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Abstract In this work, poly-e-caprolactone samples are modified by an atmospheric
pressure plasma jet in pure argon and argon/water vapour mixtures. In a first part of the
paper, the chemical species present in the plasma jet are identified by optical emission
spectroscopy and it was found that plasmas generated in argon/0.05 % water vapour
mixtures show the highest emission intensity of OH (A-X) at 308 nm. In a subsequent
section, plasma jet surface treatments in argon and argon/water vapour mixtures have been
investigated using contact angle measurements and X-ray photoelectron spectroscopy. The
polymer samples modified with the plasma jet show a significant decrease in water contact
angle due to the incorporation of oxygen-containing groups, such as C-O, C=0 and
O—C=0. The most efficient oxygen inclusion was however found when 0.05 % of water
vapour is added to the argon feeding gas, which correlates with the highest intensity of OH
(X) radicals. By optimizing the OH (X) radical yield in the plasma jet, the highest polymer
modification efficiency can thus be obtained.

Keywords Atmospheric pressure plasma jet - Poly-ge-caprolactone - Water vapour -
Contact angle - X-ray photoelectron spectroscopy - Optical emission spectroscopy

Introduction

Tissue engineering is a new and exciting research field aiming to construct living structures
that restore, maintain or improve diseased tissues or organs functions [1, 2]. One of the
main current approaches involves the culturing of cells in (bio)degradable three-dimen-
sional artificial matrices (so-called scaffolds), which offer optimal support and conditions
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for tissue growth [3, 4]. Ideally, scaffolds should meet several design criteria. The mate-
rials should: (1) possess mechanical properties matching those of the tissue to be replaced,
(2) be reproducibly processable into three-dimensional porous scaffolds, (3) be biocom-
patible and if required biodegradable and (4) possess surface properties enabling cell
adhesion, proliferation and differentiation [5-8].

Biodegradable, aliphatic polyesters have been extensively studied as scaffold materials
since they possess good mechanical and biocompatible properties as well as adjustable
degradation rates depending on the selected polymer [9]. However, the hydrophobicity and
low surface energy of these polyesters lead to low cell attachment, spreading and prolif-
eration [10]. To overcome this limitation, surface modification can be applied. Several
approaches have been developed with this aim. A commonly used strategy is to chemically
modify the polyesters by introducing specific functional groups on the surface [11, 12].
Although these wet-chemical processes are very useful, some drawbacks should be noted.
Some of these modification techniques can be quite harsh and can thus result in certain
undesirable effects such as a loss of mechanical properties and a faster degradation process
[4, 13]. In addition, these chemical methods generate hazardous chemical waste. Alter-
natively, reactive functional groups can be introduced by peroxide oxidation, ozone oxi-
dation and y-and UV-radiation, however, these techniques also involve degradation of the
polymers and usually result in non-permanent effects [14—16]. In contrast to the previously
described surface modification techniques, plasma treatment is a very convenient strategy.
This technique can efficiently incorporate functional groups on the surface of biodegrad-
able polyesters without changing the beneficial bulk properties [17]. Moreover, it can be
employed to uniformly treat the surface of complex shaped scaffolds [9]. In addition, the
use of hazardous solvents can be avoided as plasma treatment is a solvent-free technique
[4]. Because of these numerous advantages, plasma surface modification of biodegradable
polyesters demonstrates great potential.

The work in the present paper will specifically focus on plasma modification of poly-e-
caprolactone (PCL), a commonly used biodegradable, aliphatic polyester, with a chemical
structure shown in Fig. 1. A few authors have already studied the effect of non-thermal
plasmas on PCL samples, however, their studies mostly focus on low pressure plasma
technologies [8, 13, 18]. Although these low pressure plasma treatments afford good
control over gas chemistry and enable the application of high energetic species, atmo-
spheric pressure plasma technologies offer attractive perspectives in today’s industrial
processes due to the elimination of expensive vacuum equipment, easier handling of the
samples and scalability for in-line processing [19, 20]. Therefore, in recent years, a lot of
effort has been invested into the development of non-thermal plasma reactors working at
atmospheric pressure [20, 21]. Recently, there have been some studies on the surface
modification of PCL using atmospheric pressure plasmas such as DBDs [22-24] and RF
plasmas [25, 26]. However, an atmospheric pressure plasma jet (APPJ) has not yet been
applied for the surface modification of PCL despite its numerous benefits. This discharge is
easy to integrate into existing production lines and can selectively treat specific parts of a
substrate [27-29]. Moreover, in contrast to most corona and dielectric barrier discharges,
APPJs are not limited to flat and thin substrates, but can also be used to modify large three-
dimensional structures [27, 30].

Fig. 1 Chemical structure of
poly-g-caprolactone (PCL) (CHZ)S_ cC—0
|
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Taking into account these advantages, an APPJ will be used in this work for the surface
modification of PCL. After the description of the experimental procedures, the optical
characteristics of the plasma jet will be discussed for different working gases (argon and
argon/water vapour mixtures). In a subsequent section, plasma jet surface treatments in
argon and argon/water vapour mixtures will be investigated. The influence of different
plasma operating parameters on PCL surface properties will be explored in detail using
contact angle measurements (for wettability determination) and X-ray photoelectron
spectroscopy (XPS, for chemical composition determination).

Experimental Procedure
PCL Samples

To optimize the plasma modification parameters, the present study focuses on flat non-
porous PCL substrates. The flat PCL samples (20 mm x 20 mm) are produced from PCL
granules with a weight average molecular weight M,, of 80.000 g/mol (Sigma-Aldrich,
Belgium). 1.5 grams of these granules are placed in moulds, which are subsequently heated
in a vacuum oven at 120 °C for 1 h. Afterwards, the moulds are allowed to cool down to
room temperature overnight before removing the samples by dissembling the moulds. Prior
to plasma treatment, the PCL samples are rinsed once in Disinfectol® for 3 min.

Atmospheric Pressure Plasma Jet (APPJ) Set-up and Characterization

A schematic representation of the used experimental set-up is shown in Fig. 2, together with
an image of the plasma jet in pure argon. The discharge is generated inside a quartz capillary
with inside and outside diameters of 1.3 and 3.0 mm, respectively. The high-voltage elec-
trode is a tungsten wire (diameter = 0.5 mm) with a half-sphere-shaped tip. The second ring-
shaped ground electrode (length = 10 mm) is placed outside the capillary at a distance of
10 mm from the high-voltage electrode and 10 mm away from the edge of the capillary. PCL
samples are modified by the plasma jet by scanning the polymer surface with adjustable
scanning velocities (0.1-5.0 m/min). High purity argon is used for plasma generation with
flow rates ranging between 0.5 and 3.0 standard litres per minute (slm). Water vapour can be
introduced to the argon plasma jet via a bubbling system containing distilled water, carried by
a secondary argon flow. By changing the argon gas flow through the bubbling system, the
water content in the argon/water vapour plasma jet can be varied between 0.0 and 0.5 %. The
water vapour percentage is calculated using the following equation:

PHzO

% H,0 = 100 ——————
g PH20+Pgas

where P, is the gas pressure (101,325 Pa) and Py, the water vapour pressure. According
to Hibert et al. [31], this water vapour pressure is determined by the pure argon gas flow
rate (F;) and the flow rate of gas saturated with water vapour after bubbling (F5):

F,
Fi+F,

PHzo[Pa] = 2338

The jet is generated by applying an AC voltage (fixed frequency = 50 kHz) to the high-
voltage electrode with peak-to-peak values ranging from 6 to 12 kV. At an applied voltage
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of less than 6 kV (peak-to-peak), only a weak radiation zone is observed inside the cap-
illary on the tip of the high-voltage electrode, which is a well-known corona discharge.
However, an increase in the applied voltage results in the formation of a bright plasma in
the inter-electrode gap with a long outflowing plasma propagating in the surrounding air, as
shown in Fig. 2. The voltage applied to the high-voltage electrode is measured using a high
voltage probe (Tektronix P6015A), whereas a current transformer (Ion Physics CM-100L)
is used to measure the discharge current. The voltage-current waveforms are then recorded
using a Tektronix TDS 1002 digital oscilloscope. Using these voltage-current waveforms,
the average power W of the discharge is calculated according to the following equation
(T = period of the discharge) [32]:

w=L / 1)V ()de (1)

To identify the reactive species generated in the discharge, optical emission spectra are
recorded by means of an Ocean Optic S2000 spectrometer in the range 250-900 nm with a
resolution of 0.7 nm. These spectra are obtained 4 mm from the edge of the capillary: this
allows us to determine which plasma species interact with the polymer surface, since most
surface modifications in this work are performed on PCL samples placed 4 mm from the
edge of the capillary. Optical emission spectra at different distances from the edge of the
capillary have already been performed by Nikiforov et al. [33] and will therefore not be
presented in this work.

Water Contact Angle Measurements

The wettability of the PCL samples, determined a few minutes after plasma treatment, is
characterized by depositing distilled water drops of 2 pl volume using a Kriiss Easy Drop
contact angle measurement system. Droplets are placed at different positions on the PCL
samples and images are captured a few seconds after deposition of each drop. Based on the
imaged water drop profile, the static water contact angle value is obtained using Laplace-Young

oscilloscope
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16-12kV
50 kHz
e
T T T TN
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Fig. 2 Experimental set-up (a) and visual view (b) of the plasma jet
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curve fitting. Every reported contact angle value in this work is the average of 5 independent
measurements and standard deviations vary from 0.3° to 2.0°.

X-ray Photoelectron Spectroscopy

Besides contact angle measurements, PCL samples are also studied by XPS to obtain the
elemental composition and to get an insight in the chemical functions introduced on the
surface by plasma treatment. XPS measurements are performed on an ESCA S-probe VG
monochromatized spectrometer equipped with an Al K, X-ray source (hv = 1,486 eV).
The pass energy for survey spectra, recorded over the energy range 0-800 eV was 157 eV
with 1 eV step size and for high-resolution Cls spectra 56 eV with 0.06 eV step size. The
base pressure in the main chamber during analyses is not higher than 5 x 10® Pa, the spot
size is kept constant at 0.5 mm x 1 mm and the spectra are acquired at an emission angle
of 45°. A nickel grid was applied as well as charge neutralization with 4 eV in order to
avoid charging effects. Elements present on the surface are identified from survey spectra
and quantified [in atomic % (at%)] with CasaXPS software using a linear background and
applying the relative sensitivity factors supplied by the manufacturer of the instrument.
CasaXPS software is also used for the curve fitting of the high-resolution Cls peaks: the
hydrocarbon component of the Cls spectrum (285.0 eV) is used to calibrate the energy
scale and a Shirley background is chosen. After this calibration step, the Cls peaks are
deconvoluted using Gaussian—Lorentzian peak shapes with a 30 % Lorentzian component
and the full-width at half maximum (FWHM) of each line shape is constrained below
1.6 eV.

Results
Optical Characterization of the Discharge

The chemical species present in the plasma jet can be identified by optical emission
spectroscopy (OES) and Fig. 3 shows the emission spectra observed in different argon/
water vapour mixtures. The most intensive argon lines can be found in the spectral region
between 680 and 900 nm, which can be assigned to different excited states of the argon
atom [34]. The discharge also produces a significant amount of UV radiation, which
belongs to transitions of the OH band at 308 and 287 nm [35]. Apart from the previously
mentioned lines, spectral lines from atomic oxygen (777 and 844 nm) and nitrogen
(310440 nm) can be identified. In pure argon, these lines result from dissociation and
ionization of the surrounding atmosphere which contains nitrogen, oxygen and water while
in the argon/water vapour mixtures, they can also result from the water vapour present in
the feed gas. As seen in Fig. 3, an increase in water content results in a decrease of most
spectral line intensities and Fig. 4 shows the normalized intensity (Ia,4n20/I1ar) of the most
pronounced spectral lines as a function of water vapour content. One can observe in Fig. 4
that the emission of argon lines (696, 763 and 801 nm) and the atomic oxygen emission
(777 nm) decrease as a function of water vapour content. These decreases can be explained
by a decrease in electron temperature at elevated water vapour contents: the addition of
molecular species to a discharge in noble gases results in an increasing energy transfer
between electrons and heavy species (such as H,O) causing a reduction in electron tem-
perature [35]. Figure 4 also shows that a maximum in the OH emission intensity (OH
(A) = OH (X)) is observed for the argon/water vapour mixture with 0.05 % of water
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Fig. 3 Axial optical emission spectra of the plasma jet in argon and argon/water vapour mixtures (total gas
flow: 2.0 slm, discharge power: 7.9 W)

vapour due to the very effective dissociative excitation of water with argon metastables
(H,O + Ar* =» Ar 4+ OH (A) + H) [33]. A larger water vapour content however results
in a drastic decrease in OH emission intensity. This behaviour at high water vapour
contents has been previously explained in literature by Nikiforov et al. [33]: a higher water
content leads to a more pronounced quenching of the radiative OH (A) species (OH
(A) + H,O = OH (X) + H,0).

Plasma Modification of PCL with an APPJ Sustained in Argon

In this results section, plasma surface modification of PCL is performed with an APPJ
sustained in pure argon and the influence of different operating parameters is examined in
detail. A first parameter that influences the effect of the plasma jet treatment is the plasma
exposure time, which can be altered by changing the plasma scanning velocity. The
treatment time T can be obtained by dividing the active diameter of the jet (= 1.3 mm) to
the plasma scanning velocity. Figure 5 depicts the evolution of the water contact angle on
the plasma-treated PCL samples as a function of plasma exposure time. The distance
between the edge of the capillary and the PCL sample is kept constant at 4 mm, while the
discharge power and argon flow rate are maintained at 4.1 W and 2.0 slm, respectively.
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Fig. 4 Normalized peak emission intensity of different excited species as a function of water content in the
plasma jet (discharge power: 7.9 W, total gas flow: 2.0 slm)
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Fig. 5 Water contact angle as a function of plasma treatment time for PCL samples plasma-treated in pure
argon (discharge power: 4.1 W, argon flow: 2.0 slm)

The water contact angle of the untreated PCL film is 74° and gradually decreases to 38°
with increasing plasma treatment time. However, when the PCL samples are plasma-
treated for more than 390 ms, the contact angle remains unchanged, showing that there is a
saturation of the plasma effect on the PCL surface. The large diminution of the contact
angle after plasma treatment however demonstrates the strongly increased wettability,
suggesting that the plasma-treated PCL surfaces contain a large amount of hydrophilic
groups [36-39]. To proof this statement, XPS measurements are performed on an untreated
and a plasma-treated PCL sample (treatment time: 390 ms). Based on the XPS survey
scans, the atomic compositions of the polymer samples are determined and the results are
shown in Table 1. This table indicates that after argon plasma treatment, the oxygen
content increases from 23 to 29 at%. The plasma treatment also introduces a very small
amount of nitrogen, however, this nitrogen incorporation is negligible compared to the
oxygen inclusion. To determine which chemical groups are present on the surface of the
untreated and plasma-treated PCL samples, curve-fitting of high-resolution Cls peaks is
also performed and the results are presented in Fig. 6. The Cls envelope of the untreated
PCL sample can be decomposed into 3 distinct peaks: a peak at 285.0 & 0.1 eV corre-
sponding to C—C and C-H bonds, a peak at 286.5 + 0.1 eV due to C-O functional groups
and a peak at 289.1 £ 0.1 eV, which can be attributed to O—C=0 groups [40]. As shown in
Fig. 6, changes in the Cls peak can be observed after argon plasma treatment: the peak at
285.0 eV slightly decreases while the peaks at 286.5 and 289.1 eV increase. Moreover, a
new peak at 287.7 £ 0.1 eV, which can be attributed to C=0O groups appears after plasma
treatment. Based on the deconvoluted Cls peaks, the concentration of the different
chemical bonds can be calculated and the obtained results are given in Table 1. This table
clearly shows that the concentration of C—C and/or C-H bonds decreases after argon
plasma treatment, while the concentration of oxygen-containing groups (C-O, C=0 and
O—-C=0) strongly increases. The primary effect of the argon plasma jet on the polymer
surface is most likely the hydrogen abstraction by oxygen atoms and OH radicals present in
the discharge [41]. However, cleavage of the C—C polymer backbone is also possible [41].
The created polymer radicals will subsequently react with atomic oxygen, molecular
oxygen, ozone and OH radicals leading to the implantation of oxygen-containing groups on
the polymer surface [41].
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Table 1 Atomic composition and concentration of chemical groups on an untreated and plasma-treated
PCL sample (argon jet, treatment time: 390 ms, discharge power: 4.1 W, argon flow rate: 2.0 slm, capillary
edge-polymer distance: 4 mm)

Sample C (at%) O (at%) N (at%) C-C/C-H (%) C-0 (%) O-C=0 (%) C=0 (%)
Untreated 77 23 0 66 17 17 0
Plasma-treated 70 29 1 59 22 18 1

A B

Intensity (a.u.)
Intensity (a.u.)

292 290 288 286 284 282 292 290 ZéS 286 284 282

Binding energy (eV) Binding energy (eV)

Fig. 6 High-resolution Cls peak of a an untreated PCL sample and b an argon plasma-treated PCL sample
(discharge power: 4.1 W, argon flow: 2.0 slm, treatment time: 390 ms, capillary edge-polymer distance:
4 mm)

Besides plasma treatment time, also the distance between the edge of the capillary and
the polymer surface will influence the efficiency of the plasma jet. Table 2 presents the
PCL water contact angle for varying capillary edge-surface distances, while the discharge
power, argon flow and plasma treatment time are kept constant at 4.1 W, 2 slm and 78 ms,
respectively. Table 2 clearly shows that the contact angle decrease is less pronounced
when the distance between the capillary edge and the sample is increased. Due to the
limited lifetime of the reactive plasma species responsible for oxygen incorporation, only a
low amount of these active species will reach the polymer surface at high capillary-sample
distances, resulting into less hydrophilic surfaces. Therefore, one can conclude that the
position of the PCL surface should be as close as possible to the capillary edge in order to
obtain the most efficient decrease in water contact angle. For an easy operation of the
plasma jet, the capillary-edge sample distance will however be kept constant at 4 mm for
all subsequent measurements performed in this work.

Table 2 PCL water contact angle values for varying capillary edge-PCL surface distances (discharge
power: 4.1 W, argon flow: 2 slm, plasma treatment time: 78 ms)

Plasma-sample distance (mm) 1.0 20 40 6.1 8.0 10.0 123 150 204 29.6 40.3
Water contact angle (°) 4477 453 46.1 486 499 51.1 551 59.6 63.8 65.1 65.1
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Besides plasma-polymer distance and treatment time, also discharge power and argon
flow rate can affect the surface modification process, as shown in Table 3 (plasma treat-
ment time: 78 ms). These results show that with increasing argon flow rate, the water
contact angle gradually decreases to a minimal value (43°) at 2.5 slm. At an even higher
argon flow rate (3.0 slm), the water contact angle remains at approximately 43°. Increasing
the argon flow rate results in a higher flux of reactive oxygen species reaching the polymer
surface, leading to a more pronounced surface modification effect. Table 3 also shows that
the water contact angle value gradually decreases with increasing discharge power. An
increasing discharge power results in the presence of a higher amount of reactive oxygen
species and thus a more effective surface modification process.

Plasma Modification of PCL with an APPJ Sustained in Argon/Water Vapour Mixtures

In this section, it is investigated whether it is possible to increase the polymer modification
efficiency by adding a small amount of water vapour to the argon plasma jet. For that
reason, plasma surface modification of PCL is performed in different argon/water vapour
mixtures at similar operating conditions (discharge power: 7.9 W, treatment time: 78 ms,
total gas flow: 2.0 slm, capillary edge-polymer distance: 4 mm). Table 4 shows the PCL
water contact angle as a function of water vapour content. This table shows that the water
contact angle of the plasma-treated PCL surfaces reaches a minimal value (45.3°) at
0.05 % of water vapour, while a further increase in water vapour content results in a less
effective treatment of the PCL surface with a contact angle value of 49.1° at the highest
water vapour concentration (0.5 %). The influence of water vapour content on the chemical
composition of the PCL samples is also investigated using XPS and the results are also
shown in Table 4. The highest oxygen inclusion can be found when 0.05 % of water
vapour is added to the argon feeding gas. This conclusion can be correlated with the
previously presented optical emission spectroscopy results (Fig. 4). By observing the
emission intensity of OH (A-X) at 308 nm, one can gather information on the electroni-
cally excited state OH (A) in the plasma jet and it was found that a maximum amount of
OH (A) radicals was found at a water vapour content of 0.05 %. However, not the excited
state OH (A) is responsible for surface modification, but the electronic ground state OH
(X). Measurements of the number density of OH (X) radicals in an atmospheric pressure
plasma jet can however be carried out using ultraviolet absorption spectroscopy, as shown
by Hong et al. [42]. These authors experimentally proved that the maximum density of OH
(X) radicals is found at the maximum OH emission intensity. Therefore, one can conclude
that at a water vapour content of 0.05 %, a maximum amount of OH (X) radicals is present
in the plasma jet, which can in turn explain the highest oxygen incorporation at this water
vapour content. By optimizing the OH (X) radical yield in the plasma jet, the best polymer
modification efficiency can thus be obtained.

Table 3 PCL contact angle values for different argon flow rates and discharge powers (treatment time:
78 ms)

Argon flow (slm) 0.5 1.0 1.5 2.0 2.5 3.0 2.0
Power (W) 4.1 55 6.5 79 95 115 13.0
Contact angle (°)  67.1 55.0 484 46.1 43.0 434 456 446 440 435 423 408
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Table 4 Contact angle value, atomic composition and concentration of chemical groups on PCL samples
plasma-treated in different argon/water vapour mixtures (discharge power: 7.8 W, treatment time: 78 ms,
capillary edge-sample distance: 4 mm)

Water vapour Contact C (6] N c-C/ Cc-0 0-C=0 C=0
content (%) angle (°) (at %) (at %) (at %) C-H (%) (%) (%) (%)
0.0 46.1 71 28 1 62 20 17 1
0.05 45.3 70 29 1 59 22 18 1
0.1 46.5 71 28 1 62 20 17 1
0.2 46.7 72 27 1 64 19 16 1
0.4 48.1 72 27 1 65 18 16 1
0.5 49.1 73 26 1 66 18 15 1
Conclusion

In this work, the chemical species present in an atmospheric pressure plasma jet in argon
and argon/water vapour mixtures have been determined using optical emission spectros-
copy. It has been found that the emission intensity of OH radicals (OH (A) =% OH (X)) can
be altered by adding water vapour to the argon working gas: the maximal OH emission
intensity can be obtained in an argon/0.05 % water vapour mixture. In a second part of the
work, the plasma jet has been successfully employed for the surface modification of PCL
samples. From contact angle and XPS measurements, it was found that the plasma jet can
significantly increase the hydrophilicity of PCL by incorporating oxygen-containing
groups (C-0O, C=0 and O-C=0). At similar operating conditions, the most efficient
oxygen incorporation was however found after plasma treatments in argon/0.05 % water
vapour mixtures. This could be attributed to the high OH (X) concentration in this gas
mixture. Therefore, the OH (X) radical yield in the discharge should be optimized to obtain
a high polymer modification efficiency. The performed plasma treatments can have a
significant positive effect on cell adhesion and proliferation, thereby opening possibilities
to many interesting biomedical applications.
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