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The surface modification technique is applied in microfluidic devices to modify wettability and achieve
different flow velocities. Currently available methods for poly(dimethylsiloxane) (PDMS) surfaces may
reliably induce wettability changes, but only one area can be altered at a time. This work introduces the
controlled gradient oxygen plasma modification (CGPM) technique, which layers several resin masks with
varying porosities on top of the PDMS surface. Selective wettability of the PDMS surface can be achieved
by varying the oxygen plasma density above the modified material's surface by manipulation of the poro-
sity value. Through the implementation of the COMSOL plasma module, the impact of the mask’s poro-
sity, through-hole size, distribution, and distance from the PDMS surface on wettability was studied. The
suggested CGPM approach was characterized by contact angle measurements. During the 25-second
CGPM procedure, the PDMS surface’s contact angle continually changed from 8.77° to 76.98°. An inte-
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comparison with standard oxygen plasma treatment, the D-dimer assay was finished in 10 minutes and
had a dynamic range of 1-1000 ng mL™%, with a peak fluorescence signal augmentation of 78.3% and an
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1. Introduction

Polymers are becoming a prime choice in micro-manufactur-
ing due to their low cost and ease of manufacture.
Polydimethylsiloxane (PDMS) materials, typically flexible
elastomers with good biocompatibility, chemical stability,
and weather resistance,™” have attracted much attention in
the last few decades and have found a wide range of appli-
cations in many fields, especially in the biological field.>™®
Passive microfluidics devices (PMD) will further expand the
horizon of PDMS-based medical and biological research
devices. PMD, in which the fluid is driven by capillary
forces and the flow rate is determined by the structure and
spatial wettability of the PDMS surface, has the advantage
of low dead volume and low power consumption.” However,
the potential application of PDMS in passive microfluidic
devices is limited by its low surface energy, which makes it
hydrophobic.®®

The microchannel surfaces of PMD should be hydrophilic
to create automatic and reliable filling. Several surface modifi-
cation methods have been developed to provide more suitable
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average fluorescence intensity enhancement of 31.1%.

surface properties for PDMS. Wet chemical treatment is a
widely used method, where the surface is coated or grafted by
filling the channels with liquid chemicals. For example, the
surfactant SilwetL-77 is coated onto the PDMS surface to make
the surface hydrophilic;'® HEMA is grafted onto the PDMS
surface to introduce polar functional groups to make it hydro-
philic.'"* The other method is dry treatments, such as oxygen
plasma treatment,"”> UV/O treatment,"® etc. In addition, physi-
cal techniques® have been proposed to improve surface hydro-
philicity, such as changing the surface roughness by laser abla-
tion'® to achieve a change in surface wettability. Although
these treatments can modify surface wettability, all these
hydrophilic treatments are carried out on the entire polymer
surface or a part of the surface, preventing wettability at
specific locations on the surface. They have other problems,
such as long processing times, microchannel contamination,
or complex and easily failing steps. At the same time, in inte-
grated one-step detection PMD, the reaction time'® is undoubt-
edly an essential factor in the detection performance. Different
flow rates are often required in different areas, such as a slow
rate for incubation, a medium rate for reaction, and a fast rate
for washing.'” To adjust the flow rate, the primary approach is
to use various microstructures, such as stop valves'® with
abrupt changes in microchannel cross-section and trigger
valves'® that combine multiple microchannels at a joint (e.g., a
T-shaped joint). A sponge®® has been reported that creates a
core suction in the microchannel to promote the fluid flow.
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However, the above structures are very complex and require
tedious micro-manufacturing processes.

Oxygen plasma is one of the most conventional and simple
processes for making PDMS surfaces that is hydrophilic, fast,
and cost-effective. It does not involve tedious process steps
and toxic chemical treatment. However, in previous studies,
the entire polymer surface was treated with oxygen plasma,
and no wettability gradient was formed.>' Alternatively, a
single wettability gradient can be produced on the surface by
producing an oxygen plasma in a small area®® to create a wett-
ability pattern, masking a portion of the surface for depo-
sition,>* or creating a mask with an epoxy resin adhesive.**
This is the first time that controlled gradient oxygen plasma
treatment has been used to achieve a simple, reliable, and scal-
able one-step selective wettability modification of PDMS micro-
fluidic devices.

A controlled gradient oxygen plasma modification (CGPM)
method was developed and demonstrated for the selective
wettability modification of PDMS surfaces in this study. This
method covered a series of resin masks with varying porosity
first on top of the PDMS surface and then subjected to oxygen
plasma modification. By controlling the mask’s porosity, the
oxygen plasma density on the PDMS surface can be adjusted
to achieve selective wettability modification without compli-
cated and tedious treatment. The effect of the chamber height
between the mask and the PDMS surface, the through-hole
distribution, the through-hole size and the porosity of the
mask on plasma density was analysed using the plasma
module in COMSOL. The relationship between the plasma
density and surface wettability was verified, and it was deter-
mined that the surface wettability can be precisely controlled
by controlling the porosity of the mask and the plasma treat-
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ment parameters, and therefore the method produces reliable
selective wettability. The surface morphology was analysed to
gain further insight into the CGPM method, and the surface
was characterized using attenuated total reflection Fourier
transform infrared spectroscopy (ATR-FTIR). To verify the feasi-
bility of the CGPM method, an integrated one-step detection
microfluidic device driven entirely by capillary forces was
developed to detect D-dimers, which is considered one of the
gold standard biomarkers for the diagnosis of venous throm-
boembolism and pulmonary thromboembolism.

2. Theoretical basis

Plasma bombardment of a polymer surface creates hydrophilic
groups that alter its wettability,”® and here the plasma is gener-
ated using a radio frequency field as shown in Fig. 1(a). Under
the RF electric field between the cathode and the anode, the
initial small number of free electrons in space was accelerated
to gain energy to collide with the gas atoms, resulting in the
ionization of the gas atoms. With the ionization of many gas
molecules, the gas changed from its initial insulating state to
a conductive state, with an electric current passing through
and an electric field forming between the cathode and the
anode. However, the free electrons in space continued to
collide and compound with the gas ions, returning them to
gas atoms. Eventually, the ionization and compounding
reached equilibrium, forming a plasma in space.>®

To simplify the study of the physical discharge process, this
simulation used the continuity equation, the energy conserva-
tion equation, and the Poisson equation, combined with the
Gravenstein distribution, to solve for each physical parameter.
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Fig. 1 Schematic diagram of the CGPM method and its device. (a) Illustration of the CGPM method. (b) Flat plate electrode plasma simulation

model. (c) 3D printing of the CGPM device.
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Continuity equations
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Eqn (1) is the electron continuity equation, and eqn (2) is
the ion continuity equation, where p.n.V@ and D.Vn, are the
electron flux and ion flux, respectively. The right-hand sides of
the two equations, S. and S;, represent the production or dis-
appearance of electronics and the ith ion during the reaction
due to mutual collisions between particles.

Electron energy conservation equation

g (3
ot (E neKTe) = — Vqe — €E - (uneVZ — DeVne)
_e Z xjkiNpne A

In eqn (3) g is the electron heat flux density, E is the elec-
tric field vector, and the third term represents the change in
heat energy density of electronics due to various collisions,
where the reaction rate coefficient k; can be expressed as:

k= /2 I7 eo(efiode (4)

where the electron energy density function fi) uses the
Gravenstein distribution.
Poisson equation

—Veoe,VV = g3 (Qeng) — nel (5)

In eqn (5), q, nx and Qy denote the unit charge, the number
density of the kth heavy particle, and its charge, respectively.

3. Materials and methods
3.1 Numerical approach

Numerical simulations were used to validate the CGPM device
in order to explore its potential for room-controlled plasma
density control. The capacitively connected plasma system
includes the plasma etching equipment (K1050X, Quorum,
UK), and COMSOL software was used to manage the discharge
process at low atmospheric pressure in the system. A pair of
two-dimensional parallel electrodes in the geometrical model
are grounded on one side and linked to the drive power supply
on the other. Gas enters the cavity wall from the drive elec-
trode and exits through the bottom on the opposite side. The
RF power was set to 100 W, the discharge gas pressure was set
to 1 Torr, the plasma was maintained by a periodic electrical
excitation of 13.56 MHz, and all wall temperatures were
assumed to be 300 K. The parameters of electron impact reac-
tions and heavy species reactions in the plasma simulation
model were set as shown in Tables S1 and S2.f The study
examined the impact of insulated confined chambers with
chamber height (H), through-hole distribution (d), and
through-hole size (S) on the plasma density, as shown in
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Fig. 1(b). Mesh evaluation was performed to ensure that the
results were not mesh-dependent (Table S37).

3.2 Design and fabrication of the CGPM device

To control the oxygen plasma density above the polymer, a
series of resin masks with different porosities were set up, and
the CGPM device was manufactured. An insertion slot was
designed in the mask fixture, so resin masks with different
porosities can be inserted. Different wettability properties can
be produced on the same surface depending on the arrange-
ment of the masks. The holder was designed with several
adjustment slots to adjust the distance between the polymer
surface and the resin mask from 2 mm to 6 mm, and corre-
spondingly designed with support plates from 2 mm to 6 mm
in height, thus creating chambers of different heights on the
polymer surface. Fig. 1(c) shows the various parts and the
equipment structure of the CGPM device, which consists of
five main parts: the mask, the mask mount, the support plate,
the microdevice mount and the bracket. The resin mask was
provided with different arrangements of through-holes, and
the porosity was set to 0.04, 0.07, 0.12, 0.25, 0.36 and 0.48. For
a better illustration of the various porosities of masks, these
masks are referred to as masks A, B, C, D, E, and F, as shown
in Fig. 1(c). It is important to note that the size and position of
the mask can be easily changed using this device, thus
enabling flexible selectivity features for different application
requirements.
Sh

pP= X 100 6
S s, % (6)

In eqn (6) P is the porosity of the mask, Sy, is the total area
of holes, and S, is the total area of the mask surface.

3.3 Apparatus

Rectangles measuring 60 mm x 20 mm and made from 2 mm
thick PDMS sheets (Dow Corning, USA) were cut, and the resin
masks were inserted into the the slots of the mask fixture in
the proper order to verify the CGPM performance. Once inside
a solid-state RF plasma barrel reactor for CGPM, the device
was then used (Fig. S1f). A droplet shape analyzer (DAS100,
KRUSS Co., Germany) was used to determine the contact angle
of the PDMS surface following the alteration. A 45 W treated
25 s polymer was used to gain further insight into the CGPM
technique, the surface morphology was examined, and attenu-
ated total reflection Fourier transform infrared spectroscopy
(ATR-FTIR) was used to characterize the surface. A Vertex 70
FTIR and a platinum ATR accessory with a single reflection
diamond crystal (Bruker, Germany) at a 45° incidence angle
were used to perform the ATR-FTIR measurements. At a resolu-
tion of 0.4 cm™', 16 images were collected to record the
spectra ranging from 3600 to 400 cm™~'. A white light interfe-
rometer (New view 5022, ZYGO, USA) with 0.1 nm resolution in
the vertical direction was used to study the
morphology.

surface
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3.4 An integrated microfluidic device for D-dimer detection

3.4.1 Design and manufacture of the microfluidic device.
The CGPM method was applied to an integrated microfluidic
device to detect D-dimers as shown in Fig. 2(a). The integrated
microfluidic chip consists of two parts, the top substrate and
bottom substrate, with an overall size of 75 x 20 x 4 (mm) and a
channel depth of 80 pm, and is fabricated by soft lithography
(Fig. S271). The functional sections and design model of the
microfluidic device are depicted in Fig. 2(b). The inlet, labelling,
mixing, biosensing, and waste areas are the five functional
areas that are integrated by the device. When the tested sample
was rinsed, the chitosan film that the FITC-detection antibody
(detection Ab) was placed on became loose and flowed into the
mixing region. With a 99.99% mixing efficiency,” the
Archimedean spiral flow channel allowed the detection of Ab
and the target antigen D-dimer to combine and bind well
enough to produce an antigen-FITC Ab conjugate. The tested
sample (50 pL) was injected into the inlet zone, and the remain-
ing sample was used as a wash solution to remove the unbound
chemicals. Therefore, to obtain the fluorescence image through
an inverted fluorescent microscope (Olympus, IX71, Japan),
employing this equipment required a one-step sample injection
procedure. After post-processing the fluorescence image, one
may determine the D-dimer concentration in the sample. As
seen in Fig. 2(b), the masks A, D, A, B, and C were positioned in
various functional regions of the apparatus to produce selective
wettability in the microchannel, enabling each functional area
to carry out its intended purpose.
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3.4.2 Antibody modification method. The FITC-labelled
specific monoclonal anti-D-dimer detection Ab, the specific
monoclonal anti-D-dimer capture Ab, and the human D-dimer
biomarker used in this study were purchased from Bioss
(Beijing, China). Based on the principle of sandwich immuno-
fluorescence, detection antibodies and capture antibodies
were pre-immobilized in different functional regions by physi-
cal adsorption and directional fixation, respectively. The modi-
fication of the antibodies was accomplished using chitosan;
its properties of biocompatibility, solubility in aqueous media,
biodegradability, hydrophilicity, and ease of film formation
ensured the modification of antibodies without causing their
denaturation.”®

The modification process of capture Ab is shown in
Fig. 2(c). Firstly, the substrate and cover layer were washed
with deionized water for 30 min ultrasonically to wash away
surface impurities. Secondly, the substrate was treated using
the CGPM method with a power of 35 W for 25 s, mask B for
the biosensing area only, and mask without through-holes for
the rest of the area. Thirdly, 2 pL of 1%(w/v) chitosan solution
was injected into the channel via a pipette gun at 30 °C and
held for 30 min. Fourthly, 2 pL of 1%(v/v) glutaraldehyde solu-
tion was injected into the channel via the pipette gun at 30 °C
and held for 30 min. Fifthly, 1.5 pL of 60 pg mL™" of capture
Ab solution was added via pipette to the center of the detec-
tion zone and incubated for one hour at 30 °C. Finally, the bio-
sensing area of the substrate was immersed in a 2% (w/v) BSA
solution for 30 min at 30 °C to reduce specific adsorption.
Throughout the procedure, the chip was washed thoroughly
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Fig. 2 Schematic diagram for D-dimer detection. (a) Solid design model of the CGPM. (b) The integrated microfluidic device and its functional com-
ponents. (c) Scheme of the sandwich sensing detection strategy for D-dimer.
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with phosphate-buffered saline (PBS, pH 7.4) after each step
except for the first three steps.

After the modification of the biosensing area, the labelling
area was modified, as shown in Fig. 2(c) Firstly, the substrate was
treated using the CGPM method with a power of 35 W for 25 s,
and masks A, D, A, and C were applied to the inlet area, the label-
ling area, the mixing area, and the waste area. Secondly, 3 pL of
1% (w/v) chitosan solution was added to the labelling area via the
pipette gun and left to dry naturally. Finally, 2 pL (w/v) of 0.4 mg
mL " of detection Ab was added to the labelling area via the
pipette gun and incubated for one hour.

3.4.3 D-Dimer detection. Fluorometric immunoassays were
performed using a sandwich immunoassay configuration in
which detection Ab and capture Ab were pre-immobilized in
separate functional areas by physical adsorption and direc-
tional fixation, respectively. The tested sample was washed off
the detection Ab, and the antigen in the tested sample was
bound to the detection Ab to form an antigen-FITC Ab conju-
gate. Finally, the antigen-FITC Ab conjugate was bound to the
capture Ab to form a sandwich structure (FITC Ab-antigen-
capture Ab), and the concentration of the antigen in the tested
sample was determined by detecting the fluorescence of the
FITC Ab.

After antibody modification of the biosensing area and the
labelling area, the cover sheet was processed using the CGPM

(a)

H=1mm

e
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method, and then the cover sheet and substrates were bonded
together. The tested samples of D-dimer biomarkers were pre-
pared in PBS buffer, and concentrations of 1, 10, 100, 500, and
1000 ng mL~" were generated for analysis.

4. Results and discussion

4.1 Effect of the chamber height, through-hole size and
through-hole distribution

Fig. 3(a) shows the simulation clouds for each chamber with
chamber heights of 1 mm, 2 mm, 3 mm, 4 mm and 5 mm,
which illustrates that a small chamber distance results in a
much lower plasma density in the middle region than at the
two ends. Fig. 3(b) shows the range of the plasma density at
the bottom of the chamber with different chamber heights. It
can be seen that as the height of the chamber increased, the
plasma range within the chamber increased and then
decreased, with the best uniformity at 4 mm. Therefore, the
chamber height was set to 4 mm for subsequent experiments.
Fig. 4(a) shows the simulation clouds for each chamber
with through-hole sizes of 0.2 mm, 0.5 mm, 1 mm, 2 mm,
3 mm, and 4 mm. It can be seen that with the increase of the
through-hole size, the plasma density within the chamber
increased, and the distance between the intermediate relatively
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Fig. 3 Effect of chamber height on plasma density within the chamber. (a) Simulation clouds for each chamber. (b) The range of plasma electron
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Fig. 5 Effect of through-hole distribution on plasma density within the
electron density at 0.5 mm from the bottom of the chamber.

smooth distributions slightly decreased. There is a noticeable
decrease in the density of plasma entering the cavity when the
through-hole size reaches 1 mm. Plasma finds it difficult to enter
the chamber when using through-hole sizes of 0.2 and 0.5 mm
due to the small size, and their impact on surface modification is
minimal. Furthermore, as the mask is made via 3D printing, the
study begins at 1 mm, taking into account the 0.5 mm accuracy
of 3D printing. With the increase of the through-hole size, the
plasma density difference at the bottom of the chamber increases
(Fig. 4(b)), indicating that more and more plasma enters the
chamber, but concentrates in the middle of the chamber, which
will cause uneven plasma density in the chamber. In order to
improve the uniformity of the surface modification, a through-
hole size of 1 mm was chosen.

Fig. 5(a) shows the simulation clouds for each chamber
with porosities of 1 mm, 2 mm, 3 mm, 4 mm, 5 mm, 6 mm,
7 mm, 8 mm and 9 mm. Fig. 5(b) shows the range of the
plasma density at the bottom of the chamber with different
through-hole distribution. It can be seen that with the increase
of the hole spacing, the plasma range within the chamber
decreased first and then increased, the minimum range was at
6 mm, and the hole spacing was 4 mm with uniform distri-
bution, and it can be found that the uniformity increased
when the holes on both sides were close to the edge. However,
as the number of holes was variable when the porosity
increased, bringing the holes on both sides closer to the edge
will make the design more difficult. For simplicity of design, a
uniform distribution between the holes was chosen, and the
range was similar to the optimum distribution.

4.2 Structural and physical characterization

4.2.1 ATR-FTIR. The functional groups on the modified
PDMS surface were characterized by ATR-FTIR. The spectra
were recorded from 4000 to 400 cm™". The PDMS surfaces were
treated with oxygen plasma with a power of 40 W for 25 s. The
trends for all spectra were similar, as the chemical modifi-
cation involved the same functional groups. The absorption
peaks at wave numbers of 3000-3600 cm™", 2800-3000 cm™,

and 500-1500 cm™" correspond to the O-H, C-H, and Si-C, Si-
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O, Si-C groups. As can be seen in Fig. 6(a), the absorption
peaks at 3000-3600 cm ™" indicate the presence of ~OH groups.
In addition, as the mask porosity changes from 0.48 to 0.04,
the absorption peak at wave number 3000-3600 cm™*
decreases accordingly. This is because as the mask porosity
decreased, the oxygen plasma density within the chamber
decreased, resulting in a change in the absorption peak of
—-OH. In summary, oxygen plasma can form hydrophilic groups
(-OH) on the PDMS surface, making the surface hydrophilic,
and the surface’s wettability can be adjusted by using different
masks.

4.2.2 Surface morphology. The surface morphology of the
modified surface was evaluated using the white-light interfe-
rometer, as shown in Fig. 6(b). The unmodified PDMS surface
was very smooth with an average surface roughness Ra of
0.464 nm. After oxygen plasma treatment, the PDMS surface
was slightly roughened at the nanoscale. A large number of
nanoscale mounds and pits were produced on the surface, and
the surface roughness increased from 0.729 nm to 1.527 nm as
the mask porosity changed from 0.04 to 0.48. These mounds
and hollows were slightly increasing in height and gradually
decreasing in spacing. The formation of mounds and craters
was due to the reaction of oxygen ions directly with atoms on
the sample surface, or the incident ions decomposed chemi-
cally active molecules adsorbed on the sample surface into
free radicals. The free radicals generated by the incident ions
migrated on the sample surface to develop volatile products
pumped away by the vacuum system. However, as the oxygen
plasma action was isotropic and almost chemical, the etching
effect on the surface was weak. Therefore, the surface rough-
ness increased only slightly, and this variation in roughness
affected wettability in some way.>® Insulated confined
chambers with different porosities influenced the density dis-
tribution of the oxygen plasma and, thus, generated different
surface morphologies on the surface. A study has been
reported in which PDMS was modified by oxygen plasma treat-
ment for a long period, which led to cracks on the surface.’® In
contrast, there were no cracks in this study, which may be due
to the short modification time.

This journal is © The Royal Society of Chemistry 2024
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4.3 Performance of the CGPM technique on the PDMS surface

The wettability of the modified PDMS surface was character-
ized by water contact angle (WCA) measurements, and each
measurement was repeated three times on three different
PDMS sheets. Fig. 7(a) shows a representative image of the WCA
measurement results with a modification power of 30 W and a
time of 25 s. This shows that as the porosity of the mask
increases, the contact angle then decreases, indicating the
enhanced action of plasma on the PDMS surface. Combined with
the results of the simulation analysis for different porosity
chamber densities, this corresponds to an increase in the density
of oxygen plasma reaching the polymer surface. The correspon-
dence of pore density with WCA and plasma density is demon-
strated in Fig. 7(b), and in terms of the overall trend, the plasma
density increases with increasing porosity, and conversely the
WCA decreases. This trend changes fast when the porosity is less
than 0.2 and decreases when the porosity is greater than 0.2. The
two groups of data are normalized in order to facilitate compari-
son because the two groups of data differ in dimensions and
orders of magnitude, and the results of the simulation analysis
are represented as theoretical data, and the results of WCA are
represented as experimental data, thus obtaining Fig. 7(c). The
normalized points were fitted separately to obtain the theoretical
fit curve (y = —2.4689x> + 3.6858x — 0.3197) and the experimental
fit curve (y = 5.5931x* — 5.4384x + 1.3215), respectively, to take
the y value corresponding to the x value as equal to 0.1, 0.25 and
0.4, and calculate the mean squared error (MSE) of these values
to the intersection of this theoretical and experimental fitted
curves with the line parallel to the x-axis, where the straight line
(y = 0.38) is located. The MSE is 0.037, indicating that the two
curves are in good agreement.

4.4 Wettability of the modified surface

The link between WCA and modified power is depicted in
Fig. 7(d). As modification power increased, the WCA was

This journal is © The Royal Society of Chemistry 2024

reduced. In the region below a porosity of 0.25, the WCA was
46.92 + 1.69° when the modification power was 25 W. The
WCA in this location dropped to 8.56 + 0.35° as the modifi-
cation power increased to 40 W. When the power of modifi-
cation surpassed 40 W, the WCA became too tiny, nearly 0°,
and challenging to quantify. As a result, 40 W was chosen as
the maximum modification power. Additionally, the sensitivity
of the WCA to the modification power first increased and sub-
sequently decreased when the mask porosity decreased from
0.48 to 0.04. When the modification power was increased from
25 W to 40 W with a mask porosity of 0.04, the WCA was 75°-
80° with the exception of 25 W. This could be as a result of the
chamber’s low plasma density brought on by the low porosity,
which reduced the effectiveness of the alteration and rendered
the modified material insensitive to oxygen plasma. When the
modified power was increased from 25 W to 40 W, the WCA is
reduced by half, the WCA was reduced from 46.92° + 1.69° to
8.56° + 0.35° at the mask porosity of 0.25. In contrast, when
the modification power was increased from 25 W to 40 W for a
mask porosity of 0.48, the contact angle was less than 10°.
This could be because of the chamber’s great porosity, which
creates a high oxygen plasma density. The modification effect
was too strong, making the modified material insensitive to
oxygen plasma.

Fig. 7(f) shows WCA measurement results for the modified
PMMA surface and the modified PMMA surface at CGPM (35
W, 25 s). Similar to PDMS, six wettability gradients were gener-
ated on the PMMA surface. The unmodified PMMA contact
angle was 83° + 3°. After modification by CGPM, the WCA
changed continuously from 40.34° + 1.36° to 77.32° + 2.05°.
The results show that the CGPM method can be applied not
only to thermosetting materials such as PDMS, but also to
thermoplastic materials such as PMMA. Compared to PDMS,
the PMMA surface contact angle has a smaller range of vari-
ation, but can also satisfy the hydrophilic requirements for
surface wetting of microfluidic chips.
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4.5 Application of the detection of D-dimers

Typical ELISA assays are multi-step analyses, requiring manual
user intervention at each step in the process, which is
unfriendly to untrained personnel and leads to inaccurate
results and extended analysis time. Microfluidic devices are
miniaturized and integrated, simplifying multi-step analysis
into single-step analysis. Due to its large surface area-to-
volume ratio, the reaction time can be greatly reduced.

2110 | Analyst, 2024, 149, 2103-2113

However, most microfluidic devices currently still require pre-
treatment of reagents®' or, they need an external energy
source®” for actuation. Here, we have developed a one-step,
integrated, capillary-driven microfluidic device to detect
D-dimers.

Fig. 8(a) shows the sample flow behaviour in this device.
The user injected 40 pL of the tested sample into the device.
Next, it took 30-40 s to fill the inlet area, then the solution
flowed into the labelling area and washed off the detection Ab

This journal is © The Royal Society of Chemistry 2024
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within 10-15 s. Subsequently, the sample solution flowed
through the mixing area, which took about 2 min. In this area,
the antigen in the sample and detection Ab bound together
and formed an antigen-FITC Ab conjugate. The antigen-FITC
Ab adduct was bound to the capture Ab in the biosensing
zone, creating a FITC Ab-antigen-capture Ab sandwich struc-
ture. The excess sample acted as a wash solution, rinsing off
the unbound reagents and taking 50-60 s to fill the waste area,
for a total analysis time of approximately 5 min. During the
assay, the flow rate was undoubtedly an essential factor in the
assay’s outcome. For example, the flow rate in the inlet area
should be slow to avoid bubbles; the flow rate in the labelling
area should be fast enough to flush out the detection Ab; the
flow rate in the mixing area should be slow so that the antigen
and detection Ab have sufficient time to mix and bind, and the
flow rate in the waste zone should be faster than in the biosen-
sing area so that unbound reagents can be flushed out quickly.
It can be seen that the different chronological steps were inte-
grated into a single device, requiring only a single introduction
of the tested sample, thus reducing manual intervention by
the user, and that the zones in this device had a simple struc-
ture with flow rate differences generated by the CGPM method.
The WCA values of the modified surface with a oxygen plasma
treatment power of 35 W for 25 s were 76.98° (inlet and mixing
areas), 23.09° (labelling area), 56.43° (biosensing area), and
39.45° (waste area), according to the calculation (as the flow
rates in these areas were 0.73 pL s, 2.96 pL s™', 1.78 pL s~
and 2.49 uL s, respectively).

This journal is © The Royal Society of Chemistry 2024

Fig. 8(b) compares the fluorescence results using the CGPM
method and the normal plasma modification when the
D-dimer concentration was kept at 100 ng mL™". It can be seen
that the peak fluorescence signal in the biosensing area was
enhanced by 78.3%, and the average fluorescence intensity
was enhanced by 31.1% by using the CGPM method compared
to the conventional oxygen plasma modification. The reasons
for this may be as follows. When the device was treated with
the conventional oxygen plasma modification for 25 s, the
WCA of the modified surface was less than 10°. In this case,
the sample flowed too fast in the labelling and mixing regions,
leaving a large amount of the detection Ab at the front of the
fluid, and the Archimedes helix structure did not allow com-
plete binding and mixing of the detection Ab and the target
antigen. In addition, the flow rate in the biosensing region was
too fast, thus not allowing sufficient time for the antigen to
bind to the capture Ab in the region, resulting in a weakened
fluorescence signal.

Five independent replicate assay experiments were per-
formed using different concentrations of D-dimer solutions to
obtain their mean fluorescence intensity values, as shown in
Fig. 8(c). A PBS solution without D-dimer was used as the control
sample. The samples were reproducible at different concen-
trations of d-dimer (z = 5), and all of the relative errors were less
than 10% (ESI Table S4t). The lowest concentration of D-dimer
detected using the device was 1 ng mL™", which was significantly
higher than the fluorescence intensity of the control sample. In
clinical practice, the clinical threshold for differentiating between
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normal and pathological levels of D-dimer was 500 ng mL™", and
D-dimer concentrations in different patients were generally in the
range of 100-1000 ng mL™". The microfluidic device’s detection
range in this work was 1-1000 ng mL™" in 10 minutes, which was
within the clinically acceptable concentration range for D-dimer
detection, indicating its potential application in the field of bio-
marker detection.

5. Conclusions

We demonstrate a simple, reliable, controlled gradient oxygen
plasma modification (CGPM) method for PDMS surfaces. This
method applied resin masks with different porosities to con-
ventional oxygen plasma modification. Varying amounts of
oxygen-containing functional groups and nanoscale mounds
and pits with different morphologies were produced on the
PDMS surface, resulting in selective wettability of the PDMS
surface. WCA measurements showed that the contact angle of
the PDMS surface varied continuously from 8.77° to 76.98°
through a 25 s CGPM process. Compared with conventional
chemical modification methods, the CGPM method does not
require cumbersome process steps and toxic chemical treatments.
Compared with conventional dry mask-based treatments such as
oxygen plasma modification and UV/O modification, the CGPM
method can freely adjust the wettability of different regions of the
PDMS surface, producing multiple wettability gradients on the
PDMS surface. To test the modification effect of the CGPM
method, a one-step detection microfluidic device was designed to
obtain antibody-modified regions with different flow rates based
on the principle of sandwich immunofluorescence. Only 40 pL of
the sample was injected into the device, and the one-step detec-
tion microfluidic device spontaneously carried out the assay
process. The method was successfully applied to detecting
D-dimers in the dynamic range of 1-1000 ng mL™" with a peak
fluorescence signal enhancement of 78.3% and an average fluo-
rescence intensity enhancement of 31.1% compared to conven-
tional oxygen plasma treatment. This method has potential for
scenarios requiring different wettabilities, which indicates a
broad application prospect in microfluidic chip flow rate differ-
ence control within channels, W/O/W emulsion generation on a
single chip, etc.
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