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1 | INTRODUCTION

Among the various existing techniques for coating a
material surface with an organic functional thin film,
plasma enhanced chemical vapor deposition (PECVD),
also known as plasma polymerization, has gained con-
siderable interest at laboratory and industrial levels. In-
deed, PECVD presents several unique advantages, such
as being a solvent- and catalyst-free, up-scalable, and
substrate-independent technique, allowing the fast pro-
duction of high-purity organic coatings.!'! By selecting
the monomer nature and adjusting the process deposition
conditions, easy tuning of the coating property and
chemistry can be achieved.[”*! However, plasma polymer
deposition involves complex and multiple processes,
such as radical and ionic chain growth polymerization,
ion-molecule reactions, monomer fragmentation-
polyrecombination, plasma-surface etching, and so on.["!
As a consequence, plasma polymerized films (PPFs),
known as “plasma polymers,” often lack the regular re-
peat units found in conventional polymers."® As the
plasma is capable of monomer fragmentation, it might
reduce the incorporation of desired functional groups
into the films and can also result in branching and/or
undesirable high degrees of crosslinking.[‘] To limit the
negative plasma impacts on the monomer structure, dif-
ferent routes have been employed relying on: (a) de-
creasing the discharge energy by igniting discharges in
helium atmospherel”); (b) using a postdischarge config-
uration!®; and/or (c) pulsing of the plasma dis-
charges.”'"! Férch et al.l'"! characterized the mechanism
of pulsed plasma deposition in terms of plasma on-time
(ton), plasma off-time (f,5), and input power, (Ppeak). The
plasma on-time to the total cycle time ratio (i.e., ton/
(ton + togp)) is defined as the duty cycle (DC). Films de-
posited at low DC are generally characterized by a high
functional retention of the monomer as well as a low
crosslinking degree.!'?)

During the last few decades, engineering biointer-
faces involving plasma polymers have gained consider-
able interest for various biomedical applications, such as
biosensing, tissue engineering, bioimplants, and so
on."*'*! In this field of application, the covalent im-
mobilization of bioactive molecules on PPF interfaces in
aqueous media through reactions with reactive chemical
moieties, such as amino, carboxyl, epoxy groups on the
surface, is generally targeted.[”] Recently, the deposi-
tion of PPF-bearing catechol/quinone groups has been
reported by using a two-step atmospheric liquid-assisted
plasma polymerization approach. The method relied on
the deposition of a liquid precursor mixture onto a
surface followed by a plasma curing step.[“’] Compared
to amino or carboxyl functionalized surfaces, these

catechol-bearing surfaces ensure the one-step covalent
immobilization of biomolecules carrying amino or thiol
groups through Michael addition and/or Schiff base
formation.!'”)

However, the production of such reactive, yet water-
stable, PPFs still represents a technological challenge; as
achieving a balance between the functional group density
and the film's stability (i.e., film crosslink density) is not
trivial.."®!  Upon storage, among all PPFs, amino-
functionalized films are particularly known to undergo
hydrophobic recovery (in air), post-plasma oxidation (in
air and in water), as well as major surface restructuring
and film loss (in water).!!

To circumvent this limitation, different strategies
have been developed. PPFs have recently been synthe-
sized via direct in situ monitoring of the plasma power
during film growth. Such particular deposition conditions
result in a vertical chemical gradient from a highly cross-
linked/less functional to a less cross-linked/highly func-
tional plasma polymer film with an overall thickness of
around 20nm.!“'”! Another approach relies on the
combination of plasma polymerization and ion im-
plantation technique. Such radical-functionalized plasma
polymers have been reported to allow the efficient
covalent immobilization of fibronectin or bone morpho-
genetic protein 2, leading to stable biomimetic interfaces
for bone implant applications.!'® Finally, PPFs can be
produced from co-injection of monomers, also known as
plasma copolymer formation. In such an approach, two
kinds of monomers are mainly exploited, namely func-
tional and difunctional unsaturated vinyl-based com-
pounds. Homofunctional monomers can rely on
vinyltrimethoxysilane (VIMOS).”! In the case of
VTMOS, the post-hydrolysis of the methoxy groups of the
siloxane and silanol condensation leads to a network
cross-linked via Si-O-Si linkages. Among difunctional
crosslinkers, N,N’-methylenebisacrylamide!”>*"!  and
ethylene glycol dimethacrylate (EGDMA)“* " are
mainly used, in composition ranging from around
up to 20mol%.”"! To a lesser extent, glyci-
dylmethacrylate is also reported based on two reactive
functionalities, that is, an acrylate carbon-carbon double
bond and an epoxide ring group.ps]

In a previous work, the capabilities of an atmospheric
aerosol-assisted pulsed plasma polymerization process,
involving a homemade dopamine acrylamide (DOA)
monomer and 2-hydroxyethyl methacrylate (HEMA),
used as solvent and comonomer, were successfully re-
ported for the deposition of tunable catechol-bearing
films in term of thickness, morphology, and catechol
density.[%] In particular, it was demonstrated that a pulsed
discharge defined by a 0.2% DC (i.e., 1:400 ms as t,,:t.gMmS)
ensured the formation of smooth and catechol-enriched
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films. Hence, this one-step deposition route offers an inter-
esting alternative to the liquid-assisted polymerization route
that might suffer from limitations related with surface ten-
sion effects, such as wetting limitations. Nevertheless, the
developed DOA-HEMA based coatings presented a lack of
stability in aqueous media, excluding their exploitation as
biointerfaces.

Hence, one objective of this study was to exploit at-
mospheric pulsed plasma copolymerization for producing
water-stable catechol-bearing coatings useful for poten-
tial biological applications by promoting one-step bio-
conjugation reaction. Considering the universality of the
developed approach applicable to any vinyl-based
monomers, here, commercial solid dopamine methacry-
lamide (DOMA) was used instead of DOA as a catechol
precursor. N,N-dimethylacrylamide (DMA) was selected
as a comonomer for its good DOMA solubilization
property. EGDMA was used as a crosslinker agent to
form water-stable films. To easily produce water-stable
DOMA/DMA/EGDMA terpolymer films, the study was
divided into three successive steps. Efforts were first
made to optimize pulsed DMA-homo-plasma poly-
merization ensuring a well-retained monomer structure
in the deposited film. It is now well established that a
short t,, efficiently produces initiating species, among
others radicals, whereas long t.s periods promote the
propagation of the free-radical polymerization reac-
tion.”””! Therefore, particular attention should be paid
when selecting the plasma off-time duration as the latter
should be in accordance with the lifetime of the mono-
mer radical species considered. Hence, the first section of
the work aimed at investigating the optimal t, con-
sidering plasma DMA homopolymerization. Indeed, in
the final stage, DOMA, dissolved in DMA, has been co-
polymerized in the presence of a bifunctional crosslinker
monomer, to improve water-resistance property. Later,
the growth mechanism of DMA/EGDMA copolymeriza-
tion was investigated mainly through kinetics, chemical
and physical analyses. In addition, to properly envision
DMA/EGDMA-based copolymers as biomimetic inter-
faces, indirect cytotoxicity tests involving human me-
senchymal stem cells (hMSCs) were carried out. At last,

(@)

FIGURE 1
(c) solid dopamine methacrylamide (DOMA)
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from the acquired knowledge, water-stable catechol-
bearing coatings were produced and successfully exploi-
ted for strong covalent immobilization of lysozyme used
as a model biomolecule.

2 | EXPERIMENTAL

2.1 | Materials

All chemical monomers, depicted in Figure 1 and in-
cluding DMA (Sigma-Aldrich), EGDMA (Sigma-Aldrich),
DOMA (Specific Polymers), and lysozyme (L6876; Sigma-
Aldrich) were used as received. Acetone, ethanol (tech-
nical grade), and Dulbecco's phosphate-buffered saline
(DPBS; 1X) solutions were purchased from VWR Inter-
national. Silicon wafers (Siegert Wafer), aluminum foils
(200-mm thick foil [Ra: 0.2 mm] of a 8xxx alloy, Eurofoil)
and Au-QCM-D sensors (Quartz Pro AB) were used as
substrates. The latter were cleaned via successive ultra-
sonic washings in acetone and ethanol and further dried
under a nitrogen flux. Optical quartz glass pieces (Pri-
zisions Glas & Optik) were used as received as substrates
for ultraviolet (UV) analyses. Before plasma deposition,
all substrates were cleaned and activated using a 95%/5%
argon/oxygen plasma ignited by a 10kHz sinusoidal
electrical excitation (SOFTAL generator) operating at
1.6 W/cm? in a 1.6% DC. This plasma pretreatment step
allowed the removing of organic impurities present at the
surface of the substrates and ensured a good anchoring of
the deposited film.

2.2 | Atmospheric plasma depositions

Thin films were deposited using an open-air atmospheric
pressure dielectric barrier discharge (AP-DBD) process
depicted in Figure 2. The discharge was produced be-
tween two plane-parallel high voltage electrodes covered
by alumina and a moving table as the ground electrode,
thus generating an approximately 19 cm® plasma dis-
charge area. Samples were placed on the moving table

(b) (c) OH
o CHs o) o
CHZ CH 0o CHZ H.C
\/‘LN At HZC)\H/ \/\O)KK 2 }/“\N
\ H OH
CH, o] CHs CHs

Chemical schemes of (a) liquid N,N-dimethylacrylamide (DMA), (b) liquid ethylene glycol dimethacrylate (EGDMA), and
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FIGURE 2
barrier discharge set-up

Scheme of the atmospheric pressure dielectric

and the electrode gap adjusted at 1 mm. The total process
gas flow was fixed at 20 slm of argon (99.999%; Air Li-
quide). All experimental depositions have been carried
out using a 10kHz sinusoidal signal and a 1.6 W/cm®
power density. The t,, duration was fixed at 1 ms to limit
the monomer fragmentation. The precursor solution was
nebulized using a OneNeb injector system (Agilent) and a
syringe pump to control its flow delivery (5pl/min).
Different precursor solutions were used, namely (a) pure
DMA or pure EGDMA to produce the corresponding
homopolymer; (b) DMA-EGDMA liquid mixtures pre-
pared at different DMA and EGDMA molar concentra-
tions; and (c) DOMA (80.5 mg/ml in DMA) in 50 mol%
DMA/EGDMA solution to synthesize the terpolymer.
Later, films issued from DMA/EGDMA mixtures will be
referenced as D,E(;_y) with x as the DMA molar fraction
in the liquid mixture.

2.3 | Thin film characterizations
Scanning electron microscopy (SEM) images were taken
using on a FEI Quanta 200F (Ziirich, Switzerland).

The film growth rates were determined from the
coating thicknesses measured by ellipsometry (FS-1
model; Film Sense), using a Cauchy function for fitting,
divided by the synthesis process duration.

The surface topography of the different films was
characterized by means of an atomic force microscope
(AFM) Asylum MFP-3D Infinity in an amplitude mod-
ulation tapping mode. The selected tip was the reference
ACT160TS (26 N/m) from Olympus. The topography was
recorded by keeping the amplitude of the cantilever first
resonance frequency at 60 nm from a 80 nm free ampli-
tude. Images of 512 pixels X 512 pixels were recorded at a
line speed of 1 Hz. The data treatment was performed
with the Asylum Research software. The arithmetical

roughness parameter values (Sa) were extracted after the
removal of the mean plane.

The optical absorbance of the films deposited on
quartz substrates was measured in the range of 200-
800 nm using a UV-Vis-NIR spectrophotometer (Lambda
950; PerkinElmer) with a 150-mm diameter integrating
sphere.

Fourier-transform infrared (FTIR) measurements
were performed on a Bruker Hyperion 2000 microscope
using the attenuated total reflectance (ATR) mode. The
apparatus is composed of an ATR objective with a ger-
manium crystal and a liquid nitrogen-cooled mercury
cadmium telluride detector. Spectra were acquired from
32 scans at a 4cm™ ' resolution. The data treatment was
done using the OPUS software.

X-ray photoelectron spectroscopy (XPS) measure-
ments were carried out on a Thermo Fisher K-Alpha
spectrometer using a monochromatic aluminum source
(1,486.6 eV). The size of the X-ray beam was 200 um. The
C 1s, O 1s, and N 1s narrow spectra were acquired with a
constant pass energy of 20eV. A flood gun combining
both low energy argon ions and electrons was used dur-
ing the measurements. The curve fitting was performed
with the commercial CasaXPS software (version 2.3.19).

Atmospheric pressure matrix-assisted laser deso-
rption/ionization high-resolution mass spectroscopy (AP-
MALDI-HRMS) spectra measurements were performed
on an AP-MALDI UHR source (MassTech Inc.) coupled
to an LTQ/Orbitrap Elite from Thermo Fisher Scientific.
2,5-Dihydroxybenzoic acid diluted in methanol was se-
lected as the matrix. A total of 1 ul of the matrix was then
spotted on the thin films to form a co-crystal with the
soluble part of the film when the methanol is evaporated.
Electrospray ionization (ESI) mass spectrum (MS) was
recorded with an LTQ/Orbitrap Elite mass spectrometer
coupled with an Ion Max source, equipped with an
electrospray probe from Thermo Fisher Scientific. First,
the plasma polymer coating was dissolved in methanol
and secondly diluted with a methanol solution of am-
monium acetate (10 mmol/L). This so-obtained solution
was directly infused at a flow rate of 10 ul/min using a
syringe pump. A voltage of 2kV and a temperature of
300°C were applied to the metal capillary. A coaxial
sheath gas, as well as auxiliary gas (dry He), were used
with flow rate of 40 and 10 (arbitrary unit), respectively,
to favor nebulization. Hence, ESI-MS analyses allowed to
characterize the soluble part (i.e., extract) of the plasma
polymer film in methanol.

Water contact angle (WCA) measurements were car-
ried out using a Kriiss DSA100 apparatus. For each
sample, at least six water droplets of 2 ul volume were
deposited at different positions. The WCA evolution was
followed up via multiple analysis of the live video images
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acquired for 10s at a frequency of 2 fps. The WCA value
was obtained from the droplet shape using a numerical fit
based on the ellipse (Tangent 1) model.

Real-time immobilization of lysozyme onto the sur-
face of coated sensors (Ti X-cut resonators with a
4.95MHz resonant frequency) was investigated by the
quartz crystal microbalance with dissipation monitoring
(QCM-D) technique using a Q-Sense Explorer system
(QSense, Biolin Scientific). Sensors coated with a 100-nm
thick pp(DOMA-DsyEsg) or pp(DsgEsp) film were in-
vestigated. The DPBS solution flow rate was fixed at
100 pul/min and the system were allowed to equilibrate,
achieving a stable baseline. A 10 mg/ml Lsz DPBS solu-
tion at pH 7.2 was introduced and the frequency (Af) shift
parameter of all the detected harmonics monitored to
provide insights into the mass of lysozyme adsorbed.

2.4 | Biological tests

hMSCs are used to evaluate the cytotoxicity of the
materials. hMSCs were obtained from PromoCell
(Germany). Cells were then cultured in Mesenchymal
Stem Cell Growth Medium 2 (PromoCell) and incubated
in a humidified atmosphere containing 5% (vol/vol)
CO, at 37°C. All cells were used at passage number 5,
were subconfluently cultured, and were seeded at
6,000 cells/cm?. For all cytotoxicity assays, silicon wafer
was used as a negative or noncytotoxic control. Cells
cultured under normal, or blank, conditions and without
any material were used as control. A solution of culture
media containing 64 g/L of phenol was used as a cytotoxic
control. Following ISO standard 10993-5, extract tests
have been performed to evaluate whether there is a cy-
totoxic response to the materials. The extract test evalu-
ates the cytotoxicity of any leachable byproducts from the
material. Cells were plated and grown to 80% confluency
before initiating the assay. The materials (silicon and si-
licon coated with a D;sEgs thin film) were incubated with
Mesenchymal Stem Cell Growth Medium 2 culture media
at a concentration of 3 cm?/ml for 72 hr. After 72 hr, the
cell culture media was removed and replaced with the full
extract media or with diluted extract media with fresh
culture media at 50%, 10%, and 1%. Cells were then
incubated at 37°C and 5% CO, for 24 hr before cytotoxic
evaluation with 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
2H-tetrazolium-5-carboxanilide (XTT) cell metabolic
activity assay. For the cytotoxic control, the culture
media was removed and replaced by a culture media
containing 64 g/L for 24 hr. Before cytotoxicity eva-
luation, the media was placed in a separate well plate
to avoid phenol evaporation and interaction with the
cells in the surrounding wells.
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The Cell Proliferation Kit II (XTT; Roche, Mannheim,
Germany) was used to quantitatively evaluate the cell
metabolic activity. XTT was used according to the man-
ufacturer's protocols. The electron coupling and XTT la-
beling reagents were thawed and immediately combined
in a 1:50 pl ratio. Then the XTT solution was added to the
cell culture wells, 75 or 150 ul for a 96-well plate. Ab-
sorbance was measured at 450 and 630 nm after 18 hr of
incubation at 37°C with a ELx808 Absorbance Microplate
Reader (BioTek Instruments). Net absorbance was cal-
culated (A4so — Ag3o) for each sample of the five biological
replicates. The relative cell metabolic activity was nor-
malized to the mean of the blank culture media. Samples
were evaluated, and the mean cell metabolic activity and
standard deviations were reported (n = 5).

3 | RESULTS AND DISCUSSION
3.1 | Pulsed plasma homopolymer
deposition from DMA

Irrespective of the t,¢ duration ranging from 10 to 200 ms,
for a fixed 1 ms ¢,,, the top view SEM observations re-
vealed the formation of particle-free and pinhole-free
films (Figure S1). Complementary AFM measurements
(Figure 3), carried out on 37 + 6 nm thick coatings, in-
dicated that the films were smooth and covered homo-
geneously all the surfaces of the substrates.

The plot of the film growth rate per discharge pulse as
a function of t.,¢ is reported in Figure 4a. Interestingly,
the curve was characterized by an increased layer growth
for tog values ranging from 10 to 60 ms and followed by a
plateau, indicating a blocking in the plasma poly-
merization. In Figure 4b, the evolution of the film
thickness is reported as a function of the t,¢ duration for
a fixed 1 ms t,, and an effective plasma exposure time
fixed at 3s. Such plot tends to confirm the existence of a
plateau in the layer growth. By varying the t,g values
from 10 up to 60 ms, the film thickness was progressively
increasing, suggesting that film growth occurred during
these plasma off periods. Similarly, it was observed that
for t,g values higher than 60 ms, the film thickness re-
mained quite constant, corroborating with the termina-
tion of the plasma polymerization reactions.

The effects of the t,¢ duration on the chemistry of
the films were investigated by FTIR analysis shown in
Figure 5. Before plasma polymerization, DMA mole-
cule exhibited different characteristic infrared bands:
(a) [A] at 3,100 cm ™", H-C=C stretching mode, [B] at
2,933 cm™', (CH;), symmetric stretching; (b) [C] very
strong band at 1,646cm™', (C=0, amide band I)
stretching mode; (c) [D] strong band at 1,609 cm™*
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1:80 ms
Sa=0.14nm

1:100 ms

Sa=0.14nm

1:60 Mms
Sa=0.17 nm

1:200 ms
Sa=0.09 nm

FIGURE 3 Atomic force microscope pictures of pulsed plasma polymers deposited on silicon substrates from N,N-dimethylacrylamide

at a fixed 1 ms f,, and different ¢, durations. The arithmetical mean height (Sa) is indicated

(C=0C); (d) [E] at 1,494 cm™"' (C-N, amide band III)
stretching; (e) [F] double bands at 1,418 and
1,401cm™', N-(CH;), bending mode; (f) [G] at
1,259cm™", C-N in N(CH;), asymmetric stretching
mode; (g) [H] and [I] at 1,143 and 1,053cm™", re-
spectively, N-(CHj;), rocking mode. Atmospheric
pulsed plasma polymerization induced the consump-
tion of the H-C=C bond [A] and the retention of the
amide bond, noticeable with the presence of the fin-
gerprints bands of DMA, namely [C’] (i.e., C=0 shif-
ted at 1,623 cm™ "), [E], [G]. Such chemical retention
result might be correlated to the amide alpha position
to the DMA-vinyl bonds. Indeed, in the literature, the
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FIGURE 4

existence of resonance is reported as a stabilizer of a
chemical functional group limiting its fragmenta-
tion.!”*) However, it is worth noting that the plasma
polymerization also induced part of monomer frag-
mentation, probably during the plasma ON time, such
period being characterized by a plasma gas phase
enriched in damaging species such as electrons, ions,
radicals, and UV photons. Hence, DMA-pulsed poly-
merized films also contained novel functional groups,
noticeable with the broad [C’] band and the appear-
ance of the [J] and [K] bands, around 3,400 cm™! and
at 1,711 cm™", related to NH/OH and aldehyde/ke-
tone/carboxylic acid groups, respectively.

(b)

50
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351 i
30 4 )
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5 4
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(a) Film thickness deposited per pulse as a function of ¢, duration for different effective plasma exposure durations and (b)

evolution of the film thickness as a function of the ¢, duration for an effective plasma exposure fixed at 3s
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To gain further insights into the film surface composition
and chemistry, XPS analyses were carried out. Irrespective of
the t,q values, the elemental composition of the films re-
mained almost constant (Figure 62). One can notice that the
N/C ratio of the polymer was around 0.2 and corresponded
to the stoichiometric ratio in the monomer structure whereas
the O/C values in the film were slightly higher than in the
monomer (0.23 vs. 0.20) maybe due to the incorporation of
few oxygen. Considering the open-air configuration of the
plasma rector, this might originate from the reactivity of
oxygen and water emanating from the surrounding atmo-
sphere. Another possibility could be that, after the deposi-
tion, free radicals entrapped in the polymer film easily
reacted with atmospheric oxygen.

By comparing the different XPS elemental core level
envelopes, it was observed that, irrespective of the t.g
values, the C, N, and O chemical environments of
the different films were similar. Indeed, as reported in
Figure 7, one can notice that there was a perfect overlap
of the C 1s, O 1s, and N 1s core level envelopes.

(b)
—2C-C
2.0x10*4{ —— C*C=0ON Ci1s
1.5x10*
[72]
o
© 1.0x10*
5.0x10° A
T T T T
292 290 288 286 284 282
Binding Energy (eV)
(d)
—0=C
2.0x10* - O1s
x —ocC
1.6x10%
& 1.2x10-
o LX
8.0x10°
H,0
4.0x1 03 _ﬂ

T T T T T T T
540 538 536 534 532 530 528 526
Binding Energy (eV)

FIGURE 6 N,N-dimethylacrylamide (DMA) plasma homopolymers. (a) Stoichiometric ratios in the function of ¢, duration for a 1 ms
ton and X-ray photoelectron spectroscopy curve fitting for (b) C 1s, (c) N 1s, and (d) O 1s of DMA-homopolymer deposited at 60 ms ¢, and

1ms ty,
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FIGURE 7 X-ray photoelectron spectroscopy (a) C 1s, (b) O 1s, and (c) N 1s core level envelopes of N,N-dimethylacrylamide-homopolymers

deposited at a fixed 1 ms t,, and t.g values ranging from 10 to 120 ms

The C 1s peak, reported in Figure 6b, was fitted with
four main components corresponding to the expected
chemical environments for the carbon atoms in poly
(DMA)'*”! namely: C-C at 284.80eV, C*-C=0 at
285.25eV, C-N at 286.0eV, and N-C=0 at 287.7¢eV. An
additional contribution is present at 288.75eV and is at-
tributed to carboxylic acid, in accordance with the IR
results. The N 1s spectrum, shown in Figure 6¢c, was
centered at 399.9eV corresponding to nitrogen in the
amide group. A second contribution (only 2.5% of the
total intensity) was found at 401.6 eV and was attributed
to NHY species. The O 1s line (Figure 6d) was fitted with
two peaks at 531.0 and 532.35¢eV for the oxygen doubly
and singly bonded to carbon atoms, respectively. The
presence of water was also detected in every sample,
characterized by a broad contribution at 537.4 eV.

Hence, the kinetic study combined with the AFM,
XPS, and FTIR analyses corroborated a film formation
from predominant soft heterogeneous chemical poly-
merization reactions during the f.; period. In others
words, during these long plasma off times, the film
growth tended to be greatly favored by reactions occur-
ring at the surface of the solid substrate with monomer
molecules and species (i.e., radicals), formed during the
t,, time and present in the gas phase. The plasma being
off, the surfaces were not impacted by damaging species
such as UV, ions, or electrons. In particular, from the film
growth study, the DMA radical lifetime was estimated
around 60 ms. This stood for the optimal ¢, value, as film
growing (i.e., propagating reactions) stopped for higher
duration. Considering that fresh monomer molecules
were continuously injected into the process reactor, the
stopping of the polymerization reactions could not be
attributed to an impoverishment of monomer in the gas
phase. In fact, during the ¢f,, period, the plasma-
monomer interactions induced the formation of radical

species that might freely play the role of initiating, ter-
minating group, or simple vinyl adducts. Therefore, the
ending of the polymerization might be due to the reaction
of some terminating species with the growing film.

To gain further insights into the molecular composi-
tion of the coating deposited in a pulsed 1:60 ms condi-
tion, AP-MALDI and ESI coupled to HRMS analyses
were performed.

Importantly, both AP-MALDI-HRMS and ESI-HRMS
LDI-HRMS analyses provide a partial representation of
the film structure. For AP-MALDI-HRMS analyses, a
matrix, composed of dihydroxybenzoic acid and metha-
nol, was deposited onto the film surface. The soluble part
of the film and the matrix formed a co-crystal when the
methanol evaporated. The AP-MALDI-HRMS analysis
was done on the specific spotted surface. Concerning the
ESI-HRMS analyses, the results are derived from the
soluble part of the polymer film in methanol. Table 1
summarizes the main different oligomer distributions
detected. The complete corresponding m/z ions are re-
ported in Table S1. Irrespective of the analytical techni-
que employed, four main distributions of oligomers
presenting the general formula [R-(DMA),-H + H]" with
R being an end group, were detected. The MALDI-HRMS
spectrum was mainly dominated by intact oligomers of
poly(DMA) proton adducts (i.e., H; oligomer in Table 1),
corresponding to R as a proton terminal group, [H
(DMA),H + H]*, up to n =11 repeating units compared
with n=7 for ESI-HRMS analyses. In addition, a hy-
drogen abstraction reaction in DMA might form the
terminal end group of the H, oligomer family, with n up
to 8. Another modification of the DMA monomer might
come from the reduction of the amide into an aldehyde
group, leading to the formation of CH,=C—-(C=0)H as
end group, thus forming the oligomers family Hj, that is,
[CH,=C(C=0)H-(DMA),-H+H]" with n up to 9.
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TABLE 1 Main oligomers distributions detected by
AP-MALDI and ESI-HRMS analyses of atmospheric pulsed DMA
plasma polymerized films.

Repeating unit,

n, from
MALDI-
Annotation Oligomer formula HRMS ESI-HRMS
H, H-(CH,-CH),-H + H* 2<n<11 2<n<7
¢-o
H,C” \CH
3 3
H, CH,=C-(CHCH) -H+HI" 1<n<8 1<n<6
G0 G0
/N\ N
H,C" CHH,C” “CH,
H; CHp=C-(CHCH)-H +HI"  1<n<9 1<n<7
o o
H N
HsC’ “CH,
H, HJC:N_(CHZ_?H)"_H +Hp 1<n<9 1<n<7
HiC ¢=0
N
HiC’ CHs

Abbreviations: AP, atmospheric pressure; DMA, N,N-dimethylacrylamide;
ESI, electrospray ionization; HRMS, high-resolution mass spectroscopy;
MALDI, matrix-assisted laser desorption/ionization.

Finally, the H, oligomer distribution, [(CH;),N-(DMA),-
H+ H]" with n up to 9 was detected, the (CH;),N end
group resulting from the bond scission in DMA between
nitrogen and the carboxyl group. Two peaks at m/z
100.077 and 117.102 were barely detected, probably re-
lated to the presence of a small amount of unreacted
DMA monomer in protonated and ammonium adducts,
respectively. Compared with ESI-HRMS, MALDI-HRMS
appeared as the most appropriate technique, allowing the
systematic detection of longer oligomer chains. Such re-
sult justifies that the technique was further exploited in
the next section of the work.

Complementary water immersion tests indicated that,
irrespective of the t,s duration, the pulsed DMA-
homopolymer films were fully soluble, sign of a lack of
crosslink degree in the film network. To produce water-
stable DMA-based films, the pulsed plasma polymeriza-
tion of DMA in the presence of EGDMA, used as cross-
linker agent, was investigated. To gain knowledge of the
pulsed plasma copolymer growth mechanism, the influ-
ence of a broad range of DMA/EGDMA mixture com-
positions on the final film properties was investigated.

3.2 | Pulsed plasma copolymer
deposition from DMA/EGDMA mixtures

The deposition rate of films produced at a 1:60 ms
pulsed condition from various EGDMA/DMA precursor
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FIGURE 8 Plot of the deposition rate as the molar fraction of
EGDMA, fegpma, for different DMA/EGDMA mixtures. DMA,
N,N-dimethylacrylamide; EGDMA, ethylene glycol dimethacrylate

mixtures is reported in Figure 8. The plasma homo-
polymer from EGDMA (fzgpma = 1) presented a slightly
higher deposition rate than the DMA one (i.e., fgcp.
ma =0), namely 0.52+0.04 vs 0.40 +0.04 nm/s. Such
result might be explained by the presence of two vinyl
groups instead of only one for DMA, thus favoring a
double polymerization pathway. In a coherent way, in-
creasing the EGDMA content in the monomer mixtures
was accompanied by a slight increase of the film de-
position rate.
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FIGURE 9 Fourier-transform infrared spectra of liquid
EGDMA monomer and DMA/EGDMA plasma polymer films
deposited from D;goEq, D75E2s, DsgEsg, D1sEgs, and DgEg
precursor mixtures. DMA, N,N-dimethylacrylamide; EGDMA,
ethylene glycol dimethacrylate
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TABLE 2
from different monomer feed ratios. As references, theoretical poly
(DMA) and poly(EGDMA) compositions are also reported.

XPS elemental composition of films synthesized

XPS chemical composition (at%)

Samples C N (0]

polyDMA (theory) 71.4 14.3 14.3
Di10oEo 71.1 13.0 16.0
D,sE,s 71.6 3.5 25.0
DgsEss 73.3 2.2 24.5
DsoEso 73.1 1.6 25.3
D,sE;s 72.8 1.2 26.0
D,sEqs 72.4 0.7 26.9
DoE10o 72.3 0.2 27.5
polyEGDMA (theory) 71.5 0.0 28.5

Note: As references, theoretical poly(DMA) and poly(EGDMA) compositions
are also reported.

Abbreviations: DMA, N,N-dimethylacrylamide; EGDMA, ethylene glycol
dimethacrylate; XPS, X-ray photoelectron spectroscopy.

The pulsed DMA and EGDMA plasma copolymer-
ization was chemically monitored by FTIR analyses re-
ported in Figure 9. As reference, coating from pure
EGDMA was analyzed, highlighting that such poly-
merization condition induced a strong preservation of the
monomer structure, noticeable with the presence of the
ester (C(0)0O, 1,729cm™) and ether (COC, 1,168 cm™)
bands. In addition, irrespective of the monomer mixture
compositions, coatings presented the characteristic ester
and amide bands, thus confirming the good EDGMA and
DMA incorporation into the plasma copolymer chain
backbone.

To gain insights into the film surface composition,
XPS analyses were carried out. Table 2 summarizes the
XPS elemental composition and contributions of films
produced from pure DMA and EGDMA and different
DMA/EGDMA mixtures. As references, theoretical
compositions of conventional DMA and EGDMA poly-
mers are also reported. Interestingly, film deposited from
pure EGDMA presented a composition close to the the-
oretical one. A negligible amount of nitrogen (around
0.2 at%) was also detected, probably from a slight nitro-
gen surface adsorption or incorporation during the film
synthesis. Therefore, nitrogen was considered as the
DMA fingerprint for quantification purpose. Hence,
using a precursor mixture composed of 50 mol% of DMA
and EGDMA leads to a film (i.e., D5oEs5() containing only
1.6 at% of nitrogen, which is four times below the ex-
pected amount (i.e., 6.5at%) considering a linear beha-
vior. All in all, irrespective of the DMA amount in the

feed, poor nitrogen content was detected, highlighting a
poor incorporation of DMA in the film.

To confirm the film surface composition, XPS C 1s
curve fittings were carried out to determine the propor-
tion of each polymer in the film. However, a particular
methodology relying on considering the mutual con-
tribution of global C 1s envelops from pure DMA and
EGDMA homopolymer films was applied (Figure 10).
Indeed, the XPS peaks of polymers are usually fitted with
a set of synthetic Gaussian/Lorentzian components cor-
responding to the various functions or chemical en-
vironments of the considered element, but this method
requires strict constraints between the peaks parameters
to obtain reliable results in complex systems. In this
study, the C 1s spectra of the copolymerized films were
fitted with only two components corresponding to the
monomer contribution, the synthetic components being
replaced, in the CasaXPS software, by the experimental
lineshapes obtained on pure DMA and EGDMA films.
This peak fitting procedure is not only simple and fast but
it also allows the combination of experimental envelope
with eventual additional synthetic components for func-
tional groups not present in the initial monomers to
provide robust results. Interestingly, excellent fits were
obtained by considering only the EGDMA and DMA in-
dividual envelope. Hence, the plasma copolymerization
of DMA and EGDMA in different proportions did not
create novel species in the films. Considering the work of
Beck et al.,*’! such result was not predictable. Indeed,
the authors reported that the mixture of acrylic acid and
allylamine in the plasma gas phase lead to the formation
of an allylammonium acrylate salt, acting as a third
monomer during the plasma polymerization. Hence, it
appears difficult to predict the film composition issued
from plasma copolymerization as some monomer inter-
actions in the gas phase might or might not occur.

Figure 11 reports a plot of the DMA content in the
film (i.e., Fpma) as a function of DMA in the feed (fpma)-
First, it can be noticed that both XPS methods, based on
the N content and C 1s curve fits, provided a good
agreement in the Fpya estimation. In addition, it was
confirmed that Fpys Was lower than fpya as the curve
was below the diagonal. As an example, the D;sE,s film
only contained a DMA amount of 0.27 molar fraction,
while a 0.75 DMA amount was initially introduced in the
feed. This result indicated that DMA monomer showed
lower reactivity as compared to EGDMA, suggesting that
EGDMA entered more in the copolymer structure than
DMA. Here, the use of a pulsed plasma process, enabling
the high retention of the monomer structure in the de-
posited film, justifies an interpretation of the observed
nonlinear relationship between the feed and the film
composition in correlation with conventional free-radical



MORENO-COURANIJOU Er AL.

PLASMA PROCESSES 11 of 16

AND POLYMERS

- 20x10%
x10~ |
20x10%
= D100E0 15-DMA . 18x10° D50E50
18x10° |
3
18x10° | toxto?
16x10° |
16x10%
_ 14x10% 14x103
14x10° -
. 1210 12x10%
12x¥
“w ax D w 03
S ) S 10x10% & 1oxt
10x10
#x10° 8x10°
8x10% ) \/
6x103) ex10%
6x10° |
4x103] 4x10°
ax10® /
/ 2x10% x10%
210 /
. _ — —
R S S 7 T - e ——
1 288 225 2 1 288 25 2 1 28 285 282
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
20x10” 202107
18x10° |
18x10° D25E75 18x107 ] D0E1Oo C 15-EGDMA
3 \
16x10° |
16x10% | 16x10% )
14x10° |
14x10° 14x10% |
3
12x10° el 12x10%
@ « 3 @
3 10103 | 3
8 10x10 & & 10x10%
3
8x10% Lot #x10%) ‘
oy 6x10° ] 6x10% )
|
ax10® 4x10° | 4x103) \
\
x10% 2x10° ] 210
- \

T T T T
m 288 285 82
Binding Energy (eV)

Binding Energy (eV)

T T T T
Fall 288 285 282
Binding Energy (eV)

FIGURE 10 X-ray photoelectron spectroscopy C 1s curve fitting of plasma deposited films deposited from pure DMA (D;0oEo),
EGDMA (DgE; o) and different DMA-EGDMA compositions. DMA, N,N-dimethylacrylamide; EGDMA, ethylene glycol dimethacrylate

109 O fromN,at% g
¥ from C 1s fit
0.8
0.6
g B
u®
0.4 1 B

0.2 il

0.0 =~

FIGURE 11 Plot of N,N-dimethylacrylamide (DMA) molar
fraction in the film, estimated by X-ray photoelectron spectroscopy
N 1s content and C 1s curve fitting, as a function of DMA molar
fraction in the feed

mechanism."*'! Hence, in the work of Isaure et al.,*?! the
authors reported that DMA could be copolymerized with
EGDMA via conventional free-radical polymerization
performed in solution. In particular, this copolymeriza-
tion was characterized by reactivity ratios of 0.45 and 2.0
for DMA and EGDMA, respectively. The much higher
reactivity ratio for EGDMA when compared to that for
DMA indicated the preferential incorporation of EGDMA
to all propagating radicals. As the mechanism of polymer
growth in our plasma initiated process is assumed to be
of the radical type, the observed enrichment of EGDMA
in the plasma copolymers even at small EGDMA feed
fractions is in line with these reactivity ratios.

The chemical structures of the copolymers were in-
vestigated by MALDI-HRMS analyses. As expected, the
precursor feed presenting a high amount of EGDMA led
to the formation of cross-linked films. Such films are not
easily analyzed by MALDI-HRMS. Indeed, the ionization
of the molecular species is particularly difficult, thus
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Repeating unit, n and m, for

Annotation Copolymer structure DgsEqs
C, CH, m=0and 1<n<7
H{CH,-(EH)“- (CHC)oH + HI"
¢=0 ¢=0 n=land1<m<2
N, 9
H,C” "CHy (CHy), n=2and1<m<3
1
(o]
¢=0 n=3and 1<m<2
1
C-CH, _ _
g n=4and m=1
ch, n=5and m=1
CHy=C ~(CHy-CH), - (CHyCho -H + HI'
(|3=O C|3=O (|:=O
NN '
H,C” “CH. |
C, B (< ¥ m=0and1<n<6
o]
¢=0 n=land1<m<3
1
C-CH
[ n=2and 1<m<2
2
CH, n=3and m=1
CH2=(|3-(CHTCIH)n . (CHT(I:)m -H+H]
c=0  c=0 ¢=0
HsC N CH (I)
s :
Cs : Y (CH, m=0and 1<n<6
o
¢=o0 n=1land1<m<3
|
C-CH
T n=2and 1<m<3
CH,
n=3and m=1
n=4and m=1
CH, n=5and m=1
HLC. !
SN{CH-CH)- (CHy-C)orH ¢ HI
© g b
MNew, 8
e S
C, ? ! (CHz), m=0and 1<n<6
o)
¢=0 n=land1<m<3
1
C-CH,
"

& n=2and 1<m<2
n=3and 1<m<2

n=4and m=1

D75E25

m=0and 2<n<6
n=land 1<m<3
n=2and1<m<3
n=3and m=1

n=4and m=1

m=0and 1<n<6
n=land 1<m<4
n=2and 1<m<2

n=3and m=1

m=0and 1<n<6
n=1and 1<m<3
n=2and 1<m<2
n=3and 1<m<2

n=4and m=1

m=0and 1<n<6
n=land 1<m<2
n=2and 1<m<2
n=3and 1<m<2

n=4and m=1

Abbreviations: DMA, N,N-dimethylacrylamide; EGDMA, ethylene glycol dimethacrylate; HRMS,
high-resolution mass spectroscopy; MALDI, matrix-assisted laser desorption/ionization.

limiting the detection of oligomer and/or polymer spe-
cies. Therefore, in this study, only the results achieved for
the DgsE s and DsE,5 films are shown in Table 3.

In the previous section, MALDI-HRMS analyses re-
vealed the presence of PDMA oligomer distributions with
a DMA repeating unit (n) up to 11. Here, as shown in
Table 3, DMA/EGDMA copolymers were detected with n
up to 6 and an EGDMA repeating unit (m) up to 3.

Irrespective of the DMA/EGDMA precursor mixtures
in the feed, SEM observations (Figure S2) revealed the
formation of particle-free thin films. Complementary
AFM analyses, carried out on 154 + 36-nm thick coatings,
indicated that the films presented an arithmetical mean
height averaged (Sa) of around 3nm (Figure S3).

TABLE 3 Main distributions detected
by MALDI-HRMS analyses of atmospheric
pulsed DMA/EGDMA plasma
copolymerized films

Furthermore, film properties were investigated via water
immersion tests for 1.5 hr and SEM observations. Hence,
water-stable thin films were produced using EGDMA/
DMA molar fraction superior or equal to 0.35 mol%. In-
deed, the film thickness remained mostly unchanged
after the immersion step (Figure 12a), suggesting the
formation of cross-linked films. Complementary WCA
measurements highlighted that the coatings presented
similar wetting properties with WCA values of approxi-
mately 70°, close to the WCA value of a plasma polymer
film from pure EGDMA (Figure S4). In addition, SEM
observations did not reveal any crack in the layer after
water immersion (Figure 12b) but highlighted the ap-
pearance of sparse circles and/or wrinkles, resulting
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FIGURE 12 Evolution of the coating thickness loss (%) after
water immersion for 1.5 hr as a function of the EGDMA content in
the feed (fggpma) (@) and SEM pictures of the copolymers films
after immersion in water for 1.5 hr (b). EGDMA, ethylene glycol
dimethacrylate; SEM, scanning electron microscopy

probably from water absorption into the film and its
subsequent evaporation during the drying step. Finally,
the chemistry of the copolymer films after water im-
mersions (i.e., Dg_xEue3s5) was studied by FTIR ana-
lyses. Interestingly, no noticeable change was observed,
thus confirming an excellent water and chemical stability
(Figure S5).

In the previous section, water-stable DMA/EGDMA
films were produced and might be used as matrices for
DOMA incorporation to deposit water-stable catechol-
bearing films. Before the exploitation of the coatings in
biological applications, considering the known DMA
toxicity (by skin contact and swallowing) and EGDMA
allergic property (skin irritation, respiratory), the cyto-
toxicity of DMA/EGDMA films was investigated. Here,
preliminary indirect toxicity tests were carried out using
hMSCs and D;sEgs films. Biological results, shown in

AND POLYMERS
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FIGURE 13 Cell metabolic activity for human mesenchymal
stem cells cultured with extracts collected from silicon wafer
substrates (Si) and D;sEgs coated silicon wafer substrates (D;sEgs),
and those cultured with only the culture media (blank) was found
to be statistically different from those cultured with the cytotoxic
control (phenol) (p <.0001). The dashed line represents the ISO
10993-5 limitation for acceptable cytotoxicity. ****A statistical
difference between phenol and all other groups (p <.0001)

Figure 13, clearly demonstrate the nonalteration of the
cell metabolic activity cultured in extracts issued from the
plasma polymer films. Therefore, it can be concluded that
there was no leaching of toxic compounds, such as low
molecular weight compounds, from the plasma polymer
films. The films were well cross-linked and noncytotoxic,
thus paving the way to their exploitation as biointerfaces.

3.3 | Water-stable terpolymer plasma
deposition for biological applications

To produce stable and yet chemically reactive interlayers
for biomolecule immobilizations, thin films were pro-
duced from DOMA-DsoEs, solution composed of
0.45% 10~ mol of DOMA and 12.1x 10~ mol of DMA
and EGDMA. As shown in the UV spectra of the
DOMA-DsoE5, film (Figure 14a), the presence of a peak
centered at 280 nm, attributed to the catechol group,*!
confirmed the good incorporation of DOMA in the de-
posited film. QCM-D analyses, reported in Figure 14b,
indicated the efficient immobilization of lysozyme,
pointed out by the frequency decreased (AF approxi-
mately —90 Hz) commonly attributed to a mass gain (i.e.,
lysozyme deposition on the sensor). The rinsing step in-
duced an increase in the frequency (i.e, a mass loss) at-
tributed to the removing of unbonded biomolecule,
leading to a final frequency shift of -70 Hz. Interestingly,
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FIGURE 14 Ultraviolet spectra of DOMA-Ds,Es, and DsEs, plasma polymer films (a), quartz crystal microbalance with dissipation
monitoring frequency shift of DsgEsy and DOMA-DsyE5q coated sensors with lysozyme (Lsz) introduction at time 0 (b), and X-ray photoelectron
spectroscopy chemical composition of different plasma polymer films with and without lysozyme immobilization (c). DOMA, dopamine

methacrylamide

the coated surface was fully saturated by lysozyme in
only 8 min. As controls, QCM-D experiments were car-
ried out using DsyEsg-coated sensors. The introduction of
lysozyme was also accompanied by a frequency decrease
(AF approximately —50 Hz), indicating the biomolecule
immobilization. It is worth noting that the stabilization of
the baseline was achieved after 3 hr versus 40 min. using
DOMA-DsoE5, coated sensors. In addition, the rinsing
step induced an increase in the frequency shift (i.e.,
removal of biomolecule) to reach a final AF value
of approximately —40Hz. Hence, the kinetic of
immobilization of the lysozyme onto DsyEsq coated sur-
faces was estimated to be around 2 hr. After the QCM-D
measurements, the sensors were analyzed by XPS ana-
lyses (Figure 14c). Irrespective of the coating nature, an
increase in the nitrogen amount (by approximately a
factor of 7) at the surface was observed. The presence of
sulfur was also detected. Such elements being part of the

lysozyme amino acid sequence, the immobilization of
lysozyme surfaces was confirmed. However, the long
kinetic of reactions associated to the smaller frequency
shift achieved for the D5yEsy coatings, compared to the
DOMA-D5Es films, tended to suggest that the chemical
nature of the biomolecule immobilization was different
in each case. Indeed, considering the hydrophobic char-
acter of the DsyEs films, the biomolecule immobilization
might be explained by strong hydrophobic surface-
hydrophobic protein interactions. In contrast, consider-
ing both the DOMA-Ds4E5, film nature and the pH so-
lution used for immobilization, the covalent bonding of
lysozyme onto the plasma layer might reasonably be as-
sumed. Indeed, the Schiff base formation and/or the
Michael addition reactions might have occurred via the
free amino group from lysozyme and the catechol/qui-
none chemistry from the coating. Such bioconjugation
route is particularly interesting considering that neither
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the surface nor the biomolecule requires an activation
step and that the rate of grafting is fast.

4 | CONCLUSION

In this study, water-stable catechol-bearing plasma
polymers films were successfully produced from an at-
mospheric pulsed plasma polymerization using a DOMA/
DMA/EGDMA precursor mixture composed of a
0.129 mol/ml DOMA concentration in a 50-50 mol%
DMA/EGDMA solution. With this objective, the growth
mechanism of atmospheric pulsed plasma deposited
DMA/EGDMA films, at 30 W using a 1 ms ¢,, and 60 ms
Lo, Was elucidated by combining kinetic studies and
surface- and volume-sensitive techniques. Importantly,
XPS analyses highlighted that the plasma feed composi-
tion drastically differed from the film composition, with
the preferential incorporation of EGDMA in the coating.
Hence, as an example, the formation of water-stable
DMA-EGDMA coating was achieved by using a DsEs5
mixture. Such feed composition led to the formation of a
film containing only 20 mol% of DMA and 80 mol% of
EGDMA according to the XPS quantification methods
based on the C 1s curve fit and the N 1s elemental con-
tent. Interestingly, preliminary indirect biological tests
confirmed the noncytotoxicity of DMA/EGDMA plasma
matrix. Finally, pulsed plasma deposited catechol-bearing
films, based on DMA/EGDMA copolymers, were able to
efficiently immobilized lysozyme, used in this case as
model molecule. In the future, efforts will be focused on
the exploitation of such single and dry route in combi-
nation with the proper selection of active biomolecules
for different biological purposes.
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