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Abstract
Functional surfaces have great significance for improving the performance of bio-devices.

PT

The selection of appropriate ways to functionalise the surfaces of the polymers used for biodevices are in great demand. In particular, cyclic olefin copolymer (COC) and cyclic olefin

RI

polymers (COP) are emerging substrates for bio-devices and possess superior chemical

SC

resistance than other polymeric substrates such as polycarbonate (PC). These polymer
substrates often require surface modification to provide the functionality required. Here, we
present a means to functionalise the surfaces of these polymers by a corona discharge

NU

treatment method. The water contact angle (WCA) of as received PC, COC and COP was
found to be around 80o , 96o and 93o , respectively. The WCA of PC, COC and COP is reduced

MA

by 40%, 46% and 44% when treated with corona dose of 95 Wmin/m2 . The WCA of PC,
COC and COP was further reduced by increasing the corona dosage. The reduction of WCA
is found mainly due to the incorporation of oxygen-related functionalities (such as
carbonyl

or

aldehyde

groups)

ED

carboxylic,

as

confirmed

by

high-resolution

X-ray

photoelectron spectroscopy (XPS) and Time-of-flight secondary mass spectrometry (ToF-

EP
T

SIMS). The oxygen to carbon (O/C) ratio is clearly increased after the corona treatment
confirming the depletion of carbon on the functional surfaces. The functionality of surfaces

1

AC
C

obtained by corona treatment could be useful in the development of new bio-devices.

Introduction

Functional surfaces are of great significance in surface science and engineering as they can
provide a platform for tailored bio-applications [1–3]. The functional attributes of a surface
are, in the main, attributed to the molecular structure of the chemical groups present on the
surface. These molecular structures at the surface are responsible for modifying the surface
properties of the material such as wettability. The wettability of the surface is hence
dependent on the type and chemical composition of the functionalities present on the surface.
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The use of appropriate polymeric materials could be an alternative to the glass substrates
commonly used in biomedical industry. As such, polymer materials such as polycarbonate
(PC), cyclic olefins copolymers (COC) and cyclic olefins polymers (COP) have gained
tremendous interest in scientific community due to their optical transparency and low cost of
mass production. COC and COP systems belong to olefins family and the main difference
between them is the way they are synthetically produced. COC are synthesized through the
polymerization of ethene and cyclic olefin monomer, i.e. norbornene while COP is produced

PT

through ring opening polymerization of the norbornene monomer [4][5]. COC often comes
with the trade names of TOPAS and APEL while COPs are often represented with their

RI

tradenames like ZEONOR and ZEONEX [4]. Furthermore, the chemical stability of COC and
However, highly inert

SC

COP make them promising materials in bio-applications [4].

polymeric materials such PC, COC/ and COP are very rarely used in their pristine form in

NU

bio-applications because of non-functional nature of their surfaces.
Developing appropriate functionalities on PC, COC and COP materials is of the utmost

MA

importance as these could potentially be applied in bio-devices. The surface chemistries can
be manipulated by surface treatments ranging from conventional chemical functionalization
methods (i.e. wet chemistry) to plasma processes. For instance, polymer surfaces have been

ED

modified by using plasma-based techniques [6–20], by laser treatments [21,22], by UV/ozone
treatment [23–26] and by wet chemical methods [27,28]. Among these surface modification

EP
T

techniques, the atmospheric pressure plasma technique (commonly referred to as corona
treatment in air) is an environmentally friendly, easy and effective means for changing the
surface properties by modifying the surface chemistry of the materials surface. A corona

AC
C

discharge is an ionized form of gas that is formed between two electrodes due to the
introduction of an applied electric field [29]. Corona discharges can be negative or positive,
depending on the type of polarities of the electrodes and the conduction in the corona
environment can be unipolar or bipolar [30]. A corona plasma discharge in air consists of
excited/reactive species that react further to produce radical, ions and photons [29]. The use
of a dielectric barrier layer in the corona region provides a form of plasma referred to as a
dielectric barrier discharge (DBD) [31–36]. When they impact with a material, these
radicals/ions can transfer their energy to the molecules at the surface, breaking chemical
bonds and thereby creating reactive conditions for the attachment of functional groups.
There are very few reports on the effects of atmospheric pressure-based plasma treatments of
PC, COC and COP. In the work to date, a fast (with few days) hydrophobic recovery has
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been seen in these samples [12,16–18]. To prolong or prevent the hydrophobic recovery, the
plasma treated samples often undergo through an additional step of direct chemical
functionalization [37]. Hence, it is desirable for any plasma-based process to induce
functionalities on the surface of the polymer with relatively longer hydrophobic recovery
times.
Herein, we report changes to the surface chemistries of PC, COC and COP substrates when

PT

treated by a corona discharge that is capable of inducing a permanent change to their surface
chemistry without the need for a supplementary functionalisation step. Furthermore, the

RI

evolution of the surface functionalities created by this method and their effect on changing
the wettability of PC, COC and COP surfaces are investigated over a period of two weeks

SC

and correlated with surface chemistry, as determined by x-ray photoelectron spectroscopy
(XPS) measurements. The water contact angle (WCA), a measure of surface wettability, was

NU

found to decrease with O/C ratio and although there is some initial hydrophobic recovery,
permanent changes to surface chemistry are induced. The plasma induced changes in the

MA

surface chemistries that lead to the changes in the water contact angle (WCA) produced here

2

Materials and Methods

ED

could be useful for choosing substrates for specific bio-device applications.

EP
T

2.1 Plasma treatment of polymer samples

Polycarbonate (PC), cyclic olefin copolymer (COC) and cyclic olefin polymer (COP) sheets
with a thickness of 2 mm were purchased from microfluidic ChipShop (Germany). These

AC
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polymer substrates were then treated in air using a corona discharge generator (Arcotec
GmbH, Germany). The corona discharge system consists of treatment station that comprises
three electrodes which are separated by a dielectric material and connected to a high
frequency generator. The spacing between each of these top electrodes was kept at around 50
mm. A planar grounded electrode with a dielectric covering is used as movable stage for
enhancing uniformity of the corona treatment. The sample to be treated is placed on the stage
and the spacing from the top electrodes to the sample set at ~6 mm. The electrodes are
supplied with a high voltage triggered at 25-50 kHz frequency to create the DBD conditions.
The treatment time was optimized for 10 cycles (approx. 1 min) and the lift length (moving
distance of stage) of 740 mm. The corona dosage can be expressed by the following
relationship [38,39];
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P=Dx wxv

(1)

Where P is the generator power (W), D is the corona dosage (Wmin/m2 ), w is the width of the
web (m) and v is the speed of the web (m/min). The width of the web and the its speed of
movement was 0.025 m and 20 m/min, respectively. Optimized DBD corona dosages of
around 95 Wmin/m2 and 238 Wmin/m2 at ambient temperature and at humidity of around 55

PT

% were used to treat the various polymer substrates.

RI

2.2 Chemical composition analysis

SC

X-ray photoelectron spectroscopy (XPS) was used to investigate the chemical composition of
polymer samples before and after the plasma treatment. A Kratos Axis Ultra DLD
spectrometer operating with an Al Kα X-ray source were used for this chemical

NU

characterization. High-resolution spectra for the C1s (280 to 295 eV) and O1s (525 to 540
eV) regions were collected at a pass energy of 40 eV. The main component of the C1s the

MA

signal was calibrated to 284.8 eV. Casa XPS software was used to peak fit the XPS spectra
and generate the associated quantitative data. The elemental and molecular ions present at
surface of the polymer substrates were further characterized by using time of flight secondary

ED

ion spectroscopy (ToF-SIMS). The details of ToF-SIMS IonToF 5 instrument (IonToF,

Information.

EP
T

Germany) and the operating parameters employed are provided in the Supplementary
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2.3 Water contact angle measurement
The water contact angle (WCA) of the polymer substrates were measured using CAM 200
optical contact angle meter connected with a CCD camera and automated syringe driver. A 2
µL drop of water was delivered onto the surfaces and the WCA was obtained from a total of
six measurements across the substrate. As there is no known significant correlation between
the recovery in WCA and the applied corona dose, only the chemical changes induced by the
95 Wmin/m plasma dosage is investigated in detail herein.

2.4 Surface roughness measurement
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The surface roughness (Ra) of PC, COC and COP samples before and after the plasma
treatment were measured by using a Bruker Stylus Profilometer (DektakXT, Bruker, UK).
The procedure for surface roughness measurement is based on the ISO 4288:1996. The length
scanned of the sample was 2 mm with a profiler tip diameter of 2 µm and the measurement
duration was 30 s. The load applied was kept constant for all samples at 1 mg. An average

3

RI

PT

value of the Ra was taken from a total of 5-line measurements.

Results

SC

Figure 1 shows the water contact angle (WCA) values measured before and after the corona
treatment of as received PC, COC and COP substrates. Immediately after the corona

NU

treatment with a DBD dose of around 95 Wmin/m2 , the water contact angle (WCA) is
reduced from around 80o to 45o , 96o to 51o and 93o to 52o on PC, COC and COP substrates,

MA

respectively. The WCA of the PC, COC and COP were reduced to 38 o , 39o and 27o when
treating with a corona dosage of around 238 Wmin/m2 , respectively.

ED

Figure 2a shows the digital photographs of the water droplets (2 µL each) on the surface of
the various polymer (PC, COC and COP) substrates before and after the corona treatment (95
Wmin/m2 ). The changes in the surface wettability can be clearly seen from the changes in the

EP
T

shape of the water droplet as depicted on each of the PC, COC and COP surfaces. Partial
recovery of the more hydrophobic character of the original surfaces was seen after one week.
This recovery continued over the two-week measurement period but the WCA did not return

AC
C

fully to the original (pristine) value for any of the substrate types. The hydrophobic recovery
within one week for the COC sample were found to be minimal when compared to PC and
COP. The nature of the hydrophobic recovery noticed after two weeks in all samples is much
slower than the previously reported behaviour of such polymer substrates treated by other
forms of corona or plasma treatment. For instance, a fast (within a week) hydrophobic
recovery of DBD treated PC has been reported in the literature [17]. Furthermore, the rate of
hydrophobic recovery is found to be much lower in COC and COP than that for PC samples.
In general, the hydrophobic recovery rate of these polymer substrates is much higher, i.e.
within few hours to few days in previously reported results when compared to the that
observed for the samples treated here which take several weeks to get close to original
surface properties.

SC

RI

PT

ACCEPTED MANUSCRIPT

Figure 1: The water contact angle of as received and corona treated PC, COC and COP

NU

samples. The increase in corona dose has resulted reduction in the water contact angle in all
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samples.
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Figure 2: (a) The digital photographs of water droplet on the surface of polycarbonate (PC),
cyclic olefin copolymer (COC), cyclic olefin polymer (COP) before (as received) and after
plasma (corona discharge) treatment (0, 2, 7 and 14 days); (b) the water contact angle (in

AC
C

degrees) of as before and after plasma treatment of PC, COC and COP substrates.
The average surface roughness (Ra ) of as received PC, COC and COP samples were 0.067
µm, 0.083 µm, 0.072 µm respectively. After treatment, the Ra values increased to 0.176 µm,
0.272 µm, 0.234 µm for PC, COC and COP, respectively (see Supplementary Information
Figure S1).
Figure 3 represents the deconvoluted (peak fitted) C1s spectra for PC, COC and COP
samples before and after the corona treatment. Figure 3a shows the characteristic peaks (CC/C-H, C-O, -O-C=O-) of the as received PC which are then modified after the plasma
treatment by the addition of additional peaks like COH and COOH, as shown in Figure 3b.
Figure 3c and Figure 3e represents the distinct aliphatic and aromatic carbons in the as
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received COC and COP samples, respectively. Clearly, the introduction of additional oxygen
functionalities (C-O, COH, COOH, and C=O) on COC and COP samples post plasma
treatment can be seen in Figure 3d and in Figure 3f, respectively.
The time-dependent changes in the percentage atomic concentration (%At conc.) of C, O, CC/C-H and oxygenated functional species (C-O, COH, COOH, C=O, O-C=O) the surface
chemistry of PC, COC and COP samples after the plasma treatment has also been monitored

PT

(see Supplementary Information Figure S2-4) and the relevant data summarized in Table 1-3.
The %At conc. of C in PC, COC and COP samples decreases just after the plasma treatment

RI

and then increases again with time, as can be in seen in Table 1-3 for the respectively. On the
other hand, the concentration of oxygen in PC, COC and COP samples is increased just after

SC

the plasma treatment which is then decreased with time as shown in Table 1-3. Furthermore,
the O/C ratio is found to increase initially just after the plasma treatment but then decrease

NU

with time in all the samples.

The contribution of C-C/C-H bonds in PC C1s region is estimated to be around 88 %At

MA

which is then reduced to around 60 %At just after the plasma treatment due to increase in the
oxygen related functional species (C-O, COH, COOH and O-C=O), as shown in Table 1.
Over time, the %At conc. of C-C/C-H bonds increases which reflects the reduction in the

ED

concentration of oxygen related functional species. In COC and COP samples, the
concentration of C-C/C-H is around 100 At% which then reduces to 69 At% and 71 At% due

EP
T

to the addition of oxygen related functional species after plasma treatment, as shown in Table
2-3. Like the PC samples, the concentration of C-C/C-H bonds in plasma treated COC and

AC
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COP samples is increases with time, as shown in Table 2-3.
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Figure 3: (a, c, d) The high resolution deconvoluted (peak fitted) C 1s spectra of as received
polycarbonate (PC), cyclic olefins copolymer (COC) and cyclic olefins polymer (COP)
respectively; (b, d, f) C 1s spectra of plasma treated PC, COC and COP respectively.
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Table 1: A summary of the changes in the percentage atomic concentrations (%At Conc.) of
C, O and the functional groups present before and after the plasma treatment of
polycarbonate (PC).
O

(%At
conc.)

(%At
conc.)

O/C

C-C/C-H

C-O

C-OH

COOH

-O-C=O-

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

86.7

13.3

0.15

88.41

9.01

-

-

2.58

plasma
treated-0D

73.53

26.47

0.36

59.58

21.53

6.40

8.02

4.47

Plasma
treated-2D

77.51

22.49

0.29

75.94

9.73

7.29

2.99

4.05

Plasma
treated14D

77.02

22.98

0.30

73.76

17.35

-

4.54

4.35

NU

SC
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As
received

PT

C

Table 2: A summary of the changes in the concentrations of C, O and the functional groups

O

O/C

C-C/C-H

C-O

C-OH

COOH

C=O

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

99.72

0.28

0.003

100

-

-

-

-

plasma
treated-0D

86.62

13.38

0.154

69.1

24.1

-

4.56

2.24

Plasma
treated-2D

88.09

11.91

0.135

73.75

19

-

4.92

2.33

Plasma
treated14D

90.52

9.48

0.105

77.68

18.77

-

1.37

2.18

(%At conc.)

AC
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T

(%At conc.)

As received

ED

C

MA

present before and after the plasma treatment of cyclic olefins copolymer (COC).

Table 3: A summary of the changes in the concentrations of C, O and the functional groups
present before and after the plasma treatment of cyclic olefins polymer (COP).
C

O

(%At
conc.)

(%At
conc.)

O/C
(%At
conc.)

C-C/C-H

C-O

C-OH

COOH

(%At conc.)

(%At conc.)

(%At conc.)

(%At conc.)

C=O
(%At
conc.)

As
received

99.19

0.81

0.008

100

-

-

-

-

plasma
treated-0D

85.57

14.43

0.168

71.81

-

24.73

-

3.46

Plasma

87.28

12.72

0.146

45.93

45.57

-

-

8.5
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treated-2D
Plasma
treated14D

90.06

9.94

0.110

78.84

16.98

-

-

4.18

4 Discussion
There are two main factors that are responsible for changing the surface properties of

PT

polymeric materials, namely: surface roughness and surface chemistry. As the surface
roughness induced due to the form of corona discharge treatment utilised here to modify the

RI

PC, COC and COP is not greatly changed, the dominant factor in controlling the surface

SC

properties (wettability) are then the changes in the surface chemistry. Although the surface
roughness could be useful in tuning hydrophobicity or hydrophilicity in some patterned

NU

materials like discussed by Burton and Bhushan [2,40,41]. However, in our case, the role of
surface roughness seems to be not influential than the surface chemistry. As shown by the
XPS data in Figure 4 and the WCA data in Table 1-3, there is a reduction in the wettability as

MA

the O/C ratio increases after plasma treatment of all the samples. This change in the surface
chemistry of PC, COC and COP samples that is observed here is then due to the reaction of

ED

the reactive plasma (ions, radicals, ozone etc.) formed due to corona discharge in air. These
reactive plasma species are capable of breaking the C-H and or C-C bonds in the topmost
layers of the molecular structure of the polymers which then facilitates the attachment of

EP
T

polar functional groups, i.e. oxygen species. The effect of the plasma treatment process
employed here (corona discharge) is then to introduce oxygen related surface functionalities
like C-O, COH, COOH and C=O into the surface of the PC, COC and COP samples. These

AC
C

changes to molecular structure of the surfaces have been confirmed by ToF-SIMS of the as
received and corona treated PC, COC and COP samples. The changes in the signal intensities
of the prominent peaks detected in the ToF-SIMS analysis of PC, COC and COP in before
and after the corona treatment (see Supplementary Information Figure S5-8) confirms the
fragmentation and oxidation of the surfaces which supports the conclusion drawn from XPS
as discussed above.
The introduction of polar groups into the polymer surface chemistry increases the surface
energy as indicted by the reduction in the WCA presented earlier. The extent of the reduction
of WCA depends on the corona dosage employed. A high dosage of corona increases the
concentration of polar groups on the polymer surface and hence decreases the WCA, as seen
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in Figure 1. It is usual for the WCA of polymers to increases with time after the plasma
treatment (hydrophobic recovery). Although hydrophobic recovery was observed in all of the
samples treated in this work, it took a period of two weeks (see Figure 2) for this to occur in
ambient air conditions and even then, the WCA was not that of the pristine surface. In
general, hydrophobic recovery is deemed to be due to diffusion and re-orientation phenomena
that occurs post processing [11,16,42–44]. Over time, the diffusion of smaller molecules into
the bulk of the polymer reduces the surface energy and hence increases the WCA. Similarly,

PT

re-orientation of larger molecular chains on and just below the surface region changes the
position of the polar groups over time such that their influence on the measured WCA

RI

lessens. Hence, after the plasma processing used in this work, the rise in the WCA over time

SC

is most likely to be initially due to the diffusion phenomenon, i.e. movement of the more
reactive species into the sub-surface region while at later stages the re-orientation

NU

phenomenon dominates, i.e. the larger molecular fragments changing their position to face
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C
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ED

MA

inwards relative to the surface plane.

Figure 4: Plot of water contact angle (WCA) versus oxygen/carbon (O/C) ratio in
polycarbonate (PC), cyclic olefins copolymer (COC) and cyclic olefins polymer (COP).
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Contrary to other plasma-based methods, the unique plasma treatment process used in this
work and also previously used for other polymeric materials [32,33,35,36], yields functional
surfaces with reduced surface damage due to the nature of the plasma and enhanced
hydrophobic recovery time. A two-week recovery time is more than enough to facilitate
surface events that can benefit from the modified surface function such as that needed for a
bio-diagnostic assay. It is acknowledged that in many bio-device applications longer periods
of hydrophobic recovery would be useful, and this could be attained by additional methods

PT

such as encapsulating the processed devices (e.g. in the case of microfluidics) or keeping the
samples in inert atmosphere that would allow more time for bio-applications. Hence, overall

RI

the appropriate manipulation of the surface chemistries of PC, COC and COP can enable

SC

their use in the next-generation bio-devices.

NU

5 Conclusion

Dielectric barrier discharge Corona treatment of PC, COC and COP performed in air has

MA

been found to result in enhanced wettability of their surfaces. Increased hydrophilicity of the
PC, COC and COP surfaces can be manipulated by changing the Corona dosage as observed
in by the significant reduction in WCA of the polymer substrates. By monitoring changes in

ED

the surface chemistry and attendant wettability over time after the Corona treatment (dose: 95
Wmin/m2 ) it is found that the hydrophobic recovery time is improved compared to previously

EP
T

reported surface modification methods. Moreover, only partial recovery was noticed in all
samples over two weeks with a degree of residual permanent change recorded. Overall, the
WCA in PC, COC and COP samples has been found to decrease with increasing the O/C

AC
C

ratio. The change in O/C ratio has been shown to be due to an increased oxidation of the
polymer substrates that has been induced by the treatment. The effects of this type of DBD
Corona induced functional change to the surfaces of PC, COC and COP could therefore be
beneficial in next-generation biodevices.
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 Plasma (corona discharge) treated functional surfaces of Polycarbonate
and cyclic olefins polymers were created.
 Drastic reduction in contact angle were observed with increasing the
corona dosage.
 A correlation established between the surface chemistry and the contact
angle.

