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Abstract

Materials used in modern wound dressings have been designed to provide optimum levels of hydration, pH and gas exchange

for wound healing. However, materials that provide these properties do not always provide the optimum conditions for cell

attachment and growth. Plasma polymerisation is a method by which a thin ‘pin-hole’ free coating can be deposited on the

surface of materials, optimising the surface for cell growth whilst leaving the bulk properties unchanged. Plasma polymerised

coatings have found use as surfaces for in vitro cell studies and in wound care applications. In this article we will first give a brief

introduction to plasma polymerisation. Subsequently the attachment, proliferation and migration of cells involved in wound

healing on plasma polymers are reviewed. The attachment of keratinocytes, fibroblasts and endothelial cells to surfaces have been

studied in detail. Cell proliferation and, in particular, cell migration have been studied to a lesser extent.
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Introduction to plasma polymerisation

In 1928, Irving Langmuir wrote, "We shall use the name
plasma to describe this region containing balanced charges of
ions and electrons™, and from there the term plasma was born.
Plasma is commonly described as the fourth state of matter;
it is a natural process seen in lightning and the Northern and
Southern lights. Plasmas have been recreated in the laboratory
using electric discharge and consist of fragments, ions,
radicals and other charged species®. Plasma polymerisation
is a technique that uses plasmas produced from organic
vapours to create thin, functionalised, polymer films upon a
substrate. The vapour is excited by energy from radio waves
produced at a frequency of 13.56 MHz. This provides energy
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to excite and fragment the monomer, and deposit a highly
cross-linked, homogeneous film upon the substrate surface
that leads to surface property changes. Surface chemistry,
wettability, adhesion and roughness are among the properties
that can be controlled and altered. This technique is attractive
compared to traditional polymerisation, because it leads to
an increase in efficiency; it only has one step, is solvent-free
and it can be used to polymerise a large range of monomers.
The coatings produced are thin, nanometre thick, smooth,
generally uniform films. It also has an advantage in that
films can be deposited onto almost all solid materials and
has been shown to have no effect on the original, mechanical
properties of the substrate®. Thus it is geometry-independent
and requires little or no substrate pre-treatment. The main
disadvantage of plasma polymerisation is that, because of
the fragmentation of the monomer, it can be hard to control
chemical functionality. The monomer choice offers control
over the functional groups present at the surface. However, by
careful control of pressure, power and flow rate, the degree of
fragmentation of the monomer molecules can be varied and
so changes the density of the functional groups on the surface.
Another disadvantage is that high-cost vacuum conditions
are generally needed. Plasma polymer films are used in a
large range of applications such as barrier coatings*®, surfaces
for corrosion prevention®, alcohol electrodes for measuring
ethanol content’, sterilisation of surgical tools®, ophthalmic
lenses’®, biosensors'® and wound healing™.

The properties required of a dressing depend on the
wound that it is to be used on. For simple, superficial
wounds the majority of wound dressings aim to be non-
adherent. However, for deeper, more complex wounds
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a dermal replacement is often required. In the case of
dermal replacements the wound dressings form a temporary
scaffold. This aids the migration of cells within the wound, so
increasing the rate of wound healing whilst reducing scaring.
Dressings such as Alloderm (Lifecell, USA), Biobrane (Smith
and Nephew, UK), Dermagraft (Advanced BioHealing, USA)
and Integra (Integralife, USA) are widely used as dermal
replacements. Whilst these scaffolds provide an environment
rich with biological molecules along which cells can migrate,
the newer biodegradable, polymeric scaffolds still need
coating with biomolecules to encourage cell migration. The
coating of these synthetic scaffolds with plasma polymers
can aid the adsorption of biomolecules and therefore produce
better dressings and dermal replacements for the healing of
wounds.

Effect of surface chemistry on cell
attachment

The initial, and therefore perhaps most important, step
required for most cells to survive, proliferate and migrate is
attachment and so it is essential to provide a surface to which
these cells can initially attach. Adherent cells are cultured
routinely on tissue culture polystyrene (TCPS), the majority
in serum-containing media. However, cells do not possess the
necessary integrins to attach directly to TCPS. They, therefore,
must attach via a protein layer that has been adsorbed to the
surface, normally from the cell culture medium'>". However,
as in the case of keratinocytes and corneal epithelial cells,
occasionally a more specialised protein surface is required®.
Due to the complexity and variability of the serum used in
cell culture media it is difficult to understand and evaluate
which proteins are adsorbed. The proteins that are absorbed
also have to be in the correct configuration to interact with
the cells. Many cell-adhesion studies have been undertaken
to try and obtain a better understanding of the interaction
of cells with a range of biomaterials'*'®. Plasma polymerised
surfaces have been used to try and improve the attachment
of cells for a range of biomedical applications such as stents
used in coronary heart disease', catheters'® and dressings for
wound healing®.

Many studies have looked at keratinocyte behaviour on
plasma polymerised surfaces because of their importance in
wound care and healing. Keratinocytes form the epidermis
and when terminally differentiated provide a waterproof,
protective layer. Once breached, it is essential to re-form the
barrier function as quickly as possible to prevent infection
and dehydration in a wound. It is the stratum corneum that
has been shown to be largely responsible for the skin’s barrier
function®. Keratinocytes present a particular problem in
that in the lower layer of the epidermis, the stratum basale,
they are proliferative, but as they move up through the
epidermis they undergo terminal differentiation, forming a
layer of dead skin cells on the surface; the stratum corneum.
This property means that surfaces that support keratinocyte

attachment also need to be able to support keratinocytes in a
proliferative, undifferentiated state.

Collagen I has shown to be a preferred substrate for
keratinocyte attachment™ and therefore is typically used as a
positive control in studies of keratinocyte attachment to plasma
polymerised surfaces. Conversely, hydrocarbon surfaces are
an unfavourable surface for keratinocyte attachment?**. This
is unsurprising due to their high hydrophobicity.

Plasma polymerised surfaces with acid, alcohol and/
or nitrogen functionalities have been found to enhance
keratinocyte attachment when compared to a control
surface of tissue culture polystyrene. This work has been
expanded to produce a range of plasma polymers with a
range of functional group concentrations. These polymers
are produced by the inclusion of a hydrocarbon monomer,
such as 1,7-octadiene, in the monomer feed. These plasma
polymers produce bespoke thin films with a range of different
surface chemistries, therefore different surface energies,
charge and measurable differences in wettability??. It was
found that for plasma polymerised acrylic acid (ppAA) a low
carboxylic acid (-COOH) functional group concentration of
2.3% was found to be optimal for keratinocyte attachment.
Keratinocyte attachment levels on this 2.3% COOH surface
were comparable to keratinocyte attachment on collagen I
coated surfaces?. For plasma copolymerised (PCP) surfaces
of allyl amine, optimal keratinocyte attachment was observed
on surfaces with higher functional group concentration. The
greatest attachment was seen on the plasma polymer with the
greatest N/C ratio, a value of 0.37. In the case of the allyl amine
surface the authors were unsure if the increase in attachment
was due to an increase in specific nitrogen containing group
functionality (amine/amide/imine) or an increase in nitrogen
functionality in general®’. Plasma polymers with hydroxyl
(-OH) functionality have been studied by the same group and
found that increasing the concentration of hydroxyl groups
correlated with an increase in keratinocyte attachment. This
correlated nicely with a corresponding increase in the surface
energy of the PP film. However, when the surface energy of
the PCPs of acrylic acid/1,7-octadiene was analysed, and this
theory applied, the opposite trend was observed. Thus the
authors concluded that surface chemistry was the principal
contributing factor for protein adhesion and, therefore, cell
attachment to a substrate, not surface energy®.

Another cell type of importance when considering cutaneous
wound healingare fibroblasts, which synthesise the extracellular
matrix proteins of the dermis. The dermis provides the
elasticity of the skin but also contains blood vessels and nerves.
Fibroblasts need to be cultured in cases where the dermis as
well as the epidermis needs to be regenerated, that is, in a
burn. A common cell line used to study fibroblast — biomaterial
interactions is the murine 3T3 cell line.

Detomaso et al.?* looked at the attachment of 3T3 fibroblasts
on two different ppAA surfaces, one with a high surface
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concentration of carboxyl groups (16%) and one with a low
surface concentration (4%). The surface with low carboxyl
group concentration was found to be very stable as opposed
to the higher carboxyl surface, whose carboxyl group
concentration dropped to 10% after 24 hours soaking in water.
The stable, low acid surface had a greater number of cells
attached, agreeing with what was seen for keratinocytes?®.
Detomaso et al. suggested that the poor ability of the 16%
COOH surface to support fibroblast cell attachment may
be due to the instability of the film rather than the high
concentration of the COOH functional group*.

When looking at the human fibroblast cell line, 1BR.3N,
Mitchell et al. looked at attachment on different plasma
polymerised isopropyl alcohol (ppIPA) surfaces. They
found that, despite differences in hydrophobicity, surface
oxygen and surface functional group concentration, all of the
surfaces supported cell attachment of approximately 40 cells/
mm? after 24 hours. They also looked at micro-patterned
surfaces and saw that cells attached to the hydrophilic
areas preferentially, rather than the untreated hydrophobic
areas, again agreeing with keratinocyte behaviour. Once
the fibroblasts had reached confluency in the hydrophilic
areas, the fibroblasts possessed the ability to grow on the
hydrophobic, untreated areas showing adaptive behaviour
of fibroblasts®.

Vascular endothelial cells (EC) form a thin monolayer that
lines the entire blood and lymphatic (vascular) system,
allowing regular blood flow, preventing platelet adhesion
and thrombosis. In coronary heart disease, stents have been
used to keep arteries open and since their introduction have
saved many lives. Problems associated with the use of these
stents are restenosis and thrombosis, the restenosis being
minimised by the use of drug eluting stents (DES)*. However,
thrombosis is still a problem for patients” and one cause may
be due to the slow formation of the endothelial monolayer
on the stent surface. The lack of an EC monolayer means that
the essential actions of EC, such as their antithrombogenic
behaviour, are not occurring. The slow growth and poor
adhesion of endothelial cells to the biomaterial on stents
has led to research in designing plasma polymer surfaces
specifically for ECs to try to produce new surfaces aimed at
reducing thrombosis in patients' .

It has been shown by many that factors such as wettability,
surface charge, surface chemistry and topography have an
effect on cell attachment to surfaces®™®. If evaluating this
purely from a point of view of surface chemistry it could be
hypothesised that the surface charge will exert the greatest
effect due to the size of the interaction forces compared as
to if there were just dipole-dipole interactions, for example.
However, the wettability of the surface has been shown
to affect the attachment of EC by Van Wachem ef 4l and
Dekker et al.*. Moderately hydrophilic surfaces with contact
angles between 20 and 45° provided a preferential surface for

attachment. Surface charge of the polymer has been shown to
have a larger affect, with positively charged surfaces proving
preferential over negatively charge surfaces for ECs'?.
When looking at plasma polymerised surfaces, Muguruma
et al® compared an oxygen and an allyl amine plasma
treated surface, finding only attachment to the positively
charged nitrogen surface. This group found no attachment
to the oxygen treated surface; however, this could to be
due to the low amounts of carboxyl groups produced. It is
more likely the main functionality would be alcohol groups
with a few carboxyl groups present®, as it has been shown
that ECs will attach to plasma polymerised acrylic acid
(ppAA)Y. Furthermore, it has been shown that increasing the
concentration of carboxyl groups in ppAA surfaces increases
EC attachment, which would be expected as the increase in
carboxyl groups correlates to an increase in hydrophilicity®.
The group studied human aortic endothelial cells on plasma
polymers of poly(vinylacetic acid), producing polymers with
three different concentrations of carboxyl groups on the
surface. The surface containing the highest concentration
of carboxyl groups, 9%, proved significantly better for EC
attachment. Bhattacharyya et al. also made films of differing
thickness, with the same 9% surface carboxyl concentration,
showing that, for initial attachment, a thickness of 100 nm
was significantly better than the 25, 50 and 200 nm thick films.
However, after seven days, there was no significant difference
of cell density between the different film thicknesses. In all
cases the carboxyl surfaces proved better for cell growth than
TCPS.

Yang et al. showed increased EC attachment on a plasma
polymerised allyl amine/acrylic acid (ppAam/AA) bipolar
film over ppAA, ppAAm and ppAA/Aam films. A bipolar
film consists of a stacked film of alternating layers, in this
case allyl amine and acrylic acid, and so layers of alternating
-COOH/-NH, groups. They also showed an increase in EC
attachment with increased concentrations of C-NH,* groups.

Cell proliferation

Once cell attachment has occurred, cells are able to form
colonies and proliferate to increase in number until a
confluent layer has been formed. The ability of cells to attach
and proliferate upon a surface is of great importance when
designing biomedical implants. When developing vascular
stents it is important to have a surface that will support
the proliferation of endothelial cells, as a confluent layer of
endothelial cells is necessary to increase success rates and
reduce the risk of restenosis. In wound healing it is desirable
to have high cell proliferation to increase cell numbers and
close the wound before infection or dehydration. Cell-surface
interactions are known to affect cell proliferation but the
mechanism by how this happens is poorly understood.

In a study by Haddow et al. (1999) keratinocyte attachment
on ppAA was found to outperform collagen I. Haddow ef al.**
investigated keratinocyte proliferation on a 2% COOH ppAA
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surface, an acid functionalised self-assembled monolayer
(SAM), and collagen I, a hydrocarbon plasma polymer, TCPS,
a methyl-terminated SAM and gold as reference surfaces.
They showed that keratinocyte proliferation was similar
on the ppAA and the acid-terminated SAM, and that both
surfaces supported keratinocyte proliferation at a higher
rate than that of collagen I. The authors concluded that
the proliferation of keratinocytes is promoted by carboxyl
functionality, due to the protein layer adsorbed from the
serum™.

Proliferation of transformed human fibroblasts have been
studied on plasma polymerised isopropyl alcohol (ppIPA)»
and on plasma polymerised acetonitrile (ppAN)¥, the latter
also being UV-ozone treated after plasma polymerisation.
For ppIPA, fibroblast proliferation was greatest on the film
with the highest surface oxygen concentration, hydrophilicity
and surface carbonyl and hydroxyl groups®. For ppAN, all
surfaces supported fibroblast proliferation; the ppAN with no
UV-ozone treatment gave similar levels of cells as TCPS. This
surface contained less than 3% surface oxygen so the growth
of cells was credited to the presence of nitrogen containing
functional groups. As the UV-ozone treatment time increased,
the concentration of carbonyl groups on the surface increased.
Some carboxyl groups were also present in the films UV-ozone
treated the longest. These carboxyl containing surfaces had

the greatest proliferation and number of cells after 72 hours.
The proliferation in the ppAN UV-ozone treated for 15
seconds film was comparable to the ppAN with no UV-ozone
treatment, despite the presence of more carbonyl groups in
the modified film. These factors contributed to the authors'
conclusions that the carboxyl groups are responsible for the
increase in fibroblast cell growth®.

Another group looked at plasma polymerised allyl amine
surfaces for studies of human fibroblast cell growth. A positive
correlation between amine group surface concentration and
metabolic activity of cells was found, the difference being
significant after six days of cell culture. All of the ppAam
surfaces studied showed improved proliferation over the
control PET surface, showing that the surface properties
such as increased hydrophilicity and the presence of amine
functionalities improve cell growth?.

Another group trying to find correlations between surface
functional group concentration and cell growth looked at
bovine aortic endothelial cells (BAEC) and their growth on
hydroxyl, carbonyl and carboxyl functionalised surfaces.
The surfaces were created by plasma deposition using
organic vapours and the surfaces quantified using various
reagents for each functional group. No correlation between
BAEC growth and carboxyl or hydroxyl functionality was
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seen. They found a positive correlation between carbonyl
group concentration and BAEC growth. The carbonyl groups
were likely to be mainly ketone due to the lack of a reaction
with Schiff’s base as would be seen if they were aldehyde.
In contrast to this, Tidwell et al. found the best results for
cell growth with carboxyl group terminated self-assembled
monolayers (SAMs), with hydroxyl groups performing the
worst®. The difference in these two results was put down to
the low levels of carboxyl groups in the surfaces produced
by Ertel et al. None of the surfaces produced by Tidwell
et al*® performed as well as TCPS, the authors concluding
that multifunctional surfaces may be better for cell growth.
Yang et al. found increased proliferation on a bipolar film of
ppAam/Aac".

Cell migration

Whilst there are numerous studies looking at the attachment
and proliferation of a variety of cells upon different surface
chemistries, the literature is surprisingly sparse upon the
effect of surface chemistry upon cell migration. Cell migration
is an important process for embryo development, healing of
the nervous system and wound healing. Cell migration on
solid substrates occurs by an amoeboid movement, in simpler
terms known as cell crawling, using actin filaments®.

Having also looked at attachment and proliferation of
endothelial cells, Yang et al. also studied migration using a
standard scratch assay (illustrated in Figure 1)7. In this assay
a scratch is gently made using a fine, plastic pipette tip in a
confluent layer of cells and watching the cells migrate across
the gap. The rate of migration can then be calculated. Yang et
al. looked at endothelial cell migration on ppAA, ppAAm and
a control surface 316L stainless steel, as well as bipolar films
of ppAam/AA and ppAA/Aam as described earlier. Images
were taken after one day (Figure 1). The ECs migrated faster
on the surfaces containing amine groups than the stainless
steel control and the ppAA surface. The cells migrated fastest
on the ppAam/AA surface, within one day the ECs were
covering the complete scratch. This surface had the greatest
density of C-NH,* groups and was the most hydrophilic out
of the surfaces studies. Yang et al. hypothesised that high
densities of C-NH,* groups and hydrophilic surfaces were
critical for EC migration®.

Whilst the direct effect of surface chemistry on plasma
polymerised surfaces needs to be explored further, the effect

316L SS PPAac

PPAam

of various protein coatings on cell migration has been looked
at extensively. The fibronectin cell binding domain RGD
(Arginine-Glycine-Aspartic acid) has been bound to various
different surfaces to improve cell migration* *!. Additionally,
various collagens and other adhesive extracellular matrix
proteins such as laminin and fibronectin have also been
attached to coatings. Endothelial cells have been shown
to have a higher rate of migration on interstitial collagens
(types I, III and IV) whilst fibronectin allowed lower rates of
migration®?. Keratinocytes have also been shown to migrate
along laminin, vitronectin, fibronectin and collagens I and
IV. In a recent review by Siow et al.*®* and publications by
Whittle et al.* the effect of surface chemistry upon protein
adsorption was studied. It could, therefore, be hypothesised
that the preparation of haptotactic gradients of varying surface
chemistry could be produced that would result in directed cell
migration and potentially increased rates of migration.

Conclusions

All of the above papers report improved cell growth with
improved surface functionality, with groups such as carboxyl,
hydroxyl and amine. These groups are responsible for
increasing the hydrophilicity of the surface, which is shown
to correlate with increased cell growth due to hydrophilic
surfaces being preferable for protein adsorption. This alone
shows the importance of plasma polymerisation as a low-cost
and effective technique for the manufacture of biomaterials
and in the context of this review, surfaces for wound healing.

Out of all of the three areas discussed above, cell attachment
has been investigated the most thoroughly using a wide
range of plasma polymerised surfaces and cell types. It has
been shown that surfaces containing carboxyl, hydroxyl and
nitrogen functional groups support all cell types discussed
in this report to some level. It can be hard to compare which
surfaces are preferential for each cell type between groups,
as often different conditions are used and the data presented
in different formats. For comparing keratinocytes, extensive
research has been done by the group of Short et al. on many
different surfaces. It can be concluded from the work of this
group that acid surfaces are preferential for keratinocyte
growth and proliferation. The effect of surface chemistry on
cell migration has not been studied extensively and further
research needs to be done in this area due to the importance
of cell migration in wound healing.

PPAac/Aam PPAam/Aac

Figure 1. "Migration of HUVECs on 316 SS, PPAac, PPAam, PPAac/Aam and PPAam/Aac multistacked layered bipolar films". Image from".
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