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Atmospheric pressure plasma jets (APPJ) have great potential in wound healing, bacterial disinfection and in
cancer therapy. Recent studies pointed out that hydrogels can be used as screens during APPJ treatment, or even
be used as reservoirs for reactive oxygen and nitrogen species generated by APPJ in liquids. Thus, novel ap-
plications are emerging for hydrogels which deserve fundamental exploration of the possible modifications
undergone by the polymers in solution due to the reactivity with plasmas. Here we investigate the possible
modifications occurred by APPJ treatment of an amphiphilic poly(ethylene oxide)-based triblock copolymer
(tPEO) photo-crosslinkable hydrogel. While APPJ treatments lead to a certain degradation of the self-assembly of
the polymeric chains at low concentrations (<2 g/L), at the higher concentrations required to form a hydrogel
(>2 g/1), the polymeric chains are unaffected by APPJ and the hydrogel forming ability is kept. APPJ treatments
induced a pre-crosslinking of the network with an increase of the mechanical properties of the hydrogel. Overall,
the small modifications induced allow thinking of polymer solutions with hydrogel forming ability a new plat-
form for several applications related to plasma medicine, and thus, with potential in different therapies.

1. Introduction

Research dealing with cold plasma modification of polymers has
traditionally employed polymers in the solid state to alter parameters
such as adhesion, wettability, etc., usually employing low pressure
plasma processes [1]. Chemical processes on the surface of polymers
take place through all major plasma components, namely electrons,
ions, excited particles, radicals, atoms and UV radiation. The major
primary products of treatment of polymer films with plasma are free
radicals, non-saturated organic compounds, cross-links between poly-
mer macromolecules, products of destruction of the polymer chains, and
gas phase products. Most processes for the formation of radicals on the
polymer surface under plasma treatment are due to electron impact and
UV radiation and are related to breaking of R-H and C-C bonds in

macromolecules. The main effects derived from these processes can be
linked to functionalization and etching [2].

Nevertheless, with the development of Atmospheric Pressure Plasma
Jets (APPJ) [3-11], which operate at near ambient temperature and
atmospheric pressure a range of new possibilities has opened. For
instance, in the last few years, APPJ treatment of polymeric solutions
has been investigated to improve their printability by electro-spinning
[12-14]. More recently, alginate solutions [15] have shown the ability
of generating reactive species following APPJ treatment and still form
stable hydrogels, opening great perspectives in the design of new
implantable biomaterials for plasma therapies. In parallel, agarose and
gelatin semi-solid hydrogels have been investigated by Szili et al.
[16-18] in order to mimic the effects of plasmas through the skin, and
evaluate the transport of reactive oxygen and nitrogen species (RONS)
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from the plasma gas phase to investigate them as screens for certain
species from APPJ during treatment of living tissues. Although the
complete mechanisms involved in the biological effects of plasma
treatment are not yet fully understood, APPJ devices present a safe,
versatile and easy application without inducing heating to the treated
living or non-living surfaces at short treatment times [10,19-21]. The
efficiency of these plasma therapies is essentially related to the gener-
ation of RONS in biological tissues or liquids [22-24].

Thus, the variety of applications emerging in this area foster the
interest for fundamental investigation of the effects of APPJ on polymer
solutions.

In this sense, the plasma chemistry occurring in liquids is completely
different to that described earlier occurring in solid surfaces; as reported
in a recent review [25], the transfer of reactivity from the gas to the
liquid phase has been highlighted as being of prime importance for
biological effects. In fact, plasma treatment of aqueous solutions (water,
saline solutions, or cell culture media) leads to their activation and
non-equilibrium dissociation of water molecules. This results in the
formation of short-lived species such as H atoms, OH* radicals, and
hydrated (solvated) electrons (eso}y). Very quick reactions between these
species lead to the formation of transient and more stable species such as
03, Hy, Oy, H20; etc. Moreover, in the presence of air, reactive nitrogen
species (NO~, NO3, NO3, ONOO™) are also formed in liquid medium.
These nitrogen oxides subsequently react in water forming acids, which
affect the conductivity and pH of the plasma-treated liquids, and further
reactions may occur.

As mentioned earlier, natural polymers (alginate, agarose, gelatin)
have been treated by APPJ in solution or in hydrated hydrogel state for a
variety of applications. To the best of our knowledge, the effects derived
from the reactions between the cocktail of reactive species generated by
APPJ and polymeric solutions are challenging and still largely unex-
plored. However, assessing certain modifications in natural polymers
can be rather challenging, so it is of interest to employ a synthetic
polymer with hydrogel-forming ability, that can be used as a first model
to investigate the potential changes and reactivity undergone through
APPJ treatment.

Among potential polymers that can be employed to form hydrogels,
poly(ethylene glycol) (PEG) (also called poly(ethylene oxide) (PEO)), a
biocompatible synthetic polymer, has good properties for tissue engi-
neering and drug delivery applications [26-30], so it might also be of
interest for the novel applications highlighted earlier. By introducing
methacrylate functional end groups in the polymer chains, through
adequate chemical modification, the polymeric solution can undergo
photo-crosslinking in the presence of photo-initiators to form a
self-standing hydrogel [31-35]. One of the major advantages of
photo-crosslinked hydrogels is that they can be formed in situ in a
minimally invasive manner.

A few years ago, we developed a PEO-based self-associating amphi-
philic triblock copolymer (tPEO) able form injectable and rapidly photo-
cross-linkable hydrogels [31]. Associated to other macromolecules, this
copolymer can lead to microporous hydrogels [36] or double network
hydrogels of enhanced mechanical properties [37,38]. It was also shown
to be non-cytotoxic and biocompatible leading to potential biomedical
applications (paper under preparation) . Therefore, we explore here the
APPJ treatment of a photo-crosslinkable tPEO self-assembling polymer
solution and analyze the potential modifications in the polymer (ie.
self-assembly in micelles) through different techniques, including the
conservation of the ability of the hydrogel photo-crosslinking, its me-
chanical properties and chemical modifications.

2. Materials and methods
2.1. Materials

Phosphate Buffered Saline (PBS) tablets were purchased from Gibco
Life technologies. N-phenylglycine (NPG) (>97% purity, M.W.: 151.16
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g/mol, powder form), triethanolamine (TEA) (purity > 99.0%, M.W.:
149.19 g/mol, liquid form), riboflavin (purity > 98%, M.W.: 376.36 g/
mol, powder form), dimethyl sulfoxide (purity > 99.7%, M.W.: 78.13 g/
mol, liquid form), sulphanilamide (purity > 99%, M.W.: 172.20 g/mol,
powder form), N-(1-naphtyl) ethylenediamine (NEED) (purity > 98%,
M.W.: 172.20 g/mol; powder form). Ethanol (99.8% purity) and phos-
phoric acid (85%, M.W.: 98 g/mol, liquid form) were purchased from
Panreac. All reagents were used as received in their chemical grade
except for NPG, which was purified by dissolving in water at 60 °C,
filtered over 0.45 pm filter then freeze-dried before use. Gaseous He for
plasma treatments was purchased from PRAXAIR, Spain.

2.2. Polymer synthesis

Poly(2-methacryloyloxyethyl acrylate)-b-poly(ethylene oxide)-b-
poly(2-methacryloyloxyethyl acrylate) (PMEAy-b-PEOg;0-b-PMEA;)
triblock copolymer (tPEO) was synthesized as reported elsewhere [39].
Each polymeric solution was prepared by dilution in PBS and homoge-
nized overnight.

2.3. Hydrogel preparation

Hydrogels were prepared from a tPEO solution at 40 g/L in presence
of N-phenylglycine (NPG), triethanolamine (TEA) and riboflavin as
photo-initiating system (PIS) components. In a 10 mL glass bottle, 20 puL
of purified NPG at 90 mg/mL in ethanol were introduced with 20 pL of
TEA at 90 mg/mL in ethanol. Solvent was evaporated gently using
compressed air before adding 2 mL of tPEO solution and stirring was
performed overnight protected from light. Before crosslinking, 20 pL of
riboflavin solution at a concentration of 28 mg/mL in dimethylsulfoxide
were added. To obtain a photo-crosslinked hydrogel, 200 pL of sample
were placed in a 48-well plate and irradiated during 3 min using blue
light (LED light curing machine LY-C240, A = 420-480 nm, I = 100 mW/
em?) (Fig. 1).

2.4. Plasma treatment

An atmospheric pressure plasma jet (APPJ) using He as plasma car-
rier gas was employed, in a jet design with a single electrode described
elsewhere [40]. Plasma discharge was operating with sinusoidal wave-
form at 25 kHz with (U) ~ 2 kV and (I) ~ 3 mA. Helium flow was
regulated at 1 L/min through a Bronkhorst MassView (Bronkhorst,
Netherlands) mass flow controller.

To treat liquids and polymer solutions with plasma, 2 mL of the
corresponding sample was introduced in a 24-mm diameter glass bottle
and plasma treatments were performed from 15 to 900 s, using a gap of
10 mm between plasma nozzle and the surface of the sample (Fig. 2).
Due to water evaporation during plasma treatment, the concentration of
the solution was recalculated after each APPJ treatment.

2.5. Light scattering

Apparent molar masses (Ma) and hydrodynamic radius (Ry,;) of tPEO
self-assemblies in solution were assessed by static (SLS) and dynamic
(DLS) light scattering. Data were recorded with a ALV-5000 multibit
(ALV-GmbH, Germany), multitau, full digital correlator in combination
with a Spectra-Physics laser (emitting vertically polarized light at k =
632.8 nm) and a thermostat bath controlled within £0.2 °C. Measure-
ments were made at angles (0) ranging between 20 and 150°. Before
measurement, the polymer solutions were filtered using 0.2 pm inor-
ganic membrane filter. Polymer concentration varied between 0.5 and
10 g/L and the refractive index increment of the copolymer in water was
assumed to be that of pure PEO in water, i.e., (dn/dC) = 0.135 mL/g.
The average relaxation rate (I") was found to be g2 independent (where q
is the scattering vector: q = (4nn/k)/sin(6/2)). The cooperative diffusion
coefficient (Dc) was calculated as: Dc = F/qz. At sufficiently low
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Fig. 1. Chemical structure, self-assembly in aqueous solutions of tPEO and its photo-crosslinking at 40 g/L using blue light. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. (a) Scheme of the experimental setup of plasma treatment of samples;
(b) Picture of plasma treatment of tPEO solution during plasma treatment.

concentrations, where interactions are negligible, the z-average
apparent hydrodynamic radius (Ry,) of the solute can be calculated from
the diffusion coefficient (Dc) using the Stokes-Einstein relation:

Ry — kg xT
6 x wxn XD,
where k B is the Boltzmann constant, T is the absolute temperature and
75 is the solvent viscosity.

The relative excess scattering intensity (Ir) was determined as the
total intensity minus the solvent scattering divided by the scattering of
toluene at 20 °C. Ir is related to the osmotic compressibility ((dn/dC)1)
and the z average structure factor (S(q)):

Ir = K.C.R.T.(dn/dc) "'S(q)

With R the gas constant and T the absolute temperature. In dilute
solutions Ir is related to the weight average molar mass (Mw) and the z-
average structure factor (S(q)):

Ir = K.C.Mw.S(q)

With C the solute concentration and K an optical constant that de-
pends on the refractive index increment. S(q) describes the dependence
of Ir on the scattering wave vector. For the concentrations studied (0.5 to
10 g/L), interactions influence the scattering intensity and the result
obtained by extrapolation to q = 0 represents an apparent value for the
apparent molar mass (M,).

The weight percentage of the remaining flower-like aggregates in
solution after plasma treatment is calculated according to equation (1):

Ma (APPJ)

c “Ma (untreated) x

100 m
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The concentration of self-assembled tPEO chains in solution after
plasma treatment can be obtained following equation (2):

Ma (APPJ
Cipeo-appr (g/L) = (AW) X C(PEO initial) (g/ L) 2

By this way, the concentration of the degraded flower-like aggregates
can be deduced from equation (3):

Cegraded (8/L) = CipEO initial — CpE0-aPPI (/L) 3

2.6. Rheology

Rheological measurements were done at 25 °C with a stress-control
rheometer MCR301 (Anton Paar, Austria) using a cone-plate geometry
(CP: 40 mm, gap: 1 mm). The measurements were done in the linear
response regime (f = 1 Hz). For in situ photo-crosslinking, the sample
was covered with mineral oil in order to avoid evaporation and the
rheometer protected from light. A blue LED (Thorlabs — M450LP1) (Amax
= 450 nm) was equipped with a light guide (@ = 5 mm) placed 5 cm
below the glass plate. The samples were irradiated at ~ 0.1 W/cm?
during 3 min.

2.7. 'H NMR

Proton nuclear magnetic resonance (*H NMR) with a Bruker Advance
400 MHz spectrometer was employed to characterize the triblock
copolymer. The tPEO was dissolved in deuterated water at a concen-
tration of 2 g/L and the 'H NMR spectra was recorded at room
temperature.

2.8. pH

The pH of the solutions was measured immediately after plasma
treatment in 2 mL of solution using an MM 41 Crison multimeter with 50
28 probe (Crison, Spain).

3. Results

An atmospheric pressure plasma jet was employed to treat a Poly(2-
methacryloyloxyethyl  acrylate)-b-poly(ethylene  oxide)-b-poly(2-
methacryloyloxyethyl acrylate) triblock copolymer (tPEO) solution at
the suitable concentration necessary to allow obtaining a self-standing
hydrogel (40 g/L), and compared to PBS as control. A linear evapora-
tion was observed during APPJ treatments (Fig. 3a) leading to up to 15%
water evaporation after 15 min of APPJ treatment. The pH remained
relatively stable in the polymer, with minor decrease of around 0.4 unit
of pH only, after APPJ treatments (Fig. 3b).
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To investigate the effects of plasma on the triblock copolymer and
photo-crosslinked hydrogels, different concentrations of tPEO were
treated by APPJ. The evolutions of the apparent molar mass (M,) and
apparent hydrodynamic radius (Rpa) of the tPEO self-assemblies in
aqueous solution were measured by static (SLS) and dynamic (DLS) light
scattering respectively as a function of APPJ treatment time and con-
centration (Fig. 4). The samples did not exhibit any angular dependence
of the scattered intensity indicating that the scattering objects are small
(Rg < 20 nm) (Fig. S1). APPJ treatment of a solution of tPEO flower-like
micelles (at C = 0.5 g/L) revealed a clear decrease of M, after APPJ
treatments up to 900 s (Fig. 4a). The influence of the polymer concen-
tration on the self-assembly of the flower-like micelles was investigated
up to C = 10 g/L at the longest APPJ treatment time studied here (t =
900 s). The M, of each sample was measured just after APPJ treatment
and 24 h later (Fig. 4b). No time evolution of the plasma-treated samples
was observed after 24 h. As previously reported [31], increasing the
concentration leads to the formation of larger aggregates due to bridging
of micelles. APPJ treatment led to a decrease of M, whatever the initial
tPEO concentration. This phenomenon could be attributed to the
degradation of tPEO micellar aggregates whose number or aggregation
number (i.e. number of polymeric chains per micelle) decreases with the
plasma treatment. Yet, the hydrodynamic radius (Ry,) of the aggregates
slightly increases after 15 min of APPJ treatment (Fig. 4c). The total
amount of degraded material being almost constant whatever the initial
concentration, the degradation effect due to plasma is very important at
low polymer concentration but negligible at high concentration
(Fig. 4d).

The effects of APPJ on the properties of tPEO solutions were further
investigated by rheology at concentrations were tPEO forms dynamic
physical hydrogels [31]. The viscosity of the tPEO solution at C = 40 g/L
(without photo-initiator system (PIS)) was evaluated at different APPJ
treatment times (Fig. 5a). The untreated solution initially exhibited a
Newtonian behavior up to a shear rate y = 100 s~ with a viscosity of n
= 0.34 Pa.s. By increasing the APPJ treatment time, an increase of the
viscosity was progressively observed.

As described earlier, there is an evaporation of 1%/min in the tPEO
solution due to the gas flow during APPJ treatment. Thus, the viscosity
of a tPEO solution treated for 15 min was compared to an untreated
tPEO solution at C = 47 g/L; concentration reached after 15 min of APPJ
treatment. A slight decrease of the zero-shear viscosity of the APPJ-
treated tPEO was observed compared to an untreated solution at 47 g/
L. In parallel, the same comparison was made with tPEO solutions
containing the PIS (Fig. 5b). A non-Newtonian fluid of high zero shear
viscosity was obtained by treating the solution during 15 min by APPJ,
in contrast to the untreated solutions at C = 40 g/L and C = 47 g/L.

Higher storage (G') and loss (G”) moduli were obtained for the APPJ-
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Fig. 4. (a): Apparent molar mass (M,) of tPEO at C = 0.5 g/L as a function of
the APPJ treatment time. (b): M, as a function of tPEO concentration before
APPJ treatment (squares), after 15 min of APPJ (filled circles) and 24 h later
(empty circles). (c): Apparent hydrodynamic radius (Rna) of the micelles as a
function of tPEO concentration before APPJ treatment (squares) and after 15
min of APPJ (circles). (d): Percentage of the tPEO micellar aggregates degraded
after 15 min of APPJ treatment as a function of the initial tPEO concentration.

treated solution compared to the untreated one (Fig. 6a). Moreover, at
low frequency, the 15 min APPJ-treated sample tends to a very soft solid
behavior (G’ > G"). Fig. 6b represents the evolution of G’ and G” during
in situ photo-crosslinking of the hydrogel. After 30 s, samples were
exposed to blue light during 3 min. Faster crosslinking and higher elastic
modulus were observed for the APPJ-treated hydrogel. Fig. 6¢ shows the
frequency dependence of the moduli for the photo-crosslinked hydro-
gels. Both untreated and APPJ-treated photo-cross-linked hydrogels
exhibit a plateau for G/(0) at low frequency indicating a soft solid
behavior. However, the elastic modulus of the APPJ-treated hydrogel
obtained after photo irradiation was twice as high as that of the un-
treated one indicating a higher extent of cross-linking. After APPJ
treatment, photo-cross-linked hydrogels were more brittle than the un-
treated one as shown by their lower strain at breakage (Fig. 6d).

To further investigate the structural changes in the structure of the
tPEO, 'H NMR experiments were performed at 2 g/L after 15 min of
plasma treatment in D50 (Fig. 7).

'HNMR analysis shows degradation of some PEO chains and that the

(b)
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) ) ) L) L) )
0 150 300 450 600 750 900

Lapps (s)

Fig. 3. Effect of APPJ treatment time on the tPEO polymer ( with the photo-initiator system (PIS)) on (a): Evaporation and (b) pH. PBS was used as control and in (a)

the polymer solution was subjected to gas flow alone without plasma treatment.
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Fig. 6. (a): Frequency dependence of the shear moduli of a 15 min APPJ-
treated (red) and untreated tPEO at C = 47 g/L in the presence of the PIS
(black). (b): Time evolution of the moduli of a 15 min APPJ-treated tPEO so-
lution at C = 40 g/L (red) and an untreated tPEO solution at C = 47 g/L (black).
Light irradiation was switched on after 30 s and stopped 3 min after (c): Fre-
quency dependence of the shear moduli of a 15 min APPJ-treated tPEO
hydrogel (red) compared to an untreated one (black) after photo-cross-linking.
(d): Evolution of the storage modulus with strain for a 15 min APPJ-treated
tPEO photo-cross-linked hydrogel at C = 40 g/L compared to an untreated
one at C = 47 g/L (black).

PMEA hydrophobic block is also affected by the plasma treatment. In
fact, by setting the integration of the CH; peak of the PEO to 1080 (DP,
= 270), it was observed that the integration of the characteristic signals
of the PMEA block decrease by a factor of ~2. However, all the signals
do not decrease at the same rate. The characteristic peaks of the meth-
acrylate double bonds decrease more than the methyl signals (a, a’) at
1.2 ppm. This indicates that plasma treatment also induces a cross-
linking of the double bonds.

4. Discussion

The effects of a He APPJ treatment were investigated here on tPEO

https://reader.elsevier.com/reader/sd/pii/{S0032386120301464...CAA1472B4D77DAF1DOFB643F7FCAD9B9A0OCF4910E3AE8993E8593395B98

solutions able to form hydrogels (Fig. 1), with the aim of understanding
the potential chemical and physical modifications of such kind of
polymeric systems in solution.

The plasma gas chemistry of the APPJ employed here includes O°
radicals, Ny 1% positive and N3 ond negative and He, among other
reactive species [41]. These species can react with the treated liquid
(water, saline solutions or cell culture media) and after diffusion and
cascade reactions they produce short-lived species able to recombine
into chemically stable species, including nitrates, nitrites, hydrogen
peroxides, among others; [25,42-47], depending on the chemical
composition of the treated-liquid [45,48,49]. Despite this, the effects of
diffusion and reaction of these RONS in polymer chains in solution are a
complex issue and largely unexplored.

The gas flow and distance to the solution employed here were
selected according to previous works as they maximize the production of
RONS in a liquid [50], and will thus allow to investigate any potential
modifications in the polymer solution.

It is well established that evaporation occurs in liquids during plasma
treatment. The evaporation depends on the plasma device employed and
is mainly related to the gas flow which is directly applied on the surface
of the liquid [51,52]. To confirm that, tPEO + PIS solutions were treated
without plasma only using the He gas flow and a linear evaporation up to
9% was recorded. This value is slightly below than that recorded after
plasma treatment (about 15%). It can therefore be assumed that the
main contribution to evaporation is mainly due to the gas flow with an
additional contribution derived from the plasma treatment itself. As
there is no heating of the polymer solution due to plasma treatment
(only 4 °C increase in 15 min plasma treatment was recorded), this is not
a parameter expected to contribute significantly to evaporation. The
linear increase of the evaporation observed in Fig. 3a following plasma
treatment was in agreement with observations in polymers dissolved in
organic solvents for electrospinning applications [12,13].

It is well-known that the chemical composition of the plasma treated-
liquids have a major impact on the generation of reactive species and
therefore on its pH variations [52-54], most of the reported studies
showing an acidification after plasma exposure [45,52,55-58]. This
acidification has been widely described as being induced by the accu-
mulation of the reactive species, especially NO; and NO3 generated in
solution from the APPJ. In the present work, pH of PBS, tPEO and PBS +
PIS used for tPEO photo-crosslinking remained between 6.5 and 7.5
(Fig. 3b) and showed a very limited acidification. By avoiding the
acidification of the solution, pH buffering prevents potential subsequent
reactions of the two main species usually detected, HyO, and NO,, for
example, to form peroxynitric acid (ONOOOH).

The effect of APPJ treatment on the self-assembly and rheological

11/05/2020, 13:30

Page 5 of 9



I. Hamouda et al.

Br

Investigating the atmospheric pressure plasma jet modification of a photo-crosslinkable hydrogel | Elsevier Enhanced Reader

Polymer 192 (2020) 122308

UA« tPEO 2 g/L 15 min APPJ

g d
fe be a,a’
(a) tPEO 2 g/L UNTREATED
0w 9 8 7 6 5 4 3 2 1 0
5 'H (ppm)

Fig. 7. 'H NMR spectra (400 MHz, in D20) of (a) untreated tPEO, (b) 15 min APPJ-treated tPEO at 2 g/L in D20.

behaviour of tPEO solutions was investigated here by different tech-
niques. The self-assembling colloidal nature of the selected polymer
allowed using static (SLS) and dynamic (DLS) light scattering to quantify
the evolution of size (Rp,) and apparent molar mass (M,) of the
amphiphilic tPEO self-assemblies in aqueous solution (Fig. 4). On tPEO
single micelle solutions (at C = 0.5 g/L), a decrease of the apparent
molar mass with APPJ treatment time was observed. This decrease
cannot be attributed to the solvent evaporation since concentrating the
solution would lead to higher M,. Two scenarios are thus possible: 1)
The number of micelles remains constant but their molar mass decreases
or 2) the average molar mass of the micelles remains constant but their
number decreases. By analyzing the evolution of the micelles size
(Fig. 4c), we observe that the size of the micelles has slightly increased
after APPJ treatment. As the radius of star-like objects (including flower-
like micelles) varies with the aggregation number (Nagg) as R ~ N.‘llgg
[591, a decrease of N,gg should lead to a decrease of Rp,. So, it can be
concluded that scenario 1 is not occurring. The conclusion is therefore
that the micelles size is barely affected but the total number of micelles
decreases by destruction of part of the block copolymer chains under
plasma treatment. The broken chains are not able to self-assemble
anymore and remain as unimers in solution; their scattering intensity
is thus negligible compared to the intensity scattered by the micelles.
Simultaneously, because they are dynamic, the micelles reorganize to
recover their equilibrium structure (with a constant N,gg) which barely
depends on the concentration in diluted regime [31,39]. This observa-
tion can be done for all the tPEO concentrations studied. This scenario is

UNTREATED

illustrated in Fig. 8.

The slight increase of Ry, can be attributed to a partial covalent cross-
linking of the micelles due to the reactive species or radicals generated
by the plasma treatment. This observation is supported by HNMR
where the decrease of the methacrylate peaks at § = 5.6 and 6.1 ppm
indicates a partial crosslinking of the PMEA group (Fig. 7). This hy-
pothesis was also confirmed by the rheological measurements made on
concentrated tPEO solutions (Fig. 5).

To produce photo-cross-linked hydrogels that can be handled, the
polymer solution concentration must be far above the percolation con-
centration (Cp =~ 20 g/L). A rheological study was thus made with a
tPEO concentration of 40 g/L. A progressive increase of the tPEO solu-
tion viscosity was observed with increasing APPJ treatment time
(Fig. 5a). Concomitantly, a non-Newtonian behavior appears from shear
rates of 0.2-0.3 s'. As it was shown that water evaporation occurred
during the plasma treatment (Fig. 3a), the viscosity increase can partly
be explained by the concentration of the tPEO solution. Anyhow, at the
same time, the plasma treatment also degrades polymeric chains which
are not able to self-assemble anymore and thus reduces the connectivity
of the transient polymeric network. For instance, the hydrophilic PEO
block might be slightly affected by APPJ treatment since the plasma-
treated precursor alone shows some degradation of the main chains
(only detectable at low concentration) (Fig. S3) and a partial cross-
linking (Fig. S4 and Table S1). Moreover, the signal appearing in APPJ-
treated tPEO at § = 8.15 ppm that could be attributed to a small
molecule such as formic acid [60] which could be derived from some

APPJ 15 min

Fig. 8. Schematic representation of the effect of concentration and plasma treatment on tPEO micellar solutions.
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potential reactions between the degraded tPEO and reactive species
generated by APPJ in the polymer solution [15].

The chemical modifications of the PMEA hydrophobic block of the
polymer by the plasma treatment (Fig. 7), which lead to the irreversible
cross-linking of a small fraction of the micellar aggregates, contribute to
increase the viscosity of the solution. The evolution of the rheological
behavior is thus a complex combination of these 3 factors: 1) solvent
evaporation, 2) block copolymer chains degradation, 3) partial irre-
versible cross-linking. By comparing the rheological behaviour of the
APPJ treated solution and a non-treated solution at C = 47 g/L (con-
centration reached after plasma treatment), it can be concluded that the
irreversible cross-linking affects more the properties than polymeric
chains degradation since the zero-shear viscosity of the APPJ-treated
solution is higher than that of the tPEO solution at C = 47 g/L.

In the presence of PIS, APPJ-treated tPEO solution exhibits a non-
Newtonian fluid behavior and a solid-like behavior appears at low fre-
quency (G’ > G”) (Figs. 5b and 6a). These results indicate that a very soft
(G’ < 1 Pa) and fragile hydrogel is formed by treating the polymeric
solution by APPJ during 15 min. The hydrogel formed during this pro-
cess is probably continuously broken by the shear applied to measure the
viscosity which could explain the non-Newtonian behavior. It must be
pointed out that the partial linkage of micellar aggregates induced by
APPJ treatment in the absence of PIS does not lead to the formation of
soft hydrogel (Fig. S3). The presence of the PIS in solution probably
leads to the creation of higher amount of radicals in solution under APPJ
treatment either because of the UV-VIS light emitted by the plasma or by
the interaction between the plasma and the PIS. Nevertheless, the tPEO
solution is still able to flow so it can potentially be injected. Further-
more, the photo-crosslinking is faster and more efficient indicating that
the integrity of both PIS and polymeric micelles remain sufficiently high
to allow for the formation of covalent hydrogels. As shown in Fig. 6c,
this pre-cross-linking induced by APPJ treatment is beneficial to the
material since the elastic modulus obtained after photo-cross-linking is
twice as higher than that measured on untreated hydrogels after the
same irradiation time. The counterpart to this higher extent of cross-
linking is that the hydrogels formed are more fragile; they break at
lower stretching rates (Fig. 6d). As the different applications of APPJ
treated hydrogels investigated up to now [15,17,18,61] are not intended
for load-bearing applications, this would not seem to be a restriction for
future use.

5. Conclusion

The effects of atmospheric pressure plasma treatments of an
amphiphilic poly (ethylene glycol)-based triblock copolymer solution
were investigated here. In this work, plasma treatment led to the irre-
versible degradation of a small amount of the block copolymer chains,
through their hydrophobic block. This treatment had a non-negligible
effect on the self-assembled structures at low polymer concentrations
but it only slightly modified the properties of the transient polymeric
network at high concentration. In presence of a photo-initiating system,
plasma treatment alone induced a slight cross-linking leading to a very
weak and fragile hydrogel, which could be efficiently and rapidly
covalently cross-linked under visible light irradiation. The pre-cross-
linking induced by the plasma helped in reaching higher mechanical
properties than that obtained with untreated hydrogels. Overall, this
work opens new perspectives for further applications in plasma-treated
hydrogels for several biomedical applications.
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