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 A controllable gradient UV irradiation (CGUI) method for multi-regional selective
modification of PMMA microfluidic device is demonstrated.
A series of quartz plates sputtered with different thickness of Cu are used to adjust the UV
irradiation transmitted to the PMMA surface.



The –OH group and surface roughness of the PMMA surface are varied by using different
Cu-sputtered quartz plates.



The proposed method is applied to a fully integrated Point-of-Care Test device for the
detection of cTnI achieving a low lower detection limit of 85pg/ml.
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ABSTRACT:

Poly (methyl methacrylate) (PMMA) has become increasingly popular to fabricate microfluidic devices. In a
microfluidic device, different functional areas usually require different wettability to achieve a better performance.
However, most of the existing wettability modification methods have been applied to the whole PMMA surface making
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the device have minimum wettability difference. In this paper, a controllable gradient UV irradiation (CGUI) method
was presented. In this method, a series of quartz plates sputtered with different thickness of Cu were arranged on top of
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the PMMA surface. By controlling the thickness of Cu film, the UV irradiation, which transmitted though the quartz
plates onto the PMMA surface, can be adjusted making the modification performance able to be varied accordingly. The

U

validation of the proposed CGUI was conducted through contact angle measurements. Our results showed that through

N

5mins CGUI process, the contact angle for different parts of the PMMA surface can be varied from 45.48 ° to 77.41°

A

continuously with a long-term stability of 60 days. To demonstrate this method, a fully integrated Point-of-Care Test

M

(POCT) device was designed and fabricated for the detection of cardiac Troponin I achieving the lower detection limit

ED

of 85pg/ml within 10mins.
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1. Introduction
Compared with the inorganic materials, such as silicon and glass, which usually require the photolithography and
etching technologies to fabricate the microfluidic networks [1, 2], polymer exhibits numerous advantages including the
reduced cost, increased mechanical and optical properties, and ease of fabrication. Poly (methyl methacrylate) (PMMA),
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as a thermoplastic polymer, can be processed by hot embossing [3] and mold injecting [4], making it a commonly-used
material for mass production. However, since the PMMA surface is nonpolar and thus has a low wettability [5, 6], the

SC
R

potential application of PMMA in the autonomous capillary microfluidic devices (ACMDs) has been limited. ACMDs,
in which liquid can be driven by capillary force, attract extensive interest due to their features of portability, low dead
volume and small power consumption and have been subsequently applied in various fields, such as medical diagnostics

N

U

[7], environmental sampling [8] and pharmaceutical analysis [9].

A

The microchannel surface in the ACMDs should be hydrophilic to establish the spontaneous filling and to achieve

M

this, a number of hydrophilic modification methods have been successfully developed with demonstrated capabilities.
These methods can generally be classified into two categories. The first one is the high-energy treatment, such as the

ED

plasma treatment using different gases [10], the irradiation with ion beam [11], or the corona discharge [12]. With the

PT

implementation of these treatments, some hydroxyl groups can be introduced to the polymer surface and subsequently
render the material hydrophilic. The second one is wet chemical treatment, which adopts the way of coating or grafting
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some polar functionalities onto the polymer surface. For example, poly (ethyleneglycol) was grafted onto the PMMA
surfaces of capillary electrophoresis microchips to make the surface hydrophilic [13]. Also, a nano-colloidal TiO2 sol

A

was reported to be coated onto a polymer surface for its hydrophilic modification, which was performed to generate an
emulsion in a microfluidic system [14]. While these treatments can be used to change the surface wettability, some of
the modified surface can undergo hydrophobic recovery within a couple of hours [15] and other issues such as
microchannel contamination or involving multiple and complicated steps, also exist. At the same time, in a fully
integrated ACMD, different flow rates such as slow rate for incubation, medium rate for reaction and fast rate for
3

washing are usually required to achieve better application performance and more function integrations in one
microchannel,. Nevertheless, all of these hydrophilic treatments were performed to the whole polymer surface, which
cannot direct the desired wettability to the specific sites in the microchannel. Given that the microfluidic flow is
predominately influenced by the sample properties, microchannel surface wettability and channel geometry, to tune the
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flow rate, some microstructures have to be fabricated in the microchannel. Some microstructures of various shapes,
which were named as capillary pumps, were positioned into the microchannel to generate the flow rate differences [16].
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Researchers reported some valve structures in the ACMDs, which utilize an abruptly changing geometry of the flow
path to delay or even stop a moving liquid filling front in a microchannel [17]. However, the aforementioned structures
were all very complicated, which required the cumbersome microfabrication techniques.
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UV/ ozone generated from a low-pressure mercury lamp was first applied to remove the photoresist polymers from

A

the substrate [18] and then it was used to decrease the glass transition temperature of the polymer and achieve the low

M

temperature thermal bonding of the microfluidic devices [19]. Recently, researchers utilized the UV/ ozone to enhance
the adhesion between metal films and polymer substrates [20]. In fact, UV/ ozone treatment was also a commonly-used

ED

method of hydrophilic treatment for the polymer surface. However, in previous researches, the whole polymer surface

PT

was taken under the UV/ ozone treatment leaving no wettability-gradient [21]. Or else, only one-gradient was induced
by covering part of the surface with opaque masks, which completely blocked the UV irradiation [22]. To the best of
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our knowledge, it is the first time to achieve a one-step selective wettability modification of PMMA microfluidic
devices by using controllable gradient UV irradiation.

A

In this paper, a controllable gradient UV irradiation (CGUI) method to render the PMMA surface selective wettability
was developed and demonstrated. In this method, a series of quartz plates, which were sputtered with different thickness
of Cu, were first arranged on top of the PMMA surface and then submitted to the UV/ozone irradiation. By controlling
the thickness of Cu film, the UV irradiation, which transmitted though the quartz plates onto the PMMA surface, can be
adjusted and subsequently achieve the wettability-gradient modification performance. To reveal such a variation in the
4

performance, UV-visible spectrophotometer has been used to evaluate the relationship between the Cu film thickness
and the UV irradiation. To further provide an insight into the CGUI method, analysis of the attenuated total reflection
Fourier-transform infrared spectrometry (ATR-FTIR) and surface morphology for the modified surface has also been
conducted. By implementing the proposed CGUI method, two different types of ACMDs with the straight and
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serpentine microchannel respectively, were first fabricated to testify the flow behavior. Then, a fully integrated
Point-of-Care Test (POCT) device completely driven by capillary force was designed and fabricated to detect cardiac
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Troponin I (cTnI), which is considered to be one of the gold standard biomarkers for the diagnosis of acute myocardial
infarction. Our results showed that through 5mins CGUI process, a continuous variation in contact angle of the PMMA
surface from 45.48° to 77.41° can be achieved with a long-term stability of 60 days. Such a wettability variation is

N
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capable of generating differential flow rate without changing the microchannel geometry, which makes the processes of

A

the priming, time-delaying and emptying proceed automatically. The lower detection limit of 85pg/ml for cTnI was

M

obtained within 10 mins. Considering that the clinically applicable concentration was 0.01–0.1 ng/ml [23, 24], this
method has the potential to be used in the clinical applications. It can be expected that by applying the CGUI method a

ED

new generation ACMD with the feature of “smart” wettability control can be achieved.

PT

2. Principle: capillary flow in the microchannel

In an ACMD, the liquid in the microchannel is driven by the capillary force. The flow rate is determined by the surface
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wettability of the ACMD, the viscosity of the liquid, the flow resistance and the capillary pressure, which can be
calculated by:

A

Q

1 P
 RF

(1)

where η is the viscosity of the liquid, ΔP is the difference in pressure inside and in front of the liquid, which can be
taken as the capillary pressure PC in the ACMD, and RF is the flow resistance along the flow path. P C within the channel
can be obtained from the subsequent equation [25].
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where γ is the surface tension of the liquid, and αt, αb, αl, αr are the contact angles of the top, bottom, left and right walls
for the channel. The flow resistance RF can be calculated by [13]

1
5 h hwRH2 
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where h is the depth of the microchannel, w is the width, L is the length and RH is the hydraulic radius of the
microchannel, which can be calculated as the ratio of the cross sectional area by half the wetted perimeter

A
hw

P
hw
2
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(4)

The flow rate can be estimated by the capillary pressure divided by the flow resistance. From the above theoretical
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analysis, it can be seen that by varying the wettability or geometry of the microchannel, the flow rate can be changed

A

accordingly. Moreover, while the wettability and geometry of the microchannel remain the same, the flow rate will

M

decrease as the liquid continuously fills the microchannel. That is because the flow resistance RF will increase as the
filling length increases. In the following section, we elucidate how to generate selective wettability on the same PMMA

PT

3. Experimental section

ED

surface on the PMMA surface through one-step UV/ozone treatment and what the corresponding flow behavior is.

3.1 Design and fabrication of CGUI device
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Fig. 1a illustrates the proposed CGUI method. A commercial-available UV/ozone cleaner (144AX-220, Jelight Co., Inc.,
USA) was used to perform the CGUI process. The UV/ozone cleaner was equipped with a low pressure mercury vapor

A

grid with an output power of 28mW/cm2 capable of emitting UV lights at 185 and 254 nm wavelengths with the
maximum exposure area of 30×30cm2. The oxygen molecules (O2) in the UV/ozone chamber can absorb the 185 nm
UV irradiation and form ozone (O3). After that, the O3 molecules can absorb the 254 nm UV light and turn into atomic
oxygen (O).
A series of quartz plates, which were sputtered with different thickness of Cu, were arranged between the polymer
6

surface and the UV lamp. The quartz plates were purchased from Jinghe Company (Jiangsu, China) with the size being
1mm in thickness and the length and the width depending on the modification area. A sputtering system (LAB 18, Kurt
J. Lesker Co., USA) with the power of 300W was applied to perform the sputtering process. The sputtering time was set
to be 2s, 5s, 8s, 11s and 14s to generate different thickness of Cu film on five separate quartz plates. It should be noted
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that as the sputtering time exceeded 14s, the quartz plates became completely opaque. For the purpose of better
illustration, the corresponding quartz plates were named mask B, C, D, E and F, respectively, while mask A indicates the
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plate with no Cu being sputtered. The thickness of the Cu film was measured using a white-light interferometer (New
view5022, ZYGO, USA). The UV transmittance measurement of the five quartz plates was conducted using a UV-Vis
spectrophotometer (Cary 300, Agilent Co., USA) with the emission wavelength ranging from 190nm to 400nm.
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A CGUI device was designed and fabricated. The solid model of such a device is shown in Fig. 1b. It can be observed

A

that the device mainly comprised of three parts, i.e. the quartz fixture, the microdevice fixture and the holder. An

M

inserting slot has been designed to be included in the quartz fixture so that quartz plate with Cu film can be properly
inserted. Also, at the end of the fixture, three springs were added to provide a clamping force, which is able to prevent

ED

light leakage from the clearance of the adjacent quartz plates. The sequence of the quartz plates can be arranged in the

PT

slots based on the application demands. The different wettability on the same surface can be generated according to the
arrangements of the quartz plates. The holder contained several adjusting grooves, which provides a varying distance
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between the polymer surface and the UV lamp ranging from 2cm to 10cm. The components of the CGUI device were
first cut from PMMA sheets using a CO2 laser machining before being bolted together. Since the UV light cannot

A

transmit through the PMMA material, it will not have an impact on the application performance.
3.2 Characterization of modified surface
To validate the CGUI performance, several 2mm thick PMMA sheets (Asahi, Kasei) were cut into 100×30mm and the
quartz plates were first inserted into the inserting slot of the quartz fixture by a given sequence. Then, the PMMA sheets
were placed into the microdevice fixture. Subsequently, the quartz fixture and the microdevice fixture were mounted
7

into the holder with a fixed distance of 5cm between the PMMA sheet and the UV lamp. After that, the device was
placed into the UV/ozone chamber for CGUI. The modification time was set to be 1min, 3min, 5min, 7min and 9min.
After each modification, the contact angle of the modified surface was measured using a drop shape analyzer (DAS 100,
KRUSS Co., Germany). Each measurement was conducted three times on three individual PMMA sheets.
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To obtain an insight into the modification mechanism, the attenuated total reflection Fourier-transform infrared
spectrometry (ATR-FTIR) and surface morphology measurements for the modified surface were performed. The
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ATR-FTIR measurement was conducted by using a Vertex 70 FTIR with a Platinum ATR accessory equipped with a
single reflection diamond crystal (Bruker, Germany), and the angle of incidence was 45°. The spectra were recorded
from 4000 to 400 cm-1 by collecting 64 scans with the resolution of 2cm-1. The surface morphology was investigated

N
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using a white-light interferometer (New view5022, ZYGO, USA) with a 0.1nm resolution at the vertical direction.

A

3.3 Fabrication of the ACMDs for flow behavior validation

M

In order to validate the flow behaviours after using the CGUI method, two kinds of ACMD were designed and
fabricated. The ACMDs consists an injection reservoir, a straight or serpentine channel, and a waste collection chamber.

ED

The width of the channel was 1mm with the depth being 100μm. Since the fabrication technologies have been discussed

PT

systematically in our previous works [26, 27], the fabrication process will only be briefly introduced as follows.
First, a 304 stainless steel film (100µm thick, Hongxing Company, China) was used for fabricating the mold. Five
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sheets of the stainless steel films were made into a stack and inserted between two clamping plates with its edge spot
welded in case any vibration from the machining process can cause damage to the final surface quality. The straight and

A

serpentine templates were patterned into the stainless steel films using wire electrical discharge machining (WEDM)
(Fig. 2a). The detailed WEDM parameters can be found in Supplemental Information S1. Second, the hot embossing
process was applied to transfer the mold patterns onto the excluded PMMA sheet (100mm long, 34mm wide and 1mm
thick, Asahi, Kasei). From the bottom to the top, a polished stainless steel plate, the mold, the excluded PMMA sheet
and another polished stainless plate were placed, respectively (Fig. 2b). The polished stainless plate (Haocheng
8

Corporation, China) was 600µm thick with its flatness of 0.012mm and average surface roughness Ra of 0.068μm. The
detailed hot embossing parameters can be founded in Supplemental Information S2. Third, a CO2 laser ablation system
(JinBoshi, JBSCO2-50) scanned around the microchannel of the PMMA replica to generate a small bulge structure
which we called laser-bulge (LB), with the laser power, scanning speed and the number of the passes of 14w, 5mm/s
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and 1 pass, respectively (Fig. 2c). The distance of between the LB and the microchannel was 500μm, which can be
designed by the computer aided drawing program. The LB was used to concentrate the ultrasonic energy, which was
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prepared for the ultrasonic bonding process. Fourth, the PMMA replica was submitted to the CGUI treatment, with the
treatment time of 5mins and another 5mins venting out the waste gas in the chamber (Fig. 2d). The distance between the
PMMA replica and the UV lamp was set to be 5cm. It is important to note that the distance between the quartz plates

N
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and the modified surface can affect the resolution of the design significantly. When the distance was too large, the

A

modification resolution of the design was decreased. That is probably because the UV irradiation, which transmitted

M

though the different quartz plates, has interference with each other, resulting in some overlapping UV irradiation area on
the surface. When the distance was too small, the resulting modification effectiveness was severely reduced. That may

ED

attributed to the fact that the amount of the O3 molecules and the oxygen (O) atomic passing through the small gap was

PT

decreased and cannot fully react with the modification surface. After many experiments, it was found that the distance
of 2-3mm was appropriate for the application. Finally, the ultrasonic bonding system (Dizo-ultrasonic NC-1800P) was
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applied to seal the cover and the PMMA replica, with the pressure of 0.25MPa and ultrasonic time of 0.6s (Fig. 2e).
3.4 Flow rate test

A

The flow rate test was carried out by using the ACMDs with the straight and serpentine microchannel and the 30µl
deionized water mixed with red biological dyes (Ekear, C0154) was used as the experimental liquid. The flowing video
was recorded using a digital camera (a6000, Sony Co., Japan), which is capable of providing a resolution of 1920×1080
pixels per frame at a frame rate of 50 frames/s (fps) and the software Corel VideoStudio X9 was used to analyse the
flowing video. By tracing the flow meniscus, the average flow rate can be obtained by the flow path divided by the flow
9

time. To provide a control experiment, the flow rate tests for the ACMDs without modification and with conventional
UV/ozone modification were also conducted.
3.5 A fully integrated POCT device for cTnI detection
POCT device. The CGUI method was applied in a fully integrated POCT device for the detection of cTnI. The POCT
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device was injection moulded with a 10:1(m/m) mixture of Poly (methyl methacrylate) and TiO 2 and featured an overall
size of 100×20×4mm. Fig. 3a shows the design model of the POCT device as well as its functional components. The
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device integrates five functional areas including the whole blood filtering area, the sample introduction area, the
comb-like delay/mixing area, the biosensing area and the waste reservoir area. In the whole blood filtering area, a
membrane filter (Ahlstrom CytoSep, 1662) was utilized to extract the plasma from the whole blood. In the sample

N
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introduction area, the FITC labeled antibodies (FITC Ab.) were deposited, which can be washed off by the testing

A

sample and flow into the next area. In the delay/mixing area, the flow direction changed into a zigzag one, making the

M

FITC Ab. and the targeted antigen cTnI fully mixed and bound and more details about this comb-like structure can be
found in our previous work [28]. The capture antibody (capture Ab.) in the biosensing area served to capture the

ED

targeted antigen. 150μl of the testing sample was injected into the device and the excessive sample flowed into the

PT

waste collection area, acting as a buffer to wash away the unbound reagents. Thus, by using this device, only one-step
of sample injection operation is required before obtaining the testing results from a commercially available fluorescence

CC
E

detector (Finecare, FS-112). Mask A, C and E were arranged on different functional area of the device as shown in Fig.
3a. In this way, the selective wettability for the PMMA surface can be obtained, making the different functional area

A

performing properly.

Antibody immobilization. A sandwich style immunoassay configuration was used to carry out the

fluoroimmunoassay, where the FITC Ab. and capture Ab. were immobilized on the surface of the device, and then the
targeted antigen solution washed off the FITC Ab. and bound to it, finally a remaining free epitope of the targeted
antigen bound to the capture Ab. The testing result was determined by excitation and detection of the emitted
10

fluorescence from the FITC-labelled Ab., which is directly related to the concentration of captured antigens.
FITC labeled human specific monoclonal anti-cardiac cTnI detection antibodies, human specific monoclonal
anti-cardiac cTnI capture antibodies, and human cTnI biomarkers used in this work were all provided by Wondfo Ltd.
(Guangzhou, China). FITC Ab. and capture Ab. were diluted into 0.4mg/ml and 60μg/ml respectively with phosphate
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buffered saline (PBS, pH 7.4). 3μl of FITC Ab. solution was spotted onto the sample introduction area and 1μl capture
Ab. solution was spotted onto the biosensing area using a non-contact spotter developed by our group (Fig. 3b). It has
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been reported previously that antibodies can be immobilized passively onto the PMMA surface by direct incubation
[29]. It should be note that although some chemical modifications of the PMMA surface can improve antibody
immobilization [30], such techniques however increase the complexity of the design and processing procedures and
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therefore a passive immobilization method was adopted in this work. During the spotting of antibody solutions, the
o

A

temperature was fixed at 20 C and the humidity was near the dew point to increase the evaporation time of the droplets.
o

M

The substrate of the device was incubated at 30 C for 3 hours subsequent to the spotting process and then it was sealed
by the cover plate which was also made of PMMA using ultrasonic bonding method. The bonding process was

ED

illustrated in our previous work [31]. cTnI biomarker samples were prepared in PBS buffer and produced the

PT

concentrations of 50, 25, 10, 1, and 0.1 ng/ml for analysis. The minimum concentration of 0.1ng/ml was selected
because it is within the range of clinically acceptable concentrations of cTnI biomarker (0.01–0.1 ng/ml) [23, 24] before
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the occurrence of an acute myocardial infarction.
4. Results and discussions

A

4.1 Effect of Cu film on UV transmittance
The sputtering time and the corresponding Cu thickness were listed in Table. 1. It should be noted that the mask A was
not sputtered with Cu so that it can be used as a control group. The reasons of the Cu material being applied for the
masks are as follows. First, the Cu material has strong adhesion strength on the quartz glass [20]. In our experiments,
after at least 30 times UV irradiation modification, the modification effectiveness was not reduced, which indicated that
11

the adhesive strength between the Cu film and the quartz substrate was strong enough to ensure its long-term
application. The second reason is that, compared with the other commonly-used materials in the lab such as Ag, Au, and
Pt, Cu has the feature of being cost-effective.
Fig. 4a showed the effect of Cu film on UV transmittance with the emission wavelength ranging from 190nm to
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400nm. It can be seen that with the increasing of the Cu thickness, the UV transmittance decreased accordingly. When
the mask A was applied, which was not sputtered with Cu, the UV transmittance can be above 90%. When the mask F
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was used with the Cu thickness of 25nm, the UV light hardly transmitted through the mask with the UV transmittance
less than 5%. Fig. 4b showed the UV transmittance when the wavelength was 190nm and 254nm, which was the
emission wavelength of the UV lamp used in our experiments. It can be seen that the UV transmittance showed a

N
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gradient-variation following the different thickness of Cu film. Therefore, these masks can be used to adjust the UV

A

irradiation and furthermore achieve the selective wettability modification purpose. Fig. 4c showed the picture of the

M

CGUI device with the masks equipped. The transparency of the masks was different, which can be identified by the
naked eyes. It is important to note that the size and the position of the masks can be easily changed using the device,

ED

which can achieve the flexible and selective function for different application demands.

PT

4.2 Wettability of modified surface

The wettability of the modified PMMA surface was investigated through water contact angle (WCA) measurements
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with each measurement being repeated three times on three individual PMMA sheets. Fig. 5a showed the representative
image of the WCA measurement results with the modification time of 5mins. Coupled with the results of the UV

A

transmittance through different masks, it can be seen that the wettability of the modified area increased while the Cu
film is decreasing. Thus, on one PMMA surface, five wettability-gradients were generated, which can make the WCA
o

o

vary from 45.48 to 77.41 . Fig. 5b showed the relationship between the WCA and the modification time. It can be seen
that without modification, the PMMA surface was nearly hydrophobic with a contact angle of 80.34±2.56 o. The WCG
decreased with the increasing of the modification time. When the modification time was 1min, the WCA of the area
12

beneath mask A was 66.71±3.55o. With the modification time increased to 9mins, the WCA of this area decreased to
29.18±2.35o. When the modification was longer than 9mins, the WCA almost remained the same. Nevertheless, due to
the heat generated from the modification process, a small distortion can be found on PMMA sheet with the transparency
also experiencing a slight decrease. Therefore, in this paper, the maximum modification time was set to be 9mins. It can

IP
T

also be seen from Fig. 5b that with mask A, the WCA decreased significantly following the increasing of the
modification time. As the time increased from 1min to 9 mins, the WCA was decreased more than doubled. However,
o
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for the area with mask E, the variation of the WCA was not obvious. The WCA only decreased about 5 as the
modification time increased from 1min to 9 mins. The reason for this phenomenon was probably due to the reason that
as the thickness of the Cu on the mask increased, it became more difficult for the UV light to transmit through the mask,

N
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making the mask less sensitive to the UV irradiation. It resulted in the insensitivity of the modification time on the

A

modification performance.

M

The stability of the CGUI performance has also been validated. The selective wettability of the PMMA surface can be
maintained at least 60 days in air and Fig. 5c showed the variations of WCA of PMMA surfaces with aging time after 5

ED

min modification. By taking the area with mask A as an example, the contact angle of this area was 47.03±1.77o right

PT

after the modification treatment, 47.16±2.35o after 1day, 49.27±3.11o after 5 days, 51.16±4.21o after 7 days, 54.07±3.87o
after 14 days and 55.67±2.13o after 60 days. It can be seen that with aging time after 60 days, the WCA of the tested
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PMMA surface increased about 8o. Compared to the O2- plasma treated surface, whose hydrophobic property can
almost recover after several hours [15], the stability of the CGUI method has its advantage and can meet the demand for

A

the majority of the microfluidic applications. It is important to note that the testing PMMA samples were stored in air.
According to the prior report [32], if the samples are packed in either a dehumidified or vacuum environment, the
long-term stability of UVO-treated plastics can last for up to 16 weeks.
4.3 ATR-FTIR and surface morphology investigation of the modified surface
ATR-FTIR. The chemical groups on the modified PMMA surfaces were characterized through ATR-FTIR. The spectra
13

were recorded from 4000 to 400 cm-1. The UV/ozone-treated time for the PMMA surfaces was 5 mins. Fig. 6 showed
the ATR-FTIR results of the modified surfaces using different masks. The absorption band at the wavenumber of
3000-3600 cm-1, 2800-3000 cm-1, 1600-1800 cm-1 and 1000-1300 cm-1 was assigned to stretching vibrations of O-H,
C-H, C=O and C-O-C, respectively. It can be seen from Fig. 6 that after the modification, the intensity of the absorption
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band at the wavenumber of 3000-3600 cm-1 was increased, which indicated the generation of –OH group. Furthermore,
while the masks A to E were applied, the intensity of the band at the wavenumber of 3000-3600 cm-1 decreased
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accordingly. This is because as the mask varied from A to E, the thickness of Cu film increased, which subsequently
decreased the UV transmission through the mask. Thus, the intensity of the UV/ozone-induced functional groups was
changed. To summarize this test, the UV/ozone can form the polar oxygen-containing functional group (–OH) on the
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PMMA surface, which can render the surface hydrophilic and the wettability of the surface can be adjusted by using

A

different masks.

M

Surface morphology. The surface morphology of the modified surface was evaluated by using the white-light
interferometer. The PMMA surface without modification was very smooth with the average surface roughness Ra of

ED

1.032nm (Fig. 7f). After the UV/ozone treatment, the PMMA surface was significantly roughened in a nanoscale. A lot

PT

of nanoscale hillocks and pits were generated on the surface. With the mask changing from A to E, the height of these
hillocks and pits decreased and their pitches and diameters increased, which can be observed in Fig. 7a ~ e. The
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formation of hillocks and pits was caused by UV-ozone induced polymer chain scission and local melting on the PMMA
surface [33]. The masks can adjust the UV energy transmitted onto the surface. Therefore, it can provide a varying

A

surface morphology for the surface. The relationship between the surface morphology and the wettability can be
explained by Wenzel model [34]:

cos  w  r cos 

(5)

where, r is the roughness factor. θw refers to the apparent contact angle of droplets on rough surfaces; θ is the eigen
contact angle of droplets on smooth surfaces. The roughness factor r can be determined by the expression:
14

Sa
Sp

r

(6)

where, Sa refers to the solid–liquid actual contact area and Sb indicates the apparent contact area. The hillocks and pits
can be taken as micropillars, then, the roughness factor can be expressed as:
r  [1 

4(h / d )
]
( p / d )2

(7)
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Where, h, d and p refers to the height, diameter and pitch of the micropillars (Fig. 7g), respectively. Based on the above
expressions, it can be seen that the wettability of the surface can be increased by increasing h/d or decreasing p/d of the
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micropillars, which is consistent with the phenomenon we observed in the experiment.
4.4 Capillary flow test in the ACDM

The capillary flow test was carried out with the characterization of the ACMD features being demonstrated in

N

U

Supplemental Information S3. The capillary flow in the straight line microchannel was shown in fig. 8a ~ c. It can be

A

seen from fig. 8a that without the modification of the microchannel, the flow meniscus only moved limited distance

M

from the entrance. That is because the wettability of the microchannel was not sufficient to establish the capillary flow.
As the device was treated by conventional UV/ozone method, the flow meniscus slowed down and almost stopped at

ED

the entrance of the waste collection chamber (fig. 8b). Furthermore, it can be seen that the liquid in the injection

PT

chamber was not fully pumped into the waste collection chamber, which can affect its application in some quantitative
analysis. Fig. 8c showed the capillary flow in the ACDM modified by the CGUI method. It can be seen that by using
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different masks, different flow rate were generated, which varied from 215.4nl/s to 403.2 nl/s and 733.6 nl/s. The
different flow rate can be applied for different applications, such as slow rate for incubation, medium rate for reaction

A

and fast rate for waste washing. Moreover, the liquid in the injection chamber was emptied, which indicated that all the
liquid in the injection chamber was driven into the waste collection chamber. From the capillary flow theory, it can be
seen that the capillary flow rate is related to the capillary pressure difference which is inside and in front of the liquid.
The capillary pressures inside and in front of the liquid are determined by the wettability and the geometry of the
corresponding microchannel. For the conventionally UV modified microdevice, the wettability of the whole modified
15

surface had minimum variation. When the liquid reached the entrance of the waste collection chamber, the width of the
microchannel increased, which resulted in the decreasing of the capillary pressure in front of the liquid. Thus, the
capillary pressure difference decreased and the capillary flow slowed down and almost stopped. For the CGUI modified
microdevice, since the UV transmittance of mask A was above 90%, the wettability of the waste collection chamber was
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almost the same with that of the no-mask area, which was higher than that of the preceding area. Therefore, although
the geometry of the waste collection chamber was enlarged, the capillary pressure difference did not decrease severely
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and the liquid can rapidly fill the chamber. Fig. 8d ~ f showed the capillary flow in the serpentine microchannel. The
flow behavior was similar as that in the straight line microchannel. The CGUI method can render the microchannel
selective wettability, which resulted in the flow rate changing from 321.8nl/s to 543.7 nl/s and 817.3 nl/s.
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4.5 Results for the detection of cTnI

A

In a typical ELISA assay, the reaction reagents are introduced sequentially, which means that each step requires manual

M

operation. That has made the whole process highly labor-intensive especially when dealing with tens or hundreds of
assays. Thanks to the large surface to volume ratios, the microfluidic system has the capability of simplifying the

ED

operation as well as reducing the reacting time to the order of minutes. However, most of the existing microfluidic

PT

platforms still involved at least two reagent input steps [7]. Or else, extra power supply such as centrifugal forces [35]
or external pumps [36] was usually required. Here, we presented a one-step, fully integrated and capillary-driven
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microfluidic device for the detection of cTnI, which can be applied in the POCT area where people without medical
background can easily perform the assay operation.

A

Fig. 9a showed the sample flow behavior in the POCT device. The operator only needs to inject 150μl testing sample
into the device. Then, the membrane filter takes 15-20s to extract the plasma from the whole blood sample. Next, it
flows into the sample introduction area and washes off the FITC Ab., which takes 10-15s. Subsequently, the sample
solution takes about 2mins to pass through the delay/mixing area where the targeted antigen and FITC Ab. are mixed
and bound. The capture Ab. in the biosensing area captures the bound antigen. The excessive sample solution acts as the
16

washing buffer, which first takes a rapid 15-20s to fill the waste reservoir Ⅰ and then takes another 160-180s to fill the
waste reservoir Ⅱ, bringing the total assay duration to approximately 10mins. During the assay process, the flow rate
of the sample solution is vital for the testing results. For example, the sample solution should flow fast enough to wash
off the FITC Ab. in the sample introduction area. The flow rate in the delay/mixing area should be slow to provide

IP
T

enough time for the binding and mixing of the targeted antigen and FITC Ab. When it comes to the waste reservoir Ⅰ,
a fast flow can rapidly remove the unbound reagents and decrease the background fluorescence. It can be seen that there
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were no complicated micropump or microvalve structures in the device and all the flow rate differences were generated
by using the CGUI method. Mask A, C and E were arranged as shown in Fig. 9a. After 7mins of UV/ ozone treatment,
the WCA of the modified surface was 39.37° (sample introduction area and waste reservoir area Ⅰ), 76.43°

N
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(delay/mixing area) and 56.14° (biosensing area and waste reservoir area Ⅱ). The reason why the FITC Ab. can be

A

washed off and the capture Ab still remained on the substrate was attributed to the following two factors. Firstly, while

M

the FITC Ab and capture Ab were both immobilized on the substrate, the immobilization strength of the FITC Ab was
weaker than that of the capture Ab. That is because the surface wettability plays an important role in protein adsorption

ED

[37]. From the prior reports, it can be seen that in most cases more hydrophilic surfaces inhibits the absorption of

PT

proteins [38]. The WCA of the sample introduction area where the FITC Ab was immobilized was about 20 o lower than
that of the biosensing area where the capture Ab was immobilized. The more hydrophilic surface decreased the
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immobilization strength of the FITC Ab. Then, the decreasing geometry and more hydrophilic property of the sample
introduction area can provide stronger capillary pressure to wash off the FITC Ab. Fig. 9b showed the comparison of

A

the detected fluorescence result by using the CGUI method and conventional UV/ozone modification as the cTnI
concentration remained 10ng/ml. It can be seen that compared to the conventional UV/ozone modification, by using the
CGUI method, the peak value of the fluorescence signal in the biosensing area enhanced by 52.4%, and the background
fluorescence decreased by 43.7%. The reasons may be as follows. When the device was treated by 7mins conventional
UV/ozone modification, the WCA of all the modified surface was about 38.79°. Under this condition, the comb-like
17

structure in the delay/mixing area cannot pinned the sample solution flow, which meant that the sample solution directly
flowed over the area instead of the zigzag flow behavior as shown in Video S1. Thus, the FITC Ab. and the targeted
antigen cannot be fully bound and mixed. Besides that the flow rate in the biosensing area was so fast that a lot of the
bound antigen was washed away and cannot be capture by the capture Ab., resulting in the decrease of the fluorescence
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signal. On the other hand, as the sample solution reaches the entry of the waste reservoir, the microchannel was abruptly
widened. Based on the theoretical analysis of capillary flow, the flow rate slowed down (Video S2) which caused the
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accumulation of the fluorescence particles, bringing about higher background fluorescence.

Fig. 9c depicted the average fluorescence detected from 5 repeat tests using independent devices for each
concentration. A PBS solution with no biomarker was used as a control sample. It can be seen in Fig. 9c that the device
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performed efficiently within the examined range of cTnI, demonstrating good repeatability of the assay with cTnI

A

spiked buffer samples. The lowest concentration detected using this device was 0.1ng/ml, which was clear above the

M

blank sample intensity for the control samples. The lower detection limit (LDL) was calculated from the sum of the
mean signal and 3 fold standard deviation (SD) obtained from the 15 fold blank sample measurements. The LDL was

ED

found to be approximately 85 pg/ml, which is well within the range of clinically acceptable cTnI detection

PT

concentrations (0.01–0.1 ng/ml), demonstrating its potential application in the POCT field. It should be noted that this
device is still in the experimental stage. Although the whole blood has been used for the flow behavior test, the
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PBS-based solution was used to perform the cTnI detection. It can be anticipated that the LDL would be higher if the
whole blood was used for the testing sample, since the additional biological components in the whole blood can affect

A

the testing result and may bring about the cross reactivity issue. However, our intension in this paper is to generate the
desired flow rate or wettability-gradient in the microchannel by using the CGUI method and demonstrate its potential
application in the POCT area. This purpose has been clearly achieved in the current work. The clinical test of our device
has been undergoing and we believe in the near future it can be a promising product in the POCT market.
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Conclusions
In this paper, a controllable gradient UV irradiation (CGUI) method for PMMA surface was demonstrated. In this
method, the quartz plates sputtered with different thickness of Cu were applied for the conventional UV/ozone
modification to render the PMMA surface selective wettability. The WCA measurements showed that through 5mins
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treatment, the WCA of the PMMA surface can be varied from 45.48° to 77.41° continuously and can last up to 60 days.
The quantity of the polar oxygen-containing functional group and the geometry of the nanoscale hillocks and pits
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structures generated by the UV/ozone treatment can be adjusted using different quartz plates, which led to the selective
wettability performance. Different flow rate can be obtained in the autonomous capillary microfluidic device (ACMD),
which can achieve the priming, time-delaying and emptying process automatically. By using this method, the lower

N

U

detection limit of 85pg/ml for cTnI was obtained within 10mins. Compared with the conventional UV/ozone treatment,

A

the fluorescence signal was enhanced by 52.4% and the background fluorescence decreased by 43.7%. In addition, this

M

CGUI method should be applicable for some other polymers, such as polycarbonate (PC), polystyrene (PS), and cyclic
olefin copolymer (COC), and also for some inorganic material, such as silicon.
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Figure captains
Fig.1 Schematic diagram of CGUI method and its device. (a) Illustration of the CGUI method. (b) Solid design model
of the CGUI device.
Fig.2 Schematic diagram of the whole fabrication process. (a) Mold fabrication via WEDM. (b) Hot embossing. (c)
Generation of the LB. (d) CGUI modification process. (e) Ultrasonic bonding process.
Fig.3 Schematic diagram for cTnI detecion. (a) The fully integrated POCT device and its functional components. (b) A
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non-contact spotter for the antibody spotting process. Note: Ab. is the abbreviation of antibody.
Fig.4 Effect of Cu film on UV transmittance. (a) Effect of Cu film on UV transmittance with the emission wavelength
ranging from 190nm to 400nm. (b) The UV transmittance at the emission wavelength of 190nm and 254nm. (c) Picture
of CGUI device and the inserted masks. Insert ⅰ)：mask B with the Cu film thickness of about 7nm and the UV
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transmittance of about 60%. Insert ⅱ)：mask C with the Cu film thickness of about 11nm and the UV transmittance of
about 40%. Insert ⅲ)：mask D with the Cu film thickness of about 14nm and the UV transmittance of about 30%.
Insert ⅳ)：mask E with the Cu film thickness of about 19nm and the UV transmittance of about 10%.
Fig.5 Water contact angle (WCA) measurements of the modified PMMA surfaces. (a) Representative images of WCA

U

measurement results for the PMMA surface with the modification time of 5mins. (b) WCA measurement results for the

N

modified PMMA surface at different modification time. (c) Variations of WCA of PMMA surfaces with aging time after
5 min modification.

A

Fig.6 ATR-FTIR results of the surfaces using different masks. Insert: absorption band at the wavenumber of 3000-4000

M

cm-1.

Fig.7 Surface morphology investigation of the modified surface. Surface morphology by using different masks: (a) with
mask A. (b) with mask B. (c) with mask C. (d) with mask D. (e) with mask E. (f) without modification. (g) The

ED

schematic diagram of Wenzel state.

Fig.8 Capillary flow pictures in the ACMD. (a) Straight microchannel without modification. (b) Straight microchannel

PT

with conventional UV/ozone modification. (c) Straight microchannel with CGUI modification. (d) Serpentine
microchannel without modification. (e) Serpentine microchannel with conventional UV/ozone modification. (f)
Serpentine microchannel with CGUI modification. The capital letters in the graph indicates the mask code.
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Fig.9 Results for the detection of cTnI. (a) Sample flow behavior in the POCT device. The scale bar indicates 1mm. (b)
Comparison of the detected fluorescence result by using the CGUI method and conventional UV/ozone modification. (c)

A

Detected fluorescence for various concentrations of cTnI samples. The solid line is a guide to the eyes.
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Table 1 The sputtering time and Cu thickness of the masks.

Mask B

Mask C

Mask D

Mask E

Mask F

Sputtering time (s)

_

2

5

8

11

14

Cu thickness (nm)

_

7

11

14

19

25

A

CC
E

PT

ED

M

A

N

U

SC
R

IP
T

Mask A

24

