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Abstract
Hydrogels are surfaces suitable for use as biomedical devices. Contact lenses are com-
monly used biomedical devices made from hydrogels. To enhance the application of 
contact lenses as cell delivery options, surface modification using low-pressure plasma 
enhanced chemical vapor deposition. The study investigated cell attachment on a few types 
of plasma deposited organic films: two types each of pure ethylene plasma polymer films, 
O-rich, N-rich and S-rich films on top of the hydrogels. The films led to changes in wetta-
bility, protein adsorption and the mechanical properties of the hydrogel surfaces, which are 
factors affecting cell proliferation. These films were also investigated for stability towards 
steam sterilisation Finally, these films stable towards water exposure and steam sterilisation 
were used to immobilize laminin in order to improve cell proliferation. The study investi-
gated the possibility of using surface modified contact lenses could to deliver cell therapies 
to the eye environment.

Keywords  Hydrogels · Plasma polymer films · Cell attachment · Protein adsorption · 
Surface modification

Abbreviations
CL	� Contact lens
PPF	� Plasma polymer film
R-LEC	� Rabbit lens epithelial cells
PPE	� Plasma polymerised ethylene
PPB	� Plasma polymerised butadiene

 *	 Pierre‑Luc Girard‑Lauriault 
	 pierre-luc.girard-lauriault@mcgill.ca

1	 Plasma Chemical Processing Laboratory, Department of Chemical Engineering, McGill 
University, Montreal H3A 0C5, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s11090-023-10319-w&domain=pdf


710	 Plasma Chemistry and Plasma Processing (2023) 43:709–736

1 3

Introduction

Hydrogels are biocompatible surfaces that can be used for a variety of purposes [1–4]. 
Due to their moisture-rich surfaces and close resemblance to living tissue, hydrogels are 
used as cell scaffolds [5]. Hydrogels with controllable porosities can be employed for drug 
delivery [6]. Similar porous hydrogels can also be used as three-dimensional scaffolds to 
replicate the functions of extra-cellular matrix [7, 8]. Cells grown in such scaffolds can be 
transferred to target sites for regenerative therapy [9]. Hydrogel scaffolds are useful for 
the purposes of tissue engineering and vascular engineering [10, 11]. In another example, 
hydrogel surfaces have also seen use for growth and regeneration of neural cells [12–14]. 
Specifically, contact lenses used for vision correction are popular medical devices made 
from hydrogels. Such contact lenses have been attempted as delivery vehicles for stem cells 
to restore function to damaged eyes [15–18]. The comfort level of contact lenses during 
usage is dependent on the level of attached proteins from the tear fluid [19]. Therefore, this 
study focused on creating plasma polymer films that are stable to water exposure and heat 
sterilization, on the surface of contact lens hydrogel materials. The study also investigated 
the effects of such films on cell proliferation as well as protein attachment on contact lens 
surfaces.

Numerous options of chemical precursors are available for the synthesis of hydrogels. 
These hydrogels are in general considered biocompatible surfaces, but they often require 
surface treatment to render the surfaces more hospitable for cell adhesion and proliferation. 
Many elegant methods of surface modification have been described in previous literature 
reports. While some authors have reported the use of wet chemical treatments to create 
functional groups on the surfaces of hydrogels, others have used plasma processing meth-
ods to generate the desired chemical groups [20–23]. In a previous study, we had pointed 
out some of the challenges related to surface modification of hydrogels and then demon-
strated the creation of some flexible and water-stable plasma polymer films (PPFs) on the 
surface of methacrylate hydrogels [24].

Various plasma-based methods have been previously described for the surface modifi-
cation of hydrogels. The easiest one involves exposure of the target substrate to a plasma 
source, which allows reactive species from the plasma to come in contact with the sub-
strate. This approach has been used in the contact lens industry to render surfaces more 
hydrophilic and result in increased wearing comfort for users [25]. Another approach com-
bines plasma techniques with wet chemical treatment methods. A plasma source is used 
to provide reactive species onto the surface of the substrate that is to be modified. Follow-
ing the exposure to plasma, the substrate is treated with appropriate chemicals that allows 
desired functional groups to be conjugated with the reactive species that were transferred 
to the surface from plasma. A simple example of a similar study involved pre-treatment of 
poly-(methyl methacrylate) (PMMA) with argon (Ar) plasma, following which the treated 
lenses were dipped in a solution of PEG and/or heparin [26]. A slight modification of the 
above-described method utilizes wet treatment with chemicals as the first step, followed 
by treatment using a plasma source. As an example, we can take a study which utilized 
porous surfaces and exposed them to the chemicals which were to be coated on the porous 
surfaces. Following this step of pre-treatment with a chemical, the surfaces were subjected 
to Ar plasma [27]. However, all these methods pale in comparison to the selectivity and 
efficiency of plasma polymerisation which uses the desired materials to be coated in gase-
ous form. Such a method eliminates the necessity of solvents and utilises plasma to cre-
ate fragmentation of the desired coating material. For example, one method used maleic 
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anhydride and 2-(methylenedioxy) benzene vapours to be plasma polymerised onto the 
surface of PET. Following this step, the chemical groups were hydrolysed to give rise to 
reactive COOH groups which were then conjugated with polyethyleneimine via crosslink-
ing reaction [28]. More recent studies have involved plasma polymerisation of gas mix-
tures utilising ethylene or 1,3-butadiene combined with a heteroatom source in the form of 
ammonia or carbon dioxide [29, 30].

Most studies in this field point out to the hydrophilicity of the treated surfaces as a key 
factor in determining the tendency of surfaces to favor cell adhesion and proliferation. In 
addition, the presence of N-rich groups (primary amine groups specifically) above a mini-
mum critical percentage has also been shown to favor the adhesion and proliferation of 
cells [31]. Sulfur-rich surfaces have also been studied, and their effect on cell prolifera-
tion, differentiation and adhesion has been investigated [32, 33]. Recently, the attachment 
of proteins and their conformation on the surface has been shown to act as a key step influ-
encing the cell attachment process [34, 35]. These findings are in good agreement with 
pioneering studies carried out well before the beginning of this century [36]. The above-
described plasma polymer films (O-rich, N-rich and S-rich) can not only impart changes 
to the pristine hydrogel surface in terms of cell proliferation and adhesion but can also be 
used to covalently immobilize biomolecules of interest [37]. Laminin is one among many 
biomolecules, and its immobilization on biomaterial surfaces can be used to tune cell adhe-
sion, proliferation as well as migration [38].

In this study, we delve deeper into the material characteristics that influence and control 
the phenomenon of cell adhesion and proliferation. A low-pressure radio frequency glow 
discharge system was used to create eight different PPFs on hydrogel surfaces. In addi-
tion to surface wettability, chemical composition, and protein attachment quantification, 
we have studied the conformation of attached proteins on the surface of hydrogels modi-
fied with PPFs. Mechanical properties of the PPFs on hydrogels were also investigated and 
based on this investigation we suggest that wettability is not the key factor influencing cell 
adhesion and proliferation. Then, immobilization of laminin on the PPFs on hydrogels was 
carried out, followed by cell culture on the surfaces with immobilized laminin. We finally 
describe how plasma polymerization could be used to modify hydrogel surfaces with thin 
PPFs to achieve biomolecule immobilization and control over cell attachment.

Experimental Section

Materials and Methods

Synthesis of Hydrogels

The hydrogels were prepared by UV curing of a liquid monomer. The monomer was a 
mixture of 2-hydroxyethyl methacrylate, ethylene glycol dimethacrylate and 2-hydroxy-
2-methylpropiophenone (supplied by Karrier Medical Materials Co., Ltd., Hsinchu, Tai-
wan). The monomer is denoted by the term Polymacon and falls in the FDA Group I of 
low-water, non-ionic polymers. This liquid was shaped into circular discs of 1.12  cm in 
diameter and 0.15  cm in thickness by placing the liquid inside an aluminium mould of 
similar dimensions while UV curing. This monomer was a simplified version of a compo-
sition that is used in the contact lens industry for manufacture of HEMA copolymer CLs. 
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Therefore, it is expected to closely mirror the properties of the surface of a commercially 
available CL.

The liquid monomer was stored in conical centrifuge tubes covered with aluminium foil. 
As a preparation for the curing step, the monomer was poured into aluminium moulds. 
The moulds containing the liquid monomer were placed in an enclosure and subjected to 
UV light (Spectroline, Model XX-15A, USA) for a duration of 30  min. To remove the 
cured hydrogels from the moulds, they were first washed in a solution of 10% ethanol to 
remove any excess and unreacted monomer. The washing step was performed for 15 min 
at 50 °C. After this washing step, the hydrogels were immersed in Type I reverse osmosis 
water (18 MΩ-cm resistivity) at 50 °C for 16 h. This allowed the hydrogels to expand to 
their equilibrium swollen state.

Deposition of PPFs on Hydrogels

A low-pressure capacitively coupled RF glow discharge in gas mixtures containing a 
source of carbon and a source of heteroatom, was used to produce the PPFs on hydrogels. 
The films were deposited on the circular UV-cured hydrogel discs.

The depositions were performed in a cylindrical stainless-steel vacuum chamber (20 cm 
in diameter and 50  cm in height) with a disc shaped powered electrode (Ø = 10  cm) on 
which the samples were placed. A showerhead gas distributor positioned 4 cm above the 
powered electrode also served as grounded electrode. The chamber was evacuated to a base 
pressure of ~ 3.5 Pa using a combination of rotary vane for 4.5 min (Pfeiffer DUO 10MC, 
Germany) and turbomolecular (Pfeiffer TMU 071P, Germany) pump for 2 min. The pro-
cess mixtures were introduced via mass-flow controllers (see Fig. 1). The gas flow ratio, 
defined as R = (flow of heteroatom source gas)/(flow of hydrocarbon source gas) was one of 
the experimental parameters varied to control film composition. Table 1 contains a descrip-
tion of the various experimental parameters used in the present study. The pressure varied 
from 10 to 80 Pa during deposition runs by a throttling gate valve. An automatic imped-
ance matching network was used to generate the capacitively coupled RF (AEI CESAR 

Fig. 1   Schematic drawing of the low-pressure, capacitively coupled RF plasma reactor used for depositing 
PPFs
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133 13.56 MHz, USA) discharge at power outputs ranging from 10 to 30 W. Deposition 
times were adjusted according to thickness obtained by stylus profilometry (Bruker Instru-
ments DektakXT, Germany) on PPFs deposited on Si wafers (Data not shown) to obtain 
a desired minimum thickness (~ 50–100 nm) of the PPFs on the hydrogels for the cells to 
be able to interact with. For nanoindentation experiments, deposition times were further 
increased to obtain at least 500 nm thickness of the coating on silicon wafers.

The deposition of PPFs on hydrogels was done when the samples had not lost all their 
moisture content and were flexible. There was initially some concern that the water con-
tained in the hydrogels could interfere with the plasma deposition process. However, the 
hydrogels used are dense and quickly reach a steady state and stop liberating water after 
they are put under vacuum. This is evidenced by the fact that the vacuum system rap-
idly reaches base pressure of about 3.5 Pa and that no excess oxygen is incorporated in 
the deposited films. Treatment conditions involved ethylene as the process gases for the 
hydrocarbon source, and ammonia/carbon dioxide as the process gases for the heteroatom 
source. Each type of PPF (Pure hydrocarbon/N-rich/O-rich/S-rich) involved two different 
sets of process parameters (the lowest and highest values for working pressure and output 
power) to investigate the effects of these conditions on the cellular response. Before treat-
ment of the hydrogel samples, a blank plasma treatment run would be done to condition the 
chamber and coat the reactor walls with similar plasma polymer. Before ignition of plasma, 
the desired gases were allowed to flow for 2–3 min to remove other impurities present in 
the chamber. At the end of treatment of hydrogel samples, the chamber was cleaned by an 
etching Ar-O2 plasma.

Characterization of Surfaces

Surface Chemical Characterization of PPFs on Hydrogels

The plasma reactor is housed inside a MB 200B glovebox, and samples coated with 
PPFs were placed in the argon atmosphere of the same glovebox till the time of analysis. 

Table 1   Plasma treatment conditions on hydrogels

Group name (For 
ref. in this paper)

Type of PPF Working 
pressure 
(Pa)

Applied RF 
power (W)

Gas flow conditions 
(sccm)

Deposi-
tion time 
(minutes)

PPE-Hi Pure hydrocarbon 10 30 10 sccm C2H4 3
PPE-Low Pure hydrocarbon 80 10 10 sccm C2H4 15
PPEN-Hi Nitrogen-rich 10 30 20 sccm C2H4

15 sccm NH3

10

PPEN-Low Nitrogen-rich 80 10 20 sccm C2H4
15 sccm NH3

15

PPEO-Hi Oxygen-rich 10 30 5 sccm C2H4
40 sccm CO2

10

PPEO-Low Oxygen-rich 80 10 5 sccm C2H4
40 sccm CO2

20

PPES-Hi Sulfur-rich 10 30 5 sccm C2H4
2.5 sccm H2S

3

PPES-Low Sulfur-rich 80 10 5 sccm C2H4
2.5 sccm H2S

5
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Immediately before the analysis (22–24 h after the deposition), samples were transferred 
to a vacuum transfer module (Thermo Scientific Model no. 831-57-100-2, UK) which ena-
bled samples transfer into the analysis chamber of the XPS instrument (Thermo Scientific 
K-Alpha, UK) without exposure to air. To maintain a uniform effect of ageing on the sam-
ples, XPS analyses were performed within 24–36  h after deposition of the PPFs on the 
hydrogel samples. Monochromated Al Kα X-rays, producing photons of 1486 eV acquired 
at take-off angles (TOA) = 0° (normal to the surface) were used for the analyses. Wide 
scans with step size 1 eV, pass energy 160 eV, dwell time 200 ms and in the range 1200 
to − 10 eV were acquired for each sample. The binding energy scale was calibrated with 
respect to the carbon (C 1 s) peak at binding energy, BE = 284.6 eV. Atomic concentrations 
were calculated using the Avantage software (Thermo Scientific Version 5.962, UK). A 
single sample from each plasma condition group was used and three different spots (Spot 
size = 250 µm) were analysed to get an average atomic composition.

Water Contact Angle Measurements on Hydrogels with PPFs

The static water contact angles of PPFs deposited on hydrogels were measured by using a 
contact angle goniometer (Future Digital Scientific Corp., NY, USA) connected to a back-
lit-camera system and calculating software (SCA 20, DataPhysics Instruments, Germany). 
The sessile drop method was followed to determine water contact angles of all the samples. 
A 5 µL droplet of water was dropped onto the PPF-coated hydrogel surface at a rate of 
0.5 µL/s. An untreated hydrogel surface was used as a control surface. Measurements were 
carried out 22–24 h after PPF deposition on the hydrogel at three separate locations on the 
sample, on a total of four samples for each plasma condition.

Nanoindentation of PPFs on Hydrogels

Experiments were carried out using a hardness tester (Nanovea M1, USA) equipped with 
a Berkovich three-sided pyramidal indenter (Synton MDP AG, Switzerland). Single repeat 
indentations at a minimum of five different points on the sample were utilised to calculate 
hardness and apparent moduli of elasticity. Experimental conditions for the single repeat 
indentations were initial load—0.03 mN, loading = unloading rate = 0.75 mN/min and peak 
load = 1  mN. These conditions were chosen to ensure that the depth of indentation was 
around 10% of the total thickness of the PPF, to avoid substrate effects. For nanoindenta-
tion of hydrogels, samples in dry state were used as swollen hydrogels led to tip slippage 
and errors in force transduction. The PPFs were deposited on flat silicon substrates, instead 
of hydrogels, to avoid problems caused by roughness of hydrogel, such as tip slippage 
or area function errors. Data analysis was done according to the Oliver-Pharr method, as 
described under Appendix A of supplementary material [39].

Sterilization Stability of PPFs on Hydrogels

PPFs were deposited on silicon wafers and sterilization of these PPFs was carried out in a 
steam sterilization cycle for 15 min at 121 C. After sterilization, the thickness of the PPFs 
on silicon wafers was measured by contact profilometry (Bruker Instruments, DektakXT, 
Germany). The thickness of the films after sterilization was then compared to the thickness 
observed on silicon wafers immediately after deposition to quantify the relative stability of 
PPFs towards steam sterilization. thickness measurement of the PPFs on hydrogel samples 
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was not done as the profilometer needle could not get proper readings on the soft, uneven 
surface of the hydrogel.

Chemical composition of the hydrogels was also studied before and after sterilization to 
investigate the stability of the PPFs. Two types of XPS scans, survey, and high resolution, 
were done and compared before and after sterilization. The degree of changes occurring in 
the chemical composition gave an idea of the relative stability of the PPFs towards steam 
sterilization.

The high resolution XPS peak analysis was done by first applying a Shirley background. 
The C1s spectra were fitted with four component peaks (C1–C4) using full-width at half 
maximum (FWHM) of 1.5 eV. The C1s component’s energy and suggested attributions in 
PPEN and PPEO are shown in Table 2.

Cell Culture Studies

Cell Culture on Hydrogels with PPFs

Rabbit lens epithelial cells (R-LECs, Catalog ID—AG04677, Coriell Institute for Medi-
cal Research, USA) were used to study the cellular response to the PPFs on the hydro-
gels. These cells were chosen for their similarity to human epithelial lens cells and there-
fore their relevance in a study that explores effect of coatings on contact lens hydrogels. 
Cells were expanded from frozen stocks in Modified Eagle’s Medium (Gibco MEM, NY, 
USA) supplemented with 10% fetal bovine serum (Gibco FBS, NY, USA), 1% non-essen-
tial amino acids (Gibco, NY, USA) and 0.1% penicillin–streptomycin solution. Cells were 
maintained in T25 flasks in an incubator at 37 °C and 5% CO2 till they reached 90% conflu-
ency. Media was changed every 2nd day, with cells requiring trypsinization on every 5th 
day.

To study cell attachment on the hydrogels with PPFs, the samples were autoclaved in a 
cycle of steam sterilization at 121 °C for 15 min. Following the sterilization cycle, the hydro-
gels with PPFs were placed in the wells of a 24-well plate (Sarstedt Green, Germany) and 
immersed in 500 uL of phosphate buffered saline (Gibco DPBS, NY, USA) and placed in 
the incubator for the purpose of equilibration. On the next day, the wells were emptied of the 
PBS, and R-LECs were seeded on the surfaces at a density of 200,000 cells/well. This cell 
density was chosen after iterative optimization involving various cell numbers (10,000 cells/
well, 20,000 cells/well, 50,000 cells/well, 100,000 cells/well and 200,000 cells/well). The final 
cell density was chosen because it allowed proper examination via optical imaging and also 
enabled quantification by WST-8 assay. These cells were then allowed to grow on the surface 

Table 2   Typical attributions of C1s peak fit components of nitrogen rich and oxygen rich plasma polymer 
films

Peak label Possible chemical 
bonds

PPE:N Peak BE (eV) Possible chemical 
bonds

PPE:O Peak BE (eV)

C1 C–C, C=C 284.32 C–C, C=C 284.32
C2 C–N, C=N, C–C: N C1 + 0.56 C–OR (COH, COC) C1 + 1.29
C3 C: N, C–O–C=O C1 + 1.54 C=O C1 + 2.34
C4 N–C–O, N–C=O, 

C=O
C1 + 2.61 COOR (O=C–OH, 

O=C–OC)
C1 + 4.10
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of the hydrogels for 48 h. At the end of 48 h, the hydrogel samples with the R-LECs on the 
surface were transferred to another 24-well plate with PBS in its’ wells for the purpose of rins-
ing. After gently immersing the hydrogels with R-LECs in the PBS-filled wells, the PBS was 
removed from the wells and 500 µL solution of 10% WST-8 reagent in MEM was added to 
each of the wells. A control group of cells on untreated hydrogel surfaces was included.

After 4 h of incubation of the WST-8 (ApexBio CCK-8, USA) reagent, the absorbance of 
the solution at 450 nm was measured in a spectrophotometer (Bio-Rad xMark, USA) to get an 
estimate of the relative quantities of cells that had attached to each hydrogel sample. Images of 
the cells on the hydrogel samples were also captured using an optical microscope (VWR Pro-
fessional Plus, USA) to qualitatively compare cell attachment across various surfaces.

Relative cell attachment was calculated according to the following formula:

The wells containing hydrogel samples with different PPFs were “samples” and the wells 
containing untreated hydrogel samples were “control”. Wells with just MEM were taken as 
“blanks.”

Protein Attachment Studies on Hydrogels with PPFs

Bovine serum albumin (Sigma Aldrich BSA, USA) was used in this study because of its 
resemblance to albumin, a key component of the human tear fluid that lubricates the microen-
vironment of the eye.

Two types of experiments were carried out to investigate the response of the PPFs to pro-
teins in solution. The first one involved quantification of amount of proteins getting adsorbed 
onto the surface of the PPFs after incubation in protein solutions (40 mg/mL for BSA) for 24 h 
at standard ambient temperature. Quantification was carried out according a method based on 
ATR-FTIR described by Castillo et al. [40]. Briefly, the amide I band (1600–1720 cm−1) of 
the ATR-FTIR absorption spectra (Bruker Instruments Nicolet IS50, Germany) were used to 
get a relative estimate of the proteins getting adsorbed onto the surfaces of PPFs compared to 
untreated hydrogel surfaces. Scans of untreated hydrogels were measured and taken as base-
lines for the rest of the samples with PPFs on surface of the hydrogels.

In the second study, the amide I peak was deconvoluted by a peak fitting method to get 
an idea of the various conformations of the proteins after they had been adsorbed onto the 
PPFs [41]. Four conformational structures of the proteins were assumed: coils (peak centered 
at 1675 cm−1), α-helix (peak centered at 1655 cm−1), β-sheets (peak centered at 1618 cm−1) 
and a random statistical distribution of other structures (peak centered at 1635 cm−1). Peaks 
were fit after taking a linear baseline from 1600 to 1720 cm−1 and then fit by peak resolve 
function using Gaussian–Lorentzian fit algorithms inbuilt in OMNIC software (Bruker Instru-
ments, Germany).

Laminin Immobilization Studies

Laminin from mouse Engelbreth-Holm-Swarm (EHS) sarcoma (Product code: 
11,243,217,001, Sigma Aldrich, USA) was utilized for the immobilization studies on 
hydrogel samples with plasma polymer films. Laminin stock solution of 100 ug/mL was 
prepared under sterile conditions by diluting the product (as received) with phosphate 

(1)

(

AbsorbanceSample − AbsorbanceBlank
)

(

AbsorbanceControl − AbsorbanceBlank
) × 100
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buffered saline. This stock solution was stored at 4 °C for about 1–2 months, and it was 
diluted to a final concentration of 4 ug/mL with phosphate buffered saline for the immobi-
lization experiments.

Quantification of Laminin Immobilization

Hydrogels with PPFs were placed in the wells of a 24-well plate (Sarstedt Green, Ger-
many) and immersed in 500 uL of 4 ug/mL laminin in phosphate buffered saline and then 
placed in the incubator for 22–24 h at a temperature of 37 °C and 5% CO2 the purpose of 
equilibration. After equilibration, the hydrogels were taken out of the solution and placed 
inside the argon atmosphere of the MB200B glovebox for another 22–24 h for the purpose 
of drying and degassing. Following this, XPS analyses were carried out in a Thermo Scien-
tific K-Alpha instrument, according to the methods described in “Surface Chemical Char-
acterization of PPFs on Hydrogels” section. Atomic concentrations were calculated using 
the Avantage software (Version 5.962).

The total atomic composition of nitrogen on the hydrogel surfaces was used as a meas-
ure of the amount of laminin immobilized on the surface of the samples. A sample of 
hydrogel immersed in phosphate buffered saline and another hydrogel without any plasma 
treatment immersed in laminin were used as controls.

Cell Culture on Hydrogel Surfaces After Laminin Immobilization

Hydrogel samples with PPFs were autoclaved in a cycle of steam sterilisation at 121 °C for 
15 min. As described in “Quantification of Laminin Immobilization” section, these sam-
ples were placed in the wells of a 24-well plate (Sarstedt Green, Germany) and immersed 
in 500 uL of 4 ug/mL laminin in phosphate buffered saline and then placed in the incuba-
tor for 22–24 h at a temperature of 37  °C and 5% CO2 the purpose of equilibration. To 
study cell attachment, these samples were then placed in the wells of a new 24-well plate 
and R-LECs were seeded on the surfaces at a density of 200,000 cells/well. These cells 
were then allowed to grow on the surface of the hydrogels for 48 h. At the end of 48 h, the 
hydrogel samples with the R-LECs on the surface were transferred to another 24-well and 
WST-reagent was used to evaluate cell proliferation of the surfaces (according to the meth-
ods described in “Cell Culture on Hydrogels with PPFs” section). A control group of cells 
on untreated hydrogel surfaces immersed in PBS, and untreated hydrogel surface immersed 
in laminin were included as controls.

Results

Surface Chemical Characterization of PPFs on Hydrogels

The surface of untreated hydrogel showed the presence of carbon and oxygen function-
alities (Table  3). The amount of carbon was higher in the hydrocarbon-rich PPE-High 
and PPE-Low films. Increased nitrogen incorporation was shown in the PPEN-High and 
PPEN-Low films. While the total atomic composition of the untreated hydrogel and oxy-
gen-rich films (PPEO-High and PPEO-Low) was statistically indistinguishable, the pro-
cess of plasma polymerization introduced different chemical groups onto the surface of 
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PPEO-High and PPEO-Low films (Table 3). This was evidenced from the high resolution 
XPS scans.

Increased amount of sulfur was detected in both PPES-High and PPES-Low films. 
Slight amount of oxygen incorporation was also detected in both S-rich films, like N-rich 
films (Table 3).

Water Contact Angle Measurements on Hydrogels with PPFs

Water contact angles of untreated hydrogels and hydrogels with different PPFs are shown 
in Fig. 2. Hydrogels used in this study were composed primarily of methacrylate, and these 
were not very hydrophilic in nature. In the contact lens industry, hydrophilic compounds 
such as N-vinyl-2-pyrrolidone are used as additives to make the surface of contact lens 
hydrophilic. This study, however, avoided these additives as they would make the chemi-
cal characterization difficult and the plasma polymerization process more complicated. The 
hydrogels with PPE-High and PPE-Low also display similar water contact angles, due to 
their pure hydrocarbon nature. Addition of polar moieties to the hydrocarbon chains can 
bring down the water contact angle, and therefore we see lower figures on both O-rich, 
N-rich and the S-rich groups. Difference observed in the sub-groups of each type of PPF 
could be explained by the differences in the chemical groups observed on the surface.

For example, XPS survey scans show that the chemical composition of PPEO-High 
and PPEO-Low are identical (Table 3). However, HR-XPS scans provide more informa-
tion into the proportion of chemical groups on the surface of PPEO-High and PPEO-Low 
(Table  6a). These differences could contribute to the variations observed in WCA even 
though the survey scan results seem identical. PPES-Low and PPES-High have quite dif-
ferent surface chemical compositions, and therefore show different WCAs.

Nanoindentation of PPFs on Hydrogels

All the PPFs displayed higher elastic modulus and hardness compared to the untreated 
hydrogel surface (Table  4). For pure hydrocarbon PPFs, there was a clear difference 
between PPE-High and PPE-Low. PPE-High was stiffer than PPE-Low, but this trend 
was reversed in the O-rich, N-rich and S-rich PPFs. PPEO-High, PPEN-High, and 

Table 3   Surface atomic composition of hydrogel samples; data is expressed as mean ± standard deviation of 
at least 3 measurements

Carbon (%) Oxygen (%) Nitrogen (%) Sulfur (%)

Untreated hydrogel 69.7 ± 1.5 30.3 ± 1.2 Undetected Undetected
PPE-Hi 97.3 ± 1.3 2.7 ± 0.5 Undetected Undetected
PPE-Low 98.7 ± 1.5 1.3 ± 0.2 Undetected Undetected
PPEO-Hi 71.2 ± 1.1 28.8 ± 0.7 Undetected Undetected
PPEO-Low 74.2 ± 2.9 25.8 ± 1.5 Undetected Undetected
PPEN-Hi 83.6 ± 0.9 1.7 ± 0.4 14.7 ± 0.6 Undetected
PPEN-Low 84.1 ± 2.8 1.0 ± 0.6 14.9 ± 0.2 Undetected
PPES-Hi 84.4 ± 0.5 2.9 ± 0.5 Undetected 11.5 ± 0.3
PPES-Low 79.2 ± 0.1 1.9 ± 0.2 Undetected 18.9 ± 0.2
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PPES-High showed lower stiffness compared to both PPEO-Low, PPEN-Low and PPES-
Low respectively.

The H/E ratio for the samples reflected a trend like the elastic modulus and hardness 
data for PPEO and PPEN samples but it was reversed in the case of PPES samples. All the 
PPFs displayed higher elastic strain threshold to failure compared to an untreated hydro-
gel surface. All nanoindentation studies were performed on samples directly after plasma 
deposition on silicon wafers (Table 5).

Sterilization Stability of PPFs on Hydrogels

Stability of the PPFs was evaluated by comparing the thickness of PPFs on a profilometer 
before and after steam sterilization. All the PPFs on hydrogel surfaces showed durability 
towards the steam sterilization process (Fig. 3). The PPFs named PPEO-High, PPEO Low 

Fig. 2   Water contact angles of 
different hydrogel samples with 
PPFs

Table 4   Mechanical properties of hydrogel samples derived from nanoindentation tests

Data is expressed as mean ± standard deviation of at least 5 measurements

Apparent elastic modulus, 
Es (In GPa)

Nanoindentation hardness, 
H (In GPa)

H/E (Elas-
tic strain to 
failure)

Untreated hydrogel 2.6 ± 1.7 0.1 ± 0.1 0.1 ± 0.1
PPE-Hi 43.5 ± 11.0 6.2 ± 1.9 0.2 ± 0.1
PPE-Low 12.6 ± 4.3 0.8 ± 0.3 0.1 ± 0.1
PPEO-Hi 27.2 ± 8.7 8.5 ± 3.7 0.3 ± 0.1
PPEO-Low 38.2 ± 4.2 3.5 ± 1.4 0.1 ± 0.1
PPEN-Hi 28.6 ± 6.7 10.4 ± 6.5 0.3 ± 0.1
PPEN-Low 61.5 ± 18.0 16.0 ± 7.3 0.3 ± 0.1
PPES-Hi 53.9 ± 14.2 6.3 ± 1.8 0.1 ± 0.1
PPES-Low 77.9 ± 9.1 15.4 ± 2.6 0.2 ± 0.1
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and PPEN-Low showed negligible changes in thickness before and after steam steriliza-
tion. PPEN-High showed a slight increase, whereas PPE-Low, PPES-Low and PPES-High 
showed a slight decrease in thickness. The most notable change was the swelling recorded 
in the PPE-High films after sterilization.

The hydrogel samples on their own are very stable towards sterilization and displayed 
no changes in structure after sterilization. However, thickness changes of PPFs on hydro-
gel samples were difficult to measure because of the softness and the uneven nature of the 
sample surfaces.

All the samples reported an increase in the quantity of oxygen-rich chemical groups 
after autoclaving (Fig. 4). For the hydrocarbon-rich PPFs (PPE-High and PPE-Low), the 
samples were almost devoid of oxygen-rich chemical groups prior to sterilization, but 
showed presence of C–O, C=O and COOR groups after sterilization (Table  6a). In the 
oxygen-rich PPFs (PPEO-High and PPEO-Low), O-rich chemical groups were present on 
the surface after plasma polymerization. In the PPEO-High sample, there was an increase 
in the proportion of chemical groups containing C=O bonds after autoclaving (Table 6a). 
However, in the case of PPEO-Low samples, there was a decrease in the proportion of 

Table 5   Surface atomic composition of hydrogel samples before and after sterilization; data is expressed as 
mean ± standard deviation of at least 3 measurements; N/A means the element of concern was undetectable

Before sterilization After sterilization

C% O% N% S% C% O% N% S%

PPE-Hi 97.3 ± 1.3 2.7 ± 0.5 N/A N/A 93.1 ± 1.1 6.9 ± 0.6 N/A N/A
PPE-Low 98.7 ± 1.5 1.2 ± 0.2 N/A N/A 95.0 ± 1.2 3.1 ± 0.8 N/A N/A
PPEO-Hi 71.2 ± 1.1 28.8 ± 0.7 N/A N/A 67.7 ± 0.9 32.2 ± 1.0 N/A N/A
PPEO-Low 74.2 ± 2.9 25.8 ± 1.5 N/A N/A 76.4 ± 0.8 23.6 ± 1.4 N/A N/A
PPEN-Hi 83.6 ± 0.9 1.7 ± 0.4 14.7 ± 0.6 N/A 78.4 ± 2.3 12.8 ± 0.7 7.7 ± 0.5 N/A
PPEN-Low 83.9 ± 2.8 1.1 ± 0.6 14.9 ± 0.2 N/A 78.6 ± 1.3 14.3 ± 0.6 7.2 ± 0.4 N/A
PPES-Hi 84.4 ± 0.5 2.9 ± 0.5 N/A 11.5 ± 0.3 83.3 ± 0.1 7.1 ± 0.3 N/A 9.5 ± 0.1
PPES-Low 79.2 ± 0.1 1.9 ± 0.2 N/A 18.9 ± 0.2 80.6 ± 0.8 2.1 ± 0.1 N/A 17.3 ± 0.7

Fig. 3   Thickness of PPFs 
measured by profilometry before 
and after sterilization; data is 
expressed as mean ± standard 
error of at least 3 measurements
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COOR groups. As discussed earlier, this could be attributed to the hydrolysis and subse-
quent dissolution of high molecular weight oligomeric O-rich chains.

The amount of N-rich chemical groups in PPEN-High and PPEN-Low samples 
decreased after sterilization, while there was introduction of O-rich chemical groups 
(C=O) in both the samples after sterilization (Table 6b). This observation was consistent 
with the decrease in total amount of nitrogen content from XPS survey scans (Table 5). 
Similarly, the amount of S-rich chemical groups in PPES-High and PPES-Low showed a 
decrease after sterilization. Interestingly, a higher proportion of O-rich chemical groups 
were introduced to PPES-High samples after sterilization, compared to PPES-Low sam-
ples. This shows that PPES-Low is one of the best performing samples, in terms of resist-
ance to sterilization.

Cell Culture on Hydrogels with PPFs

Results of the cell adhesion studies on hydrogels with different PPFs are shown in Figs. 5 
and 6. The R-LECs showed a mixed response to the surface of an untreated hydrogel 
(Fig.  5c), with some cells exhibiting rounded morphologies and the rest showing signs 
of spreading and attachment. In the case of hydrogels with pure ethylene PPFs, R-LECs 
showed no signs of attachment after 48  h of incubation. Both the sample groups were 
devoid of any attachment throughout the whole surface (Fig. 5a, b).

In comparison, the R-LECs showed a favorable response to the oxygen-rich PPFs on 
the hydrogels. In both the sample groups (Fig. 5d, e), cells showed increased attachment 
relative to the surface of an untreated hydrogel control. The morphology of cells on the 
O-rich PPFs was radically different from that of cells on untreated hydrogels. No signs of 
detachment (rounded, floating cells) were visible, and all the cells exhibited spreading on 
the surface.

However, in the case of nitrogen-rich PPFs, the R-LECs showed preferential attachment 
to one sample group over the other (Fig. 5f, g). R-LECs favored the hydrogel with PPEN-
Low, with signs of good attachment and spreading (Fig.  5g). But on the hydrogel with 
PPEN-High, there were no cells at all (Fig. 5f). The untreated hydrogel control displayed 
lower attachment and proliferation of R-LECs compared to PPEN-Low.

The R-LECs showed the maximum preference in attachment to sulfur-rich PPFs, across 
all samples tested. Preferential attachment was shown to the PPES-Low sample (Fig. 5i), 
over PPES-Hi sample (Fig. 5h). However, the level of cell attachment on PPES-Hi sample 
was almost equal to that of the highest attachments seen on PPEO-High, PPEO-Low and 
PPEN-Low. The cell attachment displayed on PPES-Low was almost 3 × that of the highest 
levels seen on any other sample.

The observations made from optical microscopy images were confirmed by cell viabil-
ity tests employing WST-8 reagent. WST-8 reagent is a highly water-soluble tetrazolium 
salt [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, 
monosodium salt] which produces a water-soluble formazan dye (absorbance 450  nm) 
upon reduction (by dehydrogenases abundant in viable cells) in the presence of an electron 
mediator, similar to the popular MTT assay. In Fig. 6, the relative viability (compared to an 
untreated hydrogel surface) of cells on hydrogels with different PPFs is shown. Cell attach-
ment on pure ethylene PPFs was lower than an untreated hydrogel. While almost no cells 
were spotted on both these surfaces in the optical microscopy images, the slightly higher 
absorbance of PPE-High at 450 nm could be attributed to the dark-brownish color imparted 
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Fig. 4   Changes in chemical composition of the plasma polymer films on hydrogel samples after steriliza-
tion as demonstrated by high-resolution XPS
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onto the hydrogel due to the PPF formation. On the other hand, the sample with PPE-Low 
was clear and transparent.

Both the oxygen-rich PPFs showed similar levels of relative viability of R-LECs. Again, 
the slightly higher absorbance at 450  nm could be attributed to the darker color of the 
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Fig. 4   (continued)
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PPEO-High film formed at higher power and lower pressure. The film PPEO-Low was 
formed at a lower power and higher pressure and was transparent. In agreement with the 
optical microscopy images, PPEN-High showed exceptionally low relative viability of 
R-LECs whereas PPEN-High displayed almost 1.5 × viability of R-LECs relative to an 
untreated hydrogel.

Protein Adsorption Studies on Hydrogels with PPFs

BSA is a large protein with a molecular weight of 66 kDa, with a net negative charge. BSA 
displayed strong adsorption to PPEN-Low films (Fig. 7a). Adsorption of BSA to PPEN-
Low was twice the adsorption to PPEO-Low and PPE-Low films. BSA adsorption levels 
were similar on PPEO-High and PPEN-High films. In comparison, PPE-High showed 
slightly lesser level of BSA adsorption.

BSA is a major component of the media used for cell culture, as the media itself con-
tains proteins and is further supplemented with fetal bovine serum. Deconvolution of the 
amide I peak (1600–1700  cm−1) of BSA adsorbed on the hydrogels gave an estimate of 
the relative proportions of the conformational states (Fig. 7b). The BSA adsorbed on the 
untreated hydrogel and the hydrocarbon-rich films (PPE-High and PPE-Low) showed 
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similar proportions of beta-sheets, non-ordered structures, alpha-helices, and coils. In the 
case of PPEO-High, BSA showed a slight increase in the conformational state of alpha-
helices, and a decrease in the state of coils. The opposite effect was observed in the PPEO-
Low films, accompanied by a slight increase in the proportion of beta-sheets (Only sample 
to do so). A similar trend was observed in the N-rich films, with an increase in alpha-heli-
ces in the PPEN-High and an increase in the coils in PPEN-Low.

A very different trend was observed in the PPES samples. Both the PPES samples dis-
played an increased proportion of beta-sheets, with the PPES-Low having a higher pro-
portion of beta-sheets than PPES-High. The proportion of alpha-helices and non-ordered 
structures was reduced in the PPES samples, compared to others. The proportion of coils 
remained unchanged compared to that on an untreated hydrogel surface.

Laminin Immobilization on Hydrogel Samples and Cell Proliferation 
on Laminin‑Immobilized Surfaces

The amount of nitrogen on the surface of hydrogel samples was used as an indirect meas-
ure of immobilized laminin, based on a method developed by Raquez et al. A piece of pure 
hydrogel immersed in PBS showed no signals of N1s, as the methacrylate hydrogels used in 
this study lack any nitrogen chemical groups. However, the surface of an untreated hydro-
gel immersed in laminin showed the presence of nitrogen (2nd bar, Fig. 8). This shows that 
there is some non-specific binding of laminin to an untreated hydrogel surface. However, 

Table 6   Results of high resolution C1s XPS scans showing changes in chemical composition of (a) pure 
hydrocarbon/O-rich PPFs before and after sterilization (b) N-rich PPFs before and after sterilization (c) 
S-rich PPFs before and after autoclave

(a) Pure hydrocarbon/O-rich PPFs before and after sterilization

Before autoclave After autoclave

Chemical groups C–C, C=C C–O–R C=O COOR C–C, C=C C–O–R C=O COOR

PPE-Hi ~ 100.0 0.0 0.0 0.0 87.6 7.5 2.5 2.4
PPE-Low ~ 100.0 0.0 0.0 0.0 96.2 3.8 0.0 0.0
PPEO-Hi 66.8 23.5 9.9 0.0 66.5 24.0 9.6 0.0
PPEO-Low 68.5 18.4 8.7 4.5 67.0 24.2 8.9 0.0

(b) N-rich PPFs before and after sterilization

Before autoclave After autoclave

Chemical groups C–C, C=C C=N C=O C–C, C=C C=N C=O

PPEN-Hi 77.8 22.2 0.0 76.5 18.7 4.8
PPEN-Low 84.0 16.0 0.0 74.3 21.2 4.5

(c) S-rich PPFs before and after autoclave

Before autoclave After autoclave

Chemical groups C–C, C=C C–O–R C=O C–C, C=C C–O–R C=O

PPES-Hi 100.0 0.0 0.0 89.8 7.2 3.0
PPES-Low 100.0 0.0 0.0 100.0 0.0 0.0
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this amount is among the lowest values displayed (at par with PPEN-High and PPEN-Low) 
which shows that N-rich surfaces do not enhance laminin immobilization. O-rich surfaces 
(PPEO-High and PPEO-Low) provided a slight increase in laminin immobilization com-
pared to untreated hydrogel surfaces. The maximum amount of laminin immobilization 
was observed in PPES surfaces, with both PPES-High and PPES-Low showing at least 
2 × the amount of immobilization on untreated hydrogel surfaces.

Since PPES samples displayed the highest amount of laminin immobilization, these 
samples were used for further evaluation of cell attachment (Fig. 9). In each of the cases, 
immobilization of laminin led to a significant increase in the cell attachment compared to a 
similar surface without laminin immobilization. In the case of PPES-High, the increase in 
cell attachment after immobilization of laminin was 4.74 × that of a pure PPES-High sur-
face. Similarly, for PPES-Low, the increase recorded after immobilization was 2.18 × that 
of a pure PPES-Low surface.

Pure 
C2H4 
PPF

O-
rich 
C2H4 
PPF

N-
rich 
C2H4 
PPF

(c) Untreated hydrogel

S-rich

C2H4 
PPF 

Fig. 5   Optical microscopy images of R-LECs on different hydrogel samples with C2H4 PPFs at the end of 
48 h of incubation (Scale bar = 200 µm)
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Fig. 6   Relative cell attachments 
calculated from absorbance 
values at 450 nm after WST-8 
incubation for different hydrogel 
samples with C2H4 PPFs relative 
to an untreated hydrogel sample 
denoted by dashed line (Data 
presented as mean and error 
bars represent S.D., *denotes 
p < 0.1 and *** enotes p < 0.05 
and N.S. denotes statistical non-
significance

Fig. 7   a Relative BSA adsorp-
tion on different hydrogel 
samples with PPFs relative to 
an untreated hydrogel sample 
denoted by dashed line. b Con-
formational state of BSA on the 
surface of untreated hydrogel and 
different PPFs
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Optical microscopy images showed that cells preferentially attached themselves to 
PPES-Low surfaces with laminin immobilized (Fig. 10b) on the surface. PPES-High with 
laminin immobilized (Fig. 10a) displayed a lower number of cells attached onto it, however 
both the surfaces were higher compared to an untreated hydrogel surface (Fig. 10c).

Discussion

Control of cell attachment on hydrogels is a key element to their use as scaffolds for cell 
and tissue engineering. Change of synthesis protocol to modify the chemical composition 
of the hydrogel is possible but could lead to undesirable changes in the bulk properties of 
the hydrogel. Creation of a thin organic layer on the hydrogel surface by plasma polym-
erization is an attractive alternative as cells interact with the top few nanometers, and this 
organic layer would not affect the bulk properties of the hydrogel. The thin organic layer 
can also be used to covalently immobilize desirable biomolecules (e.g., Laminin) on the 

Fig. 8   Atomic nitrogen as % of 
total surface atomic composition 
for hydrogel samples with PPFs 
after laminin immobilization by 
dip coating

Fig. 9   Relative cell attachments 
calculated from absorbance 
values at 450 nm after WST-8 
incubation for PPES samples 
with and without immobilized 
laminin on surface; relative to 
an untreated hydrogel sample 
denoted by dashed line
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hydrogel surface. Additionally, plasma polymerization has the advantage of being a solvent 
free process and therefore does not create undesirable effects in the bulk hydrogel matrix.

The primary goal of the study was to understand how plasma processing conditions 
affect the behaviour of water-stable plasma polymer films on hydrogel surfaces with the 
aim of influencing cell proliferation and protein adsorption, so that such surface modified 
contact lenses could be examined for the purpose of cell delivery. Nitrogen and oxygen-
rich functional groups are well studied for their ability to influence cell adhesion. However, 
the effect of different plasma parameters to give rise to differing nitrogen and oxygen-rich 
chemical groups hasn’t been studied. Similarly, the effect of sulfur-rich chemical groups 
on cell attachment on hydrogels has been studied in lesser detail compared to nitrogen and 
oxygen-rich chemical groups. Each of these chemical groups would also influence protein 
adsorption, which would also influence cell proliferation. To a lesser extent, these surfaces 
would play a role in the mechanical properties experienced by the cells, as most plasma 
polymerised surfaces are denser and stiffer compared to hydrogels. These reasons, in addi-
tion to the ability of enabling covalent attachment of biomolecules, were why the said 
chemical groups were chosen for incorporation onto hydrogel surfaces.

Such hydrogel scaffolds must be sterilized before being seeded with cells. To ensure 
optimum functionality, the PPFs on the surface of hydrogels should not display any thick-
ness changes or delamination after the sterilization process (Fig.  3). The eight samples 
used in this study did not display any structural changes after sterilization. The PPFs on 
the hydrogels did not display any signs of delamination and this ensured validation of a 
key step in the biomedical device usage cycle. Preliminary validation of the delamination 
resistance of the hydrogels was validated in an earlier publication [23]. Visual examina-
tion revealed no changes on the plasma polymer films, and profilometry measurements 

Fig. 10   Optical microscopy images of R-LECs on PPES samples with immobilized laminin on surface at 
the end of 48 h of incubation (Scale bar = 200 µm)
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displayed no major reduction in coating thicknesses after wet heat sterilization (Fig.  3). 
Some chemical changes were observed in the PPFs on hydrogels after sterilization. The 
O/C ratio of PPE-High and PPE-Low surfaces increased from 0.03 to 0.07, and 0.01 to 
0.03, respectively. Similarly, the O/C ratio of PPEO-High increased from 0.40 to 0.47. 
However, there was a slight decrease in the O-ratio of PPEO-Low from 0.35 to 0.31, which 
was attributed to dissolution of high molecular weight oligomeric chains. In the case of 
PPEN-High and PPEN-Low, the O/C ratio increased from 0.02 to 0.16, and 0.01 to 0.18, 
respectively. The N/C ratio for PPEN-High and PPEN-Low decreased from 0.18 to 0.09 in 
both the samples. In the case of PPES-High and PPES-Low, the O/S ratio increased from 
0.25 to 0.75, and 0.10 to 0.12, respectively. The S/C ratio decreased from 0.14 to 0.12 
and 0.24 to 0.22, for PPES-High and PPES-Low respectively. This does show that there is 
some reduction observed in the chemical groups, but they are not destroyed by the sterili-
zation cycle and PPES films are the most stable PPFs towards sterilization. After steriliza-
tion by a wet heat cycle, the hydrogels with PPFs were seeded with R-LECs on the surface. 
Five out of eight PPFs favored the attachment and proliferation of cells (compared to the 
response on untreated hydrogel surface) whereas the other three PPFs displayed the com-
pletely opposite result. To understand these observations, various characterization experi-
ments were performed on the eight PPFs.

The first and the most obvious characterization test was done to measure the wettability 
of the PPFs. Some authors have previously determined that wettability of a given surface 
is key to control cell attachment and proliferation on the same surface, with cells prefer-
ring hydrophilic surfaces over hydrophobic ones [42, 43]. In our study, it could be one 
reason for the non-attachment observed on PPE-High and PPE-Low surfaces, but it does 
not explain why untreated hydrogel with a similar WCA supports the attachment and pro-
liferation. Untreated hydrogel, PPE-High and PPE-Low had WCA of 83 ± 5, 87 ± 2 and 
80 ± 3  degrees respectively (Fig.  5), but the relative cell attachment on PPE-High and 
PPE-Low with respect to untreated hydrogel were about 44.98% and 18.55% respectively 
(Fig.  3). In the O-rich PPFs, the difference in WCA (Fig.  5) and cell attachment levels 
(Fig.  3) was noticeable. PPEO-High had WCA of 56 ± 3 and relative cell attachment of 
160.7%, whereas PPEO-Low had WCA of 75 ± 3 and relative cell attachment of 146.8%. In 
the case of nitrogen-rich surfaces, the difference between the WCA was small but the dif-
ference in cell attachment levels was staggering. PPEN-High was the hydrophobic surface, 
with WCA of 73 ± 4 compared to 64 ± 4 of PPEN-Low. The relative cell attachment on 
PPEN-High was 21.64% whereas the 163.1% of PPEN-Low. Similarly, on PPES-High and 
PPES-Low samples, the WCA were 63 ± 2 and 74 ± 4, respectively whereas the relative 
cell attachments were 173.0% and 615.3%, respectively. The higher attachment of R-LECs 
on PPES surfaces could be attributed to the increased adsorption of proteins/growth fac-
tors from the media during cell culture [44, 45]. Both the PPES surfaces showed highest 
immobilization to laminin (Fig. 8) and preferential attachment to BSA (Fig. 7a). With this 
data, it is difficult to comment if wettability is the only parameter affecting cell attach-
ment and proliferation. Notably, experiments by Bozukova et al. on hydrogel surfaces have 
shown that in some cases, cell attachment could be enhanced by increasing the hydropho-
bicity [46]. While this study reports observations on plasma-polymerized C2H4 films, we 
have also carried out some experiments on plasma-polymerized C4H6 films and the relation 
between cell attachment and factors such as wettability, chemical composition and mechan-
ical properties seems multifaceted (Data included under Appendix II of Supplementary 
section).

In an earlier study, we investigated the effect of protein adsorption quantity on monocyte 
adhesion onto PPFs deposited on BOPP substrates [35]. Older studies have also shown the 
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effect of pre-adsorbed proteins on cellular adhesion to polymeric substrates [47]. Proteins 
form the initial film on biomaterial surfaces, whether from media in in-vitro cultures or 
from body fluids in-vivo and the interaction of cells with these proteins has been suggested 
to dictate the cell attachment and proliferation process [48]. In this study, BSA was chosen 
as a key component of the human tear fluid, the primary body fluid that would interact with 
contact lenses [49, 50]. One key observation held true across the eight PPFs. The PPFs 
labelled with suffix “Low” were treated under a higher working pressure (80 Pa), lower RF 
power (10 W) compared to those with suffix “High” (Pressure − 10 Pa, Power − 30 W). In 
any given type of PPF (hydrocarbon rich, O-rich, or N-rich), the “High” variant displayed 
Higher adsorption of proteins compared to the “Low” variant of the PPF. Protein adsorp-
tion onto a given PPF depends on factors such as electrostatic interactions between the 
protein and the surface, size of the protein and the pore size of the surface [51]. A common 
reason for the trend observed across “High” and “Low” PPF variants could very well be 
the nano topography of the PPFs. While much detail has not been described here, in our 
earlier study we had shown via electron microscopy images that PPFs formed in Higher 
pressure, lower RF powers (“Low” variants) are generally smoother in appearance com-
pared to the lower pressure, Higher RF power PPFs (“High” variants) [24]. Indeed, studies 
have shown that the amount of fouling on a given surface increases proportionally with its 
roughness [52]. The difference observed in the quantity of BSA adsorbed onto the PPFs 
can be explained by the formation of charged groups on the PPFs in aqueous solutions 
[30]. N-rich PPFs form positively charged ammonium groups, attracting the negatively 
charged BSA better than the O-rich PPFs (Fig. 7a). Pure hydrocarbon PPFs have no native 
polar groups, but they might form positively charged groups upon exposure to atmospheric 
nitrogen and therefore end up favoring the adsorption of negatively charged BSA [53].

Analysis of the conformation of BSA on various PPFs did reveal slight changes taking 
place (Fig. 7c). It is to be noted that other studies have determined the native conforma-
tional state of BSA in aqueous solution to be composed of 47% alpha-helices, 3% beta-
sheets, 24% coils and 26% non-ordered structures [54]. PPEO-High was the surface that 
showed conformational state of BSA closest to its native state (41% alpha-helices, 4% beta-
sheets, 25% coils and 30% non-ordered structures). All other PPFs showed higher devia-
tion from the native conformational state of BSA. Between the two hydrocarbon-rich PPFs, 
conformational distribution of BSA across two different states was similar (~ 38% alpha-
helices, 4.7% beta-sheets) whereas the other two states (coils and non-ordered structures) 
showed differences in the order of 3%. PPEO-Low was quite different from PPEO-High 
(35% alpha-helices, 6% beta-sheets, 33% coils and 26% non-ordered structures). Between 
PPEN-High and PPEN-Low, differences of the order of 4% were encountered only in two 
states (coils and non-ordered structures). PPEO-High had Higher relative cell attachment 
than PPEO-Low, but it is hard to state if any of these conformational changes were respon-
sible for the difference. Similar observation can be made for PPEN-High and PPEN-Low, 
with no concrete indication of one single conformational state being responsible for the 
drastic difference in relative cell attachments.

However, mechanical properties of the PPFs do shed some light on the relative cell 
attachments of the N-rich films. PPEN-Low films were stiffer compared to PPEN-High 
films, possessing higher elastic modulus and indentation hardness. The slight increase in 
relative cell attachment on PPE-High films compared to PPE-Low could be due to the 
higher stiffness of PPE-High over PPE-Low films. Earlier studies have shown that films 
deposited at lower power outputs display higher elastic moduli compared to films depos-
ited at higher power outputs [39]. All PPFs are stiffer than the untreated hydrogel, and this 
too has been proven in earlier studies. Plasma polymers are composed of random, denser 
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crosslinked units compared to conventional polymers and this explains the change in 
mechanical properties [55]. If we consider PPE-Low, the incorporation of both oxygen and 
nitrogen into the PPE films produced at same RF output power and working pressure led to 
increases in elastic modulus and hardness. Similar findings were reported for HMDSO–O2 
and C2H4–N2 films [56, 57]. However, PPE-High was stiffer than PPEO-High and PPEN-
High. The amount of sp3 carbon, degree of branching and crosslinking affect the mechani-
cal properties of PPFs and more in-depth study is needed to explain this observation [58].

Mechanical properties of the scaffold surface have been shown to influence the attach-
ment and proliferation of some types of cells [59]. In another example, stiffness was shown 
to be the prime factor behind the response of cells [60]. However, in another study, PPFs 
deposited from oxazoline were almost similar in stiffness but showed a glaring difference 
in the relative viabilities of the cells grown on the different PPFs [61]. Therefore, it does 
appear that cell interaction with any scaffold surface is dependent on a complex interplay 
of factors, and it is not possible to determine the compatibility of a surface based on its 
wettability alone. Particularly, we have shown that in the case of N-rich films, it is pos-
sible to achieve both ends of the spectrum in terms of cell attachment by changing the 
plasma processing parameters even though both the films possess similar surface chem-
istry (Table 2). Earlier studies had concluded a minimum threshold of N% necessary to 
support proliferation of certain types of cells, but as we expand the study to include more 
cells, mechanical and other properties of PPFs come into play [62]. Future studies could 
therefore be directed towards understanding expression of epithelial cell markers such as 
EpCam to understand changes occurring in R-LECs upon exposure to different PPFs.

Immobilization of laminin was found to be highest on PPES surfaces. Both the PPES 
surfaces showed high amount of laminin immobilization, and this resulted in higher cell 
attachment compared to surfaces with no immobilized laminin. Surfaces with sulfur-rich 
groups have been known to display high affinity for proteins, and this explains the higher 
immobilization of laminin on PPES surfaces compared to other PPFs [63]. The high affin-
ity could possibly be due to the formation of disulfide bonds between proteins and the sul-
fur-rich surfaces [64]. There was a difference in the cell attachment levels between the two 
types of surfaces, and this could be attributed to changes produced in the conformation of 
immobilized laminin [65]. Sulfur containing groups are widespread in biological systems, 
and mediate adhesion between protein ligands [66]. This shows the possibility of usage 
of PPES surfaces in applications involving biomolecule immobilization on hydrogels and 
biomaterials surfaces.

Conclusion

Plasma processing parameters for creating water stable and steam-sterilisation resistant 
PPFs on hydrogels were studied. Such films were able to obtain a range of wettability val-
ues, protein adsorption characteristics and mechanical property values. These properties 
provided control over a range of cell proliferation situations. O-rich films have shown the 
ability to enhance cell attachment by a factor of 1.5–1.6, irrespective of the plasma pro-
cessing parameters. Interestingly, N-rich films could be used as cell attachment enhancing 
films (1.6 times untreated hydrogel) as well as anti-fouling coatings (0.25 times untreated 
hydrogel). S-rich conditions can also be used to enhance cell attachment by factor ranging 
from 2 × to 6 × that of an untreated hydrogel surface. The films were also used to covalently 
immobilise laminin, and further enhance cell proliferation and allow control over the type 
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of biomolecule being adsorbed on the contact lens surface. Such surface modified hydro-
gels could be used as cell therapy transfer options to the eye or other parts of the body.
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