the behavior of microdroplets against the gravity. Direct naked-eye
observation monitoring of daily physiological markers, such as glucose, calcium, and protein can be achieved by
colorimetric tests without the requirement of heavy optical or electrical equipment, which greatly reduced the weight, and
will bring a promising clue for biodetection in microgravity environments.
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The research in the Space Station spaceflight laboratory
has already led to major advances in science and
technology, impacting diverse areas such as human

health, animal, plant, and microbial research and materials
science.1,2 However, the astronauts dedicated to the research in
Space Station may suffer from many serious adverse
physiological changes, such as bone fracture, muscle atrophy,
and gene or protein expression induced medical problems
during the spaceflight.3−6 For example, clinical studies have
confirmed that those astronauts experienced excessive metab-
olism of bone calcium with a minimum 5% loss to 10% or
greater loss in at least one skeletal site after a long-duration
spaceflight.7 Current diagnostic technologies for the detection
of physiological markers in microgravity always require skilled
technicians or sophisticated instrumentation, and weightless-
ness or zero gravity results in microdroplets floating every-
where, which makes the contact detection process much more
complicated. So, the challenge remains to develop an
alternative to meet the high standards of microgravity
conditions.

A growing number of microdroplet-based biosensors are
reported for diagnostic applications including biomolecular
detections, plasmonic immunoassays, cell behavior investiga-
tion, etc.8−12 These microdroplets provide a miniature “vessel”
for bioanalysis, which offers several benefits including
portability and facile and high throughput.13−16 Recently,
superwettable microchips with superhydrophobic−superhydro-
philic patterns exhibit excellent ability of patterning micro-
droplets17−21 and have a profound impact upon diverse
applications such as ultratrace detection of DNA22 and cell
microarray.23−27 Importantly, superwettable materials28−36

have proved to control the motion of liquid droplets, for
example, their directional motion on anisotropic wettable
surface37−39 and transferring between two surfaces by using a
superhydrophobic surface with high adhesion.40,41 These
studies provide an opportunity to manipulate microdroplets
toward biosensing in microgravity condition.
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Herein, we introduced a superhydrophilic−superhydropho-
bic microchip with the capability of capturing microdroplets as
a platform to perform detection of routine biomarkers toward
microgravity biosensing. On the superwettable microchip, the
high droplet-capturing ability of superhydrophilic microwells
can capture water droplets, while low adhesion of super-
hydrophobic background can limit the motion of the droplet.
The high droplet-capturing ability of superhydrophilic micro-
wells originates from a capillary force of their nanodendritic
silica coating and results in the detection processes easily at
weightlessness or zero gravity conditions. We successfully
employed this microchip in a proof-of-concept detection of
routine physiological markers (such as glucose, calcium, and
protein) regardless of the gravity. Contrast to the microfluidic
related system,42−44 which requires additional equipment
(pump, microscope, and electronic control system) that brings
a heavy burden during the spaceflight, and bubbles easily appear
and exit in such a closed container under a microgravity
environment. Such a microchip with the advantages of simple,
easy to operate, low-weight, robustness, and easy read-out
technology that meets the high standards of space research will
hold great potential in monitoring the health conditions of
humans inside the space station.

RESULTS AND DISCUSSION
Figure 1a illustrates the simple experimental procedures of
fabrication of superhydrophilic microwells on the super-

hydrophobic nanodendritic silica coating. In brief, a super-
hydrophobic nanodendritic silica coating with a contact angle
of 157.6° ± 2.5° (Figure 1b, left) was first fabricated as
previously reported.45−47 This simple approach employs a
candle soot as the template and provides a robust way to
develop a superwettable coating. The nanodendritic super-
hydrophobic coating candle soot exhibits a dendritic-like
network, consisting of physically connected and approximately
spherical soot particles with a diameter ranging from 19 to 43
nm, as demonstrated in Figure 1d. Then, superhydrophilic

microwells on an octadecytrichlorosilane (OTS)-modified
nanodendritic coating was fabricated via UV irradiation through
photomask. After 40 min of irradiation, the OTS in the exposed
area was photodecomposed and formed superhydrophilic
microwells with a contact angle of around 0° (Figure 1b,
right). The prepared superwettable microchips also show great
robustness (without malicious mechanical damage and long-
term strong ultraviolet irradiation) due to the stability of
physical and chemical properties of the superhydrophobic SiO2
layer. Allura-red-labeled water droplets on the as-prepared
substrate present two diametrically opposed appearances. On
the OTS-modified surface, water droplet was almost spherical
and indicates its superhydrophobicity (Figure 1c, left top). In
contrast, water droplets were flattened in microwells, revealing
its superhydrophilicity (enlarged view in Figure 1c). Thus, we
prepared the superhydrophilic−superhydrophobic microchip
toward microgravity biosensing.
The superwettable microchips showed the unique ability of

capturing microdroplets. Their capture capacity was inves-
tigated by monitoring the behaviors of microdroplets on
superwettable microchips, as illustrated in Figure 2a. In brief, 5
μL water droplet dyed with allura red was added onto the
prepared superhydrophobic substrate (Figure 2a left). When
microchip with the microwell diameter of 0.5 mm approached
and attached to the microdroplet, the microdroplet was

Figure 1. Fabrication and characterizations of nanodendritic
superwettable microchips. (a) Schematic illustration of fabrication
processes of nanodendritic superwettable microchips following by
coating candle soot, OTS modification, and photomask-assisted UV
irradiation, and their potential application toward microgravity
biosensing. (b) Water contact angle of the before OTS-modified
nanodendritic silica coating (left) and after UV-irradiation (right).
(c) Allura-red-labeled water microdroplets on the surfaces of
superhydrophobic OTS-nanodendritic silica coating and on super-
hydrophilic microwells. (d) SEM and TEM images of the
nanodendritic silica coating.

Figure 2. Investigation of the microdroplets behavior on super-
hydrophilic−superhydrophobic microwells. (a) Before (left) and
after (right) superhydrophilic microwell (diameter: 0.5 mm)
capture of microdroplets on the superhydrophobic surface. (b)
Capture of microdroplets from allura-red-dyed water with different
diameters of microwells (0.5, 1.0, 1.5, 2.0, and 2.5 mm). (c)
Contrast of the microdroplets behavior (15 μL) on four different
substrates: (i) bare glass surface, (ii) superhydrophilic surface, (iii)
superhydrophobic surface, and (iv) superwettable microchips;
microdroplets array formed on superwettable microchips con-
firmed its unique ability of capturing and holding in super-
hydrophilic microwells.
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immediately captured by the upper superwettable microchip
(Figure 2a right), indicating the capturing ability of the
superhydrophilic microwell. The as-prepared microchip with
captured microdroplets can also hold the microdroplets easily
even when vertically flipped. As demonstrated in Figure S1,
patterned microdroplets displayed elongated ellipsoids when
the substrate was reversed to 0°, 135°, and 180° without
dropping down from the substrate, suggesting their holding
capability of water microdroplets.
The volume of captured microdroplet depends on the

diameters of superhydrophilic microwells. Figure 2b illustrates
the capture ability of different volumes of microdroplets by
using different diameters of superhydrophilic microwells.
Microwells were fabricated via UV irradiation through
photomasks with the holes varied from 0.5, 1.0, 1.5, 2.0 to
2.5 mm. The whole glass was immersed in allura-red-dyed
water for 1 s and then pull out. Microdroplets were captured
and patterned on the microwells against the gravity and
displayed an increase in volume from 0.2, 0.7, 2.15, 4.86 to 9.23
μL along with the size of the microwells, as demonstrated in
Figure 2b. Visual comparison of the capture ability of two
microwells (2 mm vs 2 mm, 2 mm vs 0.5 mm) is demonstrated
in Figure S2. Gradually taking the upper microchips away from
the lower ones resulted in stretching of the microdroplets, and
a thin neck next to the smaller side was formed (Figure S2b,
step 3). Such dependence reflects the relationship between the
capture volumes and the diameters of superhydrophilic
microwells. Even under gravity, the superwettable microchip
can capture microdroplets from the solution, implying the
possibility of capturing an infinity volume of water droplets
under microgravity conditions. In addition, we also compared
our superwettable microchips with three other glass substrates,
including bare glass surface, superhydrophilic surface, and
superhydrophobic surface, to further investigate its capture
capability. These four substrates were placed 60° between the
horizontal plane, then a 15 μL allura-red-dyed water droplet
was dropwised from the top. As demonstrated in Figure 2c,
water droplets flowed down from the bare glass surface, the
superhydrophilic surface was fully wetted by water droplets, and
microdroplets slipped off from superhydrophobic surface. In
contrast, array microdroplets forming on superwettable micro-
chips further confirmed their unique ability of capturing and
holding in superhydrophilic microwells.
We attempted to explain the unique capture phenomena of

superwettable microchips by using a simplified capillary model
between liquid and porous solid surfaces. Compared to flat
glass, our superhydrophilic microwells with porous nano-
dendritic structures exhibit a larger adhesive force to water
microdroplets. Here, a thermodynamic parameter, work of
adhesion (Wsl), was introduced to evaluate the characteristic of
the liquid/porous solid pair, which is related to the surface
tension of the liquid, the wicking constant of the wetting liquid,
and the surface area of nanodendritic structure. In our
experiment, the surface area of porous nanodendritic structure
was related to the size and distribution of nanopore, which can
be modeled as an array of straight nonconnected parallel
circular cylinders with different diameters passing through the
nanodendritic coating (see Figure 3), thus the total capillary
force is the sum of each individual nanopore.48 As a result, the
absolute value of work of adhesion used to separate the liquid
from the pore wall can be considered as follows:49
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where σ is the surface tension of the sample solution (in our
case is water), θ is the equilibrium contact angle of water with
the surface of the nanodendritic, Ri is the radius of i

th nanopore,
and h is the thickness of the nanodendritic coating, which can
be controlled by moving the substrate back-and-forth on a
steady burning candle and also can be visualized by SEM
images. Thus, the model of an array on nanodendritic coating
requires knowing the probability density function U(R) and the
number of nanopores (Np). For given diameter of microwells
(d), the number of nanopores can be calculated as follows:
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where μR is the mean of the pore radius of nanodendritic
coating, and σR is the standard deviation of the nanopores
radius; both of them can be obtained from the SEM images.
Based on this model, the work of adhesion of a given liquid

to the porous material can be calculated and allows determining
the adhesion between liquids and porous solids. We can derive
that the increase of the thickness of nanodendritic coating (h),
the diameter of microwells (d), and surface tension (σ)
equilibrium contact angle (θ) or reduction of the radius of
nanopore (R) could increase the work of adhesion and result in
increasing capture capability. However, in our case, σ, h, R, and
θ are situations or a state of affairs that we do not change, and
as a result, capture capability can be modified by increasing the
diameter of microwells. The theoretical modeling also meets
the competitive capture of the microdroplet experiment, as
demonstrated in Figure S2.

Figure 3. Schematic of the microdroplet behavior on the
nanoporous substrate, where h is the thickness of the nanodendritic
coating, Ri is the radius of the i

th of nanopore, d is the diameter of
microwells, and θ is the equilibrium contact angle of water on the
surface of the nanodendritic coating.
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To further evaluate its feasibility and versatility as a platform
toward microgravity biosensing, three routine physiological
markers that are very close to astronaut’s daily life include
calcium (loss of bone calcium causing severe pain and decrease
in bone density leading to bone fractures in microgravity),
protein (helps to gain additional insight into protein changes
that affect the human body due to microgravity), and glucose
(the glucose level in serum, plasma, body fluid, food, and
growth medium is a key diagnostic parameter for many
metabolic disorders) were chose to illustrate the ability of
performing biodetection. The nanodendritic superwettable
microchips (superhydrophilic microwell diameter: 0.5 mm)
were employed to perform the quantitatively colorimetrical
detection of calcium, protein, and glucose (detailed detection
processes are provided in the Experimental Section). As
demonstrated in Figure 4, the reverse capture of microdroplets
in the limited superhydrophilic microwells suggested its
capturing capability against gravity. The visual detection of
calcium, protein, and glucose can be achieved by observing
color intensities of the welled microdroplets, which were
recorded by using Lane 1D analysis software to read the
grayscale value. The corresponding calibration plot of
colorimetric intensities vs calcium, protein, and glucose
concentrations was linear with correlation coefficients of
0.9960, 0.9970, and 0.9997, respectively, confirming its
suitability for quantitative work. In addition, the reproducibility
of the superwettable microchips was visually examined by two
rows of same sample solutions; the observation of almost the
same color intensity in contrast rows indicated its fine analytical
reproducibility. Such superwettable microchips with the
capability of capturing microdroplets against gravity provide
unlimited possibilities in quantitative biosensing under a
microgravity environment.

CONCLUSION

In conclusion, we introduced the superhydrophilic−super-
hydrophobic microchips as a biosensing platform, providing a
simple, easy to operate, low-weight, and easy read-out
technology to detect routine physiological markers toward
microgravity applications. The nanodendritic structure in
superhydrophilic microwells could generate capillary force
and capture different volumes of microdroplets against the

gravity by designing the diameters of superhydrophilic
microwells. Capillary theoretical model on porous solid surfaces
can explain the unique capability of superwettable microchips
capturing water microdroplets against gravity. Such capability
allows the superwettable microchip as biosensing platform in
visual detection of routine physiological markers, such as
calcium, protein, and glucose. This study shows promising
applications toward biosensing in microgravity conditions and
studying the influence of microgravity (such as cellular
function, the immune system, the skeleton of laboratory
animals, and expression of proteins) in the Space Station
spaceflight laboratory.

EXPERIMENTAL SECTION
Preparation of Nanodendritic Silica Coatings. The nano-

dendritic silica substrate was fabricated according to previous
literatures as follows: First, glass slides were cleaned by piranha
solution (mixture of 3:1 (v/v) 98% H2SO4 and 30% H2O2) for 1 h,
followed by ultrasonicating for 0.5 h in ethanol, acetone, and ultrapure
water, respectively, and drying with nitrogen gas. Then, a layer of
candle soot was deposited on the cleaned glass slide by moving the
substrate back and forth on a steady burning candle at a constant
speed seven times. Subsequently, the candle soot layer was coated with
a silica shell by chemical vapor deposition (CVD) of TEOS at 30 °C
using an ammonia solution as a catalyst in a desiccator for 36 h.
Finally, the candle soot particles were removed by calcinating the
carbon/silica core/shell nanocomposite at 550 °C for 2 h.

Fabrication of Superhydrophilic−Superhydrophobic Micro-
wells. First, the nanodendritic silica coating was treated with oxygen
plasma (DT-03, China) at 100 W for 180 s and then immersed in an
anhydrous toluene (99.8%) solution containing 1 vol % octadecytri-
chlorosilane (OTS) for 1 h under a nitrogen gas atmosphere at room
temperature. Then, the OTS-modified nanodendritic silica coating was
rinsed with toluene, ethanol, and ultrapure water, respectively, and
blown dry with nitrogen gas, followed by baking at 120 °C for 10 min.
A high-pressure mercury lamp (at about 150 mW/cm2) was used to
irradiate the OTS-modified nanodendritic silica coating through a
photomask for 40 min in ambient air. The nonirradiated part remained
superhydrophobic; in contrast, the UV irradiated regions became
superhydrophilic.

Detection of Calcium, Protein, and Glucose. The calcium
content was colorimetrically determined by the o-cresolphthalein
complexone method (Calcium Kit; Sigma-Aldrich). Two μL sodium
acetate-ethylene diamine buffer (pH = 11) and 2 μL color reagent
were added carefully to the microwells at room temperature, then 1 μL
calcium ion standard solution with concentrations of 0, 0.4 (16 ng),

Figure 4. Application of superwettable microchips in quantitatively colorimetrical detection of routine physiological markers. Colorimetrical
calibration curve of (a) calcium from 0 mM to 3.0 mM, (b) protein from 0 mM to 2.0 mM, and (c) glucose from 0 mM to 20.0 mM, with
correlation coefficient of 0.9960, 0.9970, and 0.9997, respectively.
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0.8, 1.2, 1.6, 2.0, 2.5, and 3.0 mM were carefully drop-cast onto the
microwells, respectively. Finally, a camera was used to record the
pictures, and the Lane 1D analysis software was used to read the
grayscale value. Finally, the corresponding calibration plot of
colorimetric intensities vs the target calcium ion was obtained, which
was linear with a correlation coefficient of 0.9960. The concentration
of BSA was colorimetrically determined by the interaction of
Bromophenol Blue with proteins in acidic solution. Bromophenol
Blue solution (pH = 3, citrate buffer, 3.3 mM) was prepared and was
carefully added (2.5 μL) to the microwells at room temperature, then
2.5 μL BSA standard solution with concentrations of 0.1, 0.3, 0.5, 0.7,
0.9, 1.2, 1.5, and 2.0 mM was carefully drop-cast onto the microwells,
respectively. By using the same approach as calcium, the finally linear
calibration plot of colorimetric intensities vs the target concentration of
BSA was obtained with a coefficient of 0.9970. Using the reaction of
glucose oxidase (GOx) oxidation of glucose to produce hydrogen
peroxide (H2O2), the generated color by H2O2 oxidation of potassium
iodide (KI) is proportional to the glucose amount. Two μL KI (0.6M)
and 2 μL GOx (15 U/mL) were added carefully to the microchips at
room temperature, then 1 μL glucose solution with concentrations of
0, 2, 4, 6, 8, 10, 15, and 20 mM was drop-cast onto the microwells,
respectively. By using the same approach as calcium, the finally linear
calibration plot of colorimetric intensities vs the target concentration of
glucose was obtained with a coefficient of 0.9996.
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