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Abstract

We have performed three distinct plasma enhanced chemical vapor deposition (PECVD)
procedures that can be widely and consistently used in commercially available plasma systems to
modify the surface of hydrocarbon-based biomaterials such as polypropylene. In particular, we
have evaluated the feasibility of these procedures to provide consistent and stable charged
substrates to perform layer by layer (LbL) coatings. Surface characterization of both plasma and
LbL coatings were done using X-ray photoelectron spectroscopy (XPS), attenuated total reflection
— Fourier transform infrared spectroscopy (ATR-FTIR), contact angle measurements and surface
staining. Results showed successful surface grafting of functional groups in all plasma procedures
that led to increased hydrophilicity and uniform LbL coatings with different efficiencies.
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Introduction

Significant advances in the surface modification of materials has been made over the last
decades and is increasingly becoming a common component in the design of biomaterials
and medical devices. In early application, surface chemistry was modified in devices
involved in blood-contact applications (e.g. catheters, tubing, dialysis equipment) to prevent
clot formationl—>. Surface modification has also been used in multiple other applications to
provide medical devices with enhanced wettability and antifouling properties as well as to
enable grafting of bioactive agents for drug delivery applications®-10. More recently, surface
properties of biomaterials have been investigated as a key component driving the early-stage
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interactions of the host response at the tissue-implant interface and as a determinant of
downstream performance of implanted medical devices!1-14. These studies have
demonstrate that modifying surface properties of medical devices has the potential to tailor
the interactions at the tissue-implant interface, without changes in the underlying properties
of the biomaterial including geometry, mechanical performance and functionality of the
implants.

The chemical inertness of plastics such as polyethylene, polypropylene and
polytetrafluoroethylene (Teflon) have made surface modification of these materials more
difficult than other biomaterials. Techniques involving standard wet reactions have shown
low yield and damage under harsh chemical conditions, ultimately altering the structure and
functionality of biomaterials>-17. Wet-based surface modification generally involves
multiple steps that make the overall process slow, dangerous, costly and non-environment
friendly. On the other hand, recent plasma irradiation methods have been developed to allow
gentle, environment friendly, controllable and effective surface modification in multiple
biomaterials.

Multiple monomers are currently available for surface grafting of materials using plasma
irradiation, enabling modification chemical properties such as reactivity, charge and
hydrophilicity. Extensive studies have been done to assess the effects surface modification of
biomaterials using a wide range of oxygen containing monomers on the interaction of cells
and tissues at the biomaterial interface®18-20, Amine-based monomers are also a common
oxygen-free alternative for grafting molecules such as allylamine and acrylamides®21-24 and
mixtures of these monomers to deposit co-polymerized films on the surface of the materials
have also been investigated2>-28, These one-step methods alter the surface of biomaterials at
a depth of a few hundred angstroms to nano-meters while preserving the underlying
biomaterial bulk properties.

In the present work, we describe the development of enhanced plasma chemical vapor
deposition (PECVD) procedures used to modify the surface of polypropylene implants with
multiple common chemical entities (e.g. carboxylic acid, amine and hydroxyl groups)
suitable for a wide range of chemical and crosslinking applications such as molecule
grafting, surface charge and increased hydrophilicity. The methods presented can be adapted
for commercially available plasma machines, using any gas, liquid or solid monomer of
choice. We evaluated the efficacy of these PECVD procedures to create optimal charged
polypropylene substrates for Layer by Layer (LbL) coatings, as a charged substrate is
required for cyclic electrostatic deposition of polyelectrolyte films with opposite charge.
Due to the negligible wettability, charge and chemical reactive moieties in the surface of
plastic biomaterials, the use of the LbL technique has largely been limited to natively
charged materials. Therefore, the presented plasma irradiation methods have the potential to
expand the applications of LbL coatings to multiple other medical devices.
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Materials and methods

Materials

A polypropylene mesh, Gynemesh® PS (Ethicon, Somerville, NJ) was used. Maleic

anhydride, chondroitin sulfate B, chitosan (low molecular weight, deacetylation degree 85%)
were purchased from Sigma Aldrich (St. Louis, MO).

Cleaning procedure for polypropylene mesh substrate

Polypropylene (PP) meshes were cleaned using a 1:1 acetone:isopropanol mixture under
sonication for 30 seconds and then air dried prior to irradiation. Immediately before any
PECVD treatment, cleaned polypropylene meshes were irradiated with argon plasma at
600W for 20 seconds, keeping the gas flow at 35 mL/min and a steady state pressure of 250
mTorr (50 mTorr initial pressure) using an lon 40 Gas Plasma System (PVA Tepla America,
Inc).

Maleic anhydride - PECVD treatment of polypropylene meshes

Allylamine -

An adapted plasma irradiation procedure based on a previously developed microwave
plasma procedure with solid maleic anhydride as a monomer was used to obtain a negatively
charged surface with carboxylic acid groups’. In the present work, we have adapted this
method to perform PECVD using solid maleic anhydride on more widely available standard
plasma systems. Maleic anhydride powder (1.5 g) was placed into a glass plate inside of the
reaction chamber. Cleaned 1 cm? pieces of PP mesh were then placed around the plate to a
distance of 8.5 cm. After an initial pressure of 50 mTorr was reached inside of the reaction
chamber, maleic anhydride plasma irradiation was performed for 30 seconds at 600W, an
argon gas flow of 35 mL/min and a steady state pressure of 250 mTorr. Finally, in order to
remove the physisorbed maleic anhydride, hydrolyze the surface-bound anhydrides and
produce carboxylic acid groups (negatively charged at physiological pH), PP meshes were
rinsed for 30 minutes with milli-Q water and then boiled for 20 minutes in fresh milli-Q
water.

PECVD treatment of polypropylene meshes

Allylamine was used to provide amine groups and a positive charge in the surface of
polypropylene. Cleaned 1 cm? pieces of PP mesh were placed inside the reaction chamber.
After an initial pressure of 50 mTorr was reached, allylamine plasma irradiation was
performed for 5 minutes at 300W, an allylamine gas flow of 180 mL/min, a steady state
pressure of 350 mTorr, a 20% cycle duty and a frequency of 150 hertz. Finally, in order to
remove the physisorbed allylamine, PP meshes were rinsed for 30 minutes with milli-Q
water and then boiled for 20 minutes in fresh milli-Q water.

Oxygen - PECVD treatment of polypropylene meshes

Oxygen was used to provide a negatively charged corona of both hydroxyl and carboxylic
acid groups in the surface of polypropylene. Cleaned 1 cm? pieces of PP mesh were placed
inside the reaction chamber. After an initial pressure of 50 mTorr was reached, oxygen
plasma irradiation was performed for 30 seconds at 300W, an oxygen gas flow of 100 mL/
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min, and a steady state pressure of 420 mTorr. Finally, in order to remove the physisorbed
oxygen by products, PP meshes were rinsed for 30 minutes with milli-Q water and then
boiled for 20 minutes in fresh milli-Q water.

Layer by Layer coating of PECVD treated polypropylene meshes

In order to assess the feasibility of each PECVD treatment to create a stable and functional
charged surface on polypropylene substrates, a Layer by Layer (LbL) film deposition
procedure was performed as previously described®. Briefly, chitosan was chosen as
polycation and chondroitin sulfate B as polyanion. Chitosan was dissolved in 0.5 % acetic
acid and chondroitin sulfate B in milli-Q water. Both polyelectrolites were prepared at a
concentration of 2 mg/mL. Each layer deposition is performed by dipping the PECVD
treated polypropylene substrate into the polyelectrolyte solution, incubated 10 minutes at
room temperature, then samples are washed 3 times (10, 20 and 30 seconds) in milli-Q water
and air dried (a short burst of pressurized clean air). Air drying is an optional step intended
to remove more efficiently the excess of polymer solutions, reduce solution cross-
contamination, and according to our studies does not impact the coating deposition. This
procedure was repeated alternately for each polyelectrolyte in cycles until a core coating of
10 bilayers (PP"[CH/DS]1q or PP*[DS/CH]10) was achieved. After coating, meshes were
lyophilized and stored at 4°C.

Surface characterization

Elemental composition of the mesh surface (6 mesh samples each group) was performed
using an X-ray photoelectron spectroscopy (XPS), using an ESCALAB 250Xi, Thermo
Scientific (Pittsburgh, PA). To identify the overall composition of the surface an initial
survey of 10 scans was obtained and for detailed elemental information spectra of 25 scans
were obtained for Carbon, Oxygen, Nitrogen and Sulfur. Data acquisition was performed
using constant analyzer energy of 50 eV, dwell time of 10 milliseconds, 0.1 eV step size and
an X-ray spot size of 200 um. Carbon peak was used as reference, with a value of 284 eV for
adventitious carbon. Spectra data was analyzed using Avantage software, Thermo Scientific.

Additionally, meshes were analyzed under Fourier transform infrared spectroscopy with
attenuated total reflectance (ATR-FTIR) using a Bruker Vertex 70 (Billerica, MA) equipped
with a germanium ATR crystal at a resolution of 1 cm™1, 2 mm of aperture, 32 scans and
processed by OPUS software to adjust the baseline, to smooth spectra and to remove H,0
and CO, peaks due to environmental noise.

Finally, an alcian blue staining was performed on whole samples to stain the GAG
components and reveal the LbL coating. A 1% alcian blue solution was made in 3% acetic
acid and adjusted to pH 2.5. Coated meshes and controls were re-hydrated in distilled water
and then immersed into the alcian blue solution for 30 minutes at RT. Then meshes were
washed in running tap water for 5 minutes and rinsed 5 minutes in distilled water. Images
were taken using a standard optical camera.
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Maleic anhydride - PECVD treatment of polypropylene meshes

The PECVD treatment of polypropylene using maleic anhydride as a solid monomer (that
becomes a gas under high vacuum and high electric power) is intended to graft the maleic
anhydride on the surface of polypropylene, thereby producing carboxylic acids after
hydrolysis. One possible reaction starts with the formation of highly reactive radicals in the
surface of polypropylene’, that subsequently react with one of the arene carbons of the
maleic anhydride aromatic ring to form a stable covalent bond, and then the anhydride is
opened by hydrolysis, to generate two highly hydrophilic and negatively charged carboxylic
acids groups (Figure 1a).

Attachment of carboxylic acid groups after maleic anhydride PECVD treatment of
polypropylene meshes is corroborated primarily by the presence of a strong peak of oxygen
(532 eV) and a carbon peak (O-C=0, 288 eV), characteristic of carboxylic acids in the XPS
spectra (Figure 1b). These peaks are consistent with a significant increase in the percentage
of oxygen, compared to pristine meshes (Table 1). Similarly, FTIR-ATR spectra confirmed
carboxylic acid attachment by a peak at 3240 cm™1 (carboxylic acid O-H stretch, Figure 1c).
Due to the limitations of FTIR-ATR sampling depth of ~1 micron, the signal of the other
carboxylic peak at 1700 cm™1 (C=0 stretch) is obscured by the hydrocarbon peak signals
from the polypropylene bulk. In addition, there was a marked increase in hydrophilicity as
shown by a significant decrease in contact angle (Figure 1d), confirming that surface
properties have changed due to carboxylic acid attachment to the surface of polypropylene.

The formation of a thin, conformal and uniform coating by means of LbL deposition of both
chitosan (polycation) and chondroitin sulfate B (polyanion) is demonstrated by the presence
of a uniform blue staining after alcian blue staining (Figure 1e), a stain which reveals the
presence of glycosaminoglycans (such as chitosan and chondroitin sulfate B) and absent in
both pristine and plasma treated polypropylene. In addition, we have demonstrated that the
coating contains both chitosan and chondroitin sulfate B due to the formation of additional
peaks in the XPS spectra (Figure 1b), including:

a. Additional carbon peaks (C-O-C at 286 eV and O-C=0 at 288 eV) due to the
presence of the acetyl groups and carboxylic acids from the glycosaminoglycan
sugar chains of both chitosan and chondroitin sulfate B.

b. Two nitrogen peaks at 399 eV (amines) and 401 eV (protonated amines), due
specifically to the presence of chitosan in the coating.

C. A sulfur peak at 168 eV, due to the presence of sulfate groups specifically found
in chondroitin sulfate B.

XPS also showed that the presence of these peaks was associated with increased percentages
in oxygen, nitrogen and sulfur, compared both pristine mesh (Table 2). The FTIR spectra
was consistent with these results as confirmed by peaks at 1632 cm~1 (C=0 stretch), 3240
cm™1 (O-H stretch) and 3400 cm™ (N-H stretch), all components present in both GAG
polyelectrolytes.
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Allylamine - PECVD treatment of polypropylene meshes

The PECVD treatment of polypropylene using allylamine gas as monomer is intended to
produce primary amine groups in the surface of polypropylene. The production of multiple
radical forms2? in the surface of polypropylene would lead to the formation of a stable
covalent bond by a nucleophilic attack on the alkene carbon of allylamine (Figure 2a). The
result of this proposed reaction scheme would provide highly polar and positively charged
amine groups to the surface of polypropylene.

Attachment of amine groups after allylamine PECVD treatment of polypropylene meshes
was corroborated mainly by the presence of a strong peak (399 eV) of nitrogen in the XPS
spectrum (Figure 2b), accompanied by an increase in the percentage of nitrogen (Table 1).
ATR-FTIR spectra showed a peak at 3300 cm™1, indicative of primary amines, due to N-H
stretch absorption (Figure 2c). All other elements in the XPS spectra and peaks in the FTIR
remained unchanged. The plasma treatment also increased hydrophilicity of the
polypropylene surface as revealed by a decreased in contact angle (Figure 2d), serving as
confirmation that surface properties of polypropylene were altered due to the presence of
amine groups.

Layer by layer coating of allylamine-plasma treated polypropylene resulted in a uniform and
conformal coating distributed through the entire surface of polypropylene, as revealed by the
blue colored surface present in the coated mesh only (Figure 2e). We also corroborated the
components of the coating using XPS, showing increased percentage in oxygen, nitrogen
and sulfur (Table 2), but also the presence of chitosan by two nitrogen peaks (amines at 399
eV and protonated amines at 401 eV) and chondroitin sulfate B due to a sulfur peak at 168
eV (Figure 2b). Similarly, FTIR spectra revealed a broad peak of amine groups at 3300 cm
-1 and a peak at 1632 cm™1 (C=0 stretch), coming from the amine groups and carbonyl
groups present in the polyelectrolyte GAG chains, respectively (Figure 2c).

Oxygen - PECVD treatment of polypropylene meshes

Commonly proposed oxygen plasma reaction schemes start with the formation of radicals in
the surface of polypropylene® 1718 that subsequently react with oxygen gas, leading to
multiple downstream reactions that generate numerous oxygen species such as hydroxyl,
carboxylic acid and aldehyde groups; as known as corona (Figure 3a). The formation of this
corona after oxygen plasma, is shown by presence of different oxygen species such as
carboxylic acid carbons (288 eV), O-C-O carbons (286 eV) and oxygen (531 eV) in the XPS
spectra (Figure 3b), as well as an increased percentage in oxygen, compared to pristine mesh
(Table 1). The FTIR spectra was consistent with these findings as shown by a peak at 3400
cm ~1 (O-H stretch). The C=0 stretch peak was not detected due to signal dilution by the
polypropylene bulk. Also, these changes were associated with an increased hydrophilicity,
demonstrated by a decreased contact angle (Figure 3d).

Even though the corona contains multiple non-charged oxygen species, LbL coating of
oxygen plasma-treated polypropylene is possible, although weaker compared to both maleic
anhydride- and allylamine- plasma. Alcian blue staining confirmed the presence of a
uniform and conformal coating, as visualized by a light blue coloration of the coated
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polypropylene surface which were not present in all other conditions (Figure 3e). The
presence of chitosan in the coating was revealed by two nitrogen peaks at 399 eV (amine)
and 401 eV (protonated amines) in the XPS spectra (Figure 3b), accompanied by an
increased percentage in nitrogen (Table 2). The presence of chondroitin sulfate B was
corroborated by a sulfur peak at 168 eV and an increased sulfur percentage. Similarly, the
FTIR spectra reveal a broad peak of amine groups at 3300 cm™1, and a peak at 1632 cm™1
(C=0 stretch), which is consistent with the XPS findings.

Discussion

Polypropylene and other hydrocarbon-based/plastic biomaterials are commonly used in
medical devices due to desirable mechanical properties and durability. However, surface
properties might not be adequate for some applications due to high hydrophobicity and
chemical inertness of these biomaterials. In particular, the absence of surface charge makes
these materials not suitable for coating using layer by layer deposition, where a charged
template is required for polyelectrolyte deposition. This is consistent with elemental and
chemical characterization of polypropylene by XPS and FTIR, but also the higher contact
angle. When untreated polypropylene undergoes the layer by layer procedure, it is unable to
get wet, floats in the surface of the polyelectrolyte solutions and therefore the coating
process cannot be effectively performed. In addition, an observed contact angle of
approximately 70 degrees is lower than expected for medical grade polypropylene,
suggesting the presence of other components in the mesh biomaterial. We have indeed
detected small traces of oxygen in pristine polypropylene in the present study regardless of
the cleaning procedure. Likely, this is due to the presence of additives used in the
manufacturing process. This finding was also corroborated by an XPS depth profiling, that
showed that traces of oxygen were still present in the bulk of the polypropylene material.
Sulfur content is not detected in the elemental survey, but an extremely low signal is shown
when using high-resolution scanning of sulfur, likely due to environmental contamination,
showing a different and weak peak at 164 eV (versus the typical highly defined peak at 168
eV). This will likely alter the contact angle measurements to a small degree, but the changes
in surface tension due to each of the plasma treatments were always more significant.

We have proposed and evaluated three distinct PECVD procedures that can be used widely
and consistently in commercially available plasma systems to modify the surface of
hydrocarbon-based biomaterials such as polypropylene. In addition, we have evaluated the
feasibility of these procedures to provide a consistent and stable charged substrate to
perform a layer by layer coating, which is mediated by alternated deposition of monolayers
of two oppositely charged polyelectrolytes onto the surface of a charged substrate. First,
negatively charged carboxylic acids were grafted in the surface of polypropylene using solid
maleic anhydride. Positively charged amine groups were grafted using allylamine gas as
monomer. Also, an oxygen PECVD treatment was done to provide a corona, consisting in
multiple oxygen-derived functional groups.

Surface characterization demonstrated that surface modification was successful in all three
procedures. As shown by contact angle measurements (Figure 1d, 2d, 3d), they also
presented increased hydrophilicity compared to non-treated polypropylene. Maleic
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anhydride plasma treated polypropylene having the most hydrophilic surface, followed by
allylamine plasma. The presence of charged groups in both maleic anhydride and allylamine
plasma treated polypropylene are likely decreasing surface tension in a higher extension
compared to oxygen plasma and are therefore associated with increased hydrophilicity. Also,
maleic anhydride plasma has a stronger effect on surface tension likely due to the increased
charge density generated by the two carboxylic acids, compared to single grafting of amine
groups result of the allylamine plasma.

Coating formation through layer by layer deposition in all plasma treated polypropylene
groups was demonstrated by the presence of a uniform coating, as well as the specific
presence of chitosan and chondroitin sulfate B. Maleic anhydride plasma-treated
polypropylene presented a stronger blue coloration after the coating process and staining
compared to the other plasma procedures. This suggests a denser coating and a more optimal
charge and density of the resulting carboxylic acids in the surface of polypropylene for layer
by layer deposition mediated by electrostatic charges. On the other hand, allylamine plasma
treatment produces a positively charged surface on polypropylene that can also be used for
subsequent layer by layer deposition. Coating deposition of allylamine plasma-treated
polypropylene was observed to be qualitatively lower compared to maleic anhydride plasma;
however, density of the grafted amine groups using this method could likely be increased by
increasing either monomer gas flow (180 mL/min) and electric power (300 W). Although
methods cannot be compared due to different settings and gases, these values are relatively
high and not significantly different from maleic anhydride plasma. Regardless, maleic
anhydride plasma seems to be more suitable for the production of a more dense grafting and
higher charge. In particular, this may be due to the generation of two negatively charged
carboxylic acids in contrast to single positively charged amine groups. For that reason,
maleic anhydride might be limited in some applications where a lower grafting density or
increased hydrophilicity but less surface charge is required.

Layer by layer coating of oxygen plasma is still possible even though the presence of
charged groups is lower, but other interactions such as hydrogen bonds are likely
participating in the process. The coating was shown to be present and corroborated by XPS,
FTIR and alcian blue. However, compared to the other plasma procedures, the intensity of
the blue was weaker and some of the peaks in the XPS were less defined or did not have a
strong signal. Oxygen plasma was successful but it is likely more appropriate for
applications where there is need for increased hydrophilicity. It is not recommended to use
this procedure to perform a layer by layer coating, due to the lack of a consistent charge in
the surface, but also not recommended for functionalization of other moieties using
crosslinking due to non-consistent and heterogeneous functional groups in the surface, as the
lack of defined functional groups would lead to a poor design and ineffective crosslinking
reactions.

Polypropylene can effectively be surface-treated using conventional plasma methods to
provide increased hydrophilicity, chemical functionality and surface charge, that can be
likely extrapolated to other hydrocarbon/plastic biomaterials (e.g. PTFE, PET, PS, PE, etc.)
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with similar outcomes. Maleic anhydride PECVD treatment generates highly dense and
negatively charged carboxylic acids, best suitable for layer by layer deposition, but also
useful to increase hydrophilicity and provide functional reactive groups for molecule
grafting. Allylamine PECVD treatment produces positively charged amine groups and was
demonstrated to be a useful method to increase hydrophilicity, perform layer by layer
deposition, and molecule grafting, due to uniformity and reactivity of the amine functional
groups in the surface and potentially higher control of graft density. Finally, oxygen plasma
results in a corona that consists in heterogeneous oxygen-derived species, with and without
charge. Therefore, oxygen plasma is not the most suitable method for both layer by layer
deposition and molecule grafting, but remains common and recommended method to
increase surface hydrophilicity.
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Figure 1. Maleic anhydride- PECVD treatment of polypropylene meshes
a) Proposed PECVD reaction schematics of carboxylic acid grafting using maleic anhydride

as monomer. b) XPS and c) ATR-FTIR spectra of pristine (black), MA plasma-treated (blue)
and LbL coated/MA plasma-treated meshes (red). d) Contact angle measurements of pristine
and MA plasma-treated meshes. The graph shows the mean + SEM and points represent
each sample measurement. Statistical significance as (**) p < 0.01, using a two-tailed
unpaired t-test. €) Images of 1 cm? pieces of pristine (top), MA plasma-treated (middle) and
LbL coated/MA plasma-treated (bottom) polypropylene meshes stained with alcian blue, to
reveal the presence of the LbL coating components (blue color).
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Figure 2. Allylamine- PECVD treatment of polypropylene meshes
a) Proposed PECVD reaction schematics of amine grafting using allylamine as monomer. b)

XPS and ¢) ATR-FTIR spectra of pristine (black), allylamine plasma-treated (blue) and LbL
coated/allylamine plasma-treated meshes (red). d) Contact angle measurements of pristine
and allylamine plasma-treated meshes. The graph shows the mean = SEM and points
represent each sample measurement. Statistical significance as (**) p < 0.01, using a two-
tailed unpaired t-test. €) Images of 1 cm? pieces of pristine (top), allylamine plasma-treated
(middle) and LbL coated/allylamine plasma-treated (bottom) polypropylene meshes stained
with alcian blue, to reveal the presence of the LbL coating components (blue color).
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Figure 3. Oxygen- PECVD treatment of polypropylene meshes
a) Proposed PECVD reaction schematics of the formation of a corona using oxygen gas. b)

XPS and ¢) ATR-FTIR spectra of pristine (black), oxygen plasma-treated (blue) and LbL
coated/oxygen plasma-treated meshes (red). d) Contact angle measurements of pristine and
oxygen plasma-treated meshes. The graph shows the mean + SEM and points represent each
sample measurement. Statistical significance as (*) p < 0.05, using a two-tailed unpaired t-
test. €) Images of 1 cm? pieces of pristine (top), oxygen plasma-treated (middle) and LbL
coated/oxygen plasma-treated (bottom) polypropylene meshes stained with alcian blue, to
reveal the presence of the LbL coating components (blue color).
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