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Figure 4-11: Water contact angle for pHEMA and pHEMA HA containing materials either crosslinked or 
loaded. Error bars: SD (n=3) 

4.3.2 Atomic Force Microscopy 

Atomic force microscopy was used to determine whether the incorporation of the 

relatively small amounts of HA into the pHEMA membranes resulted in changes to the 

surface roughness of the materials. Since the curing process was performed using Teflon 

sheets with the other side of the materials being open to the air, not surprisingly, 

significant differences in the roughness of the two sides were observed. Therefore, 

roughness values, presented in Table 4-2, summarize changes to the material on the 

Teflon side as there was considerably less variability than on the air side. Clearly, the 

incorporation of the crosslinked HA resulted in increases in the surface roughness. This 

is the expected result and is consistent with observations of others for materials modified, 

for example, with PEO (Chen, 2005). The hydrophilic HA would be expected to present 

67 



MASc Thesis- M. VanBeek- Chemical Engineering 

itself at the interface, assuming that there are free chains of HA, which would presumably 

result in the formation of a rougher surface. This effect would be expected to be 

enhanced if the hydrogels were analyzed under hydrated conditions, such that any free 

HA chains would be extended into the aqueous solution. Topography images for 

pHEMA, 35kDa and 169kDa HA crosslinked into pHEMA on the Teflon side are shown 

in Figure 4-12, Figure 4-13 and Figure 4-14 respectively. Artifacts from the machined 

Teflon molds are noticeable on the images. It may also be of interest to perform surface 

profilometry measurements of these materials which will provide information about 

roughness on a more macroscopic scale. 

Table 4-2: Root mean square roughness and mean roughness results for all materials for both the Teflon 
and air side. 

Teflon Air 
Material Side Side 
pHEMA 

Root mean square roughness 
(nm) 1.09 4.401 
Mean roughness(nm) 0.832 3.423 

35kDa HA Crosslinked into pHEMA 
Root mean square roughness 
(nm) 1.481 4.519 
Mean roughness (nml 1.118 3.26 

169kDa HA Crosslinked into pHEMA 
Root mean square roughness 
(nm) 2.02 5.104 
Mean roughness(nml 1.728 3.882 
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Digi t a l Instruments NanoScope 
sca n size 2. 000 ~m 
sca n rat e 1. 001 Hz 
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Image Data Height 
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Figure 4-12: AFM surface plot ofpHEMA on the Teflon side of the material. The surface appears very 
smooth but has the presence of a few artifacts or possible surface contamination. 
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Figure 4-13: AFM surface plot of35 kDa HA crosslinked into pHEMA on the Teflon side of the material. 
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Figure 4-14: AFM surface plot of 169 kDa HA crosslinked into pHEMA on the Teflon side of the materia l. 

4.3.3 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy was used to assess the chemical composition of 

the surface. However, a limitation of this technique is that it is performed under high 

vacuum conditions meaning that the composition of the surface may be quite different 

than it would be if the surface was examined under aqueous conditions. A sample high 

resolution carbon Ls scan and a low resolution scan for pHEMA are shown in Figure 4-15 

and Figure 4-16 respectively. Summaries for all high resolution carbon ls scans are 

presented in Table 4-3 while summaries for low resolution scans are shown in Table 4-4. 
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Figure 4-15: High resolution carbon ls scan from XPS analysis for pHEMA material. Possible surface 
contamination noted with the presence of a C-N peak. 
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Figure 4-16: Low resolution surface scan of pHEMA measuring overall amounts of carbon, oxygen and 
nitrogen on the material surface by XPS. 

71 



MASc Thesis- M. VanBeek- Chemical Engineering 

Table 4-3: High resolution carbon ls scans from XPS for materials of interest. A slight increase is noted 
in the C=N for the crosslinked materials, indicating the presence of HA at the surface. The numbers 
represent their respective areas on the curve. 

Binding pHEMA 35kDa HA Crosslinked 169 kDa HA crosslinked into 

Energy [eV] Control into pHEMA pHEMA 

285 62.6 65.6 55.1 

286.66 23.5 17.4 26.8 

289 11.1 9.7 13.7 

288 2.8 7.3 4.4 

Table 4-4: Low resolution scan by XPS of carbon, oxygen and nitrogen for the materials of interest. 

Element pHEMA 35kDa HA Crosslinked into 169 kDa HA crosslinked into 

Control pHEMA pHEMA 

c 76 78.3 73 

0 22.8 20.9 26 

N 1.2 0.8 1 

While there are differences from the expected results, particularly for the pHEMA 

control, these are likely due to the high vacuum conditions under which the samples were 

examined. For example, an unexpected N1s peak was observed on the pHEMA surface, 

presumably due to surface contamination. Furthermore, the carbon to oxygen ratio, 

expected to be approximately 2 to 1, was found to be closer to 3 to 1. Again, this is 

presumably due to the high vacuum environment of the XPS which would be expected to 
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result in the emichment of the more hydrophobic carbon under the hydrophobic XPS 

conditions. 

There were however clear differences between the modified materials and the 

unmodified control, particularly in the high resolution spectra. The Nls peak was also 

present and expected on the HA crosslinked materials although of a slightly lower 

magnitude than on the pHEMA only. The presence ofhigher amounts of nitrogen on the 

surface of the HA containing materials is expected due to the presence of nitrogen in the 

HA and in the amine terminated dendrimer is used to facilitate crosslinking. However, as 

the dendrimer amount is relatively small, its contribution would be expected to be 

relatively minimal. It can be observed that there were changes in the high resolution 

spectra, particularly an increase in the peak at 288 eV. This peak is typically C=O or 0-

C-0. HA contains C=O but no 0-C-0 bonds. The material containing 169 kDa HA also 

showed increases in the peaks at 286.66 and 289 eV which are typical peaks for C-0/C-N 

and 0-C=O/Aromatic rings respectively. HA contains significantly more C-0 bonds 

then pHEMA so these increases are likely due to the presence of the HA at the material 

surface. These increases were not seen on the 35 kDa material. The results in general 

seem to suggest that there is more HA present when the high molecular weight compound 

was used. 

While there are some indications of HA incorporation, overall, the XPS results 

were inconclusive in determining the presence of HA/dendrimer in the crosslinked 

materials. The presence of nitrogen in the pHEMA samples coupled with the lack of an 
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increase in the N 1 s peak suggests that the changes in this element as a result of 

crosslinking are negligible. 

4.3.4 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra are presented in Figure 4-17-Figure 

4-19. Since pHEMA and HA have numerous functional groups in common, it is difficult 

to clearly identify the small amount of HA that is thought to be incorporated into the 

matrix. The primary difference between pHEMA and the crosslinked materials would be 

expected to be in the COOR peak, at a wavelength of approximately 1734.4 cm-1
• The 

presence of HA, with its COOH peaks, would be expected to cause a shift in the COOR 

peak to a slightly lower wavelength. Such a shift is observed in Figure 4-19 with a 

decrease in this peak to 1733.67 cm-1
• It is expected that the addition of more crosslinked 

HA will result in more definite changes to the peak. Consistent with other results, the 

FTIR results clearly demonstrate that only a very small amount of HA is incorporated 

into the pHEMA structure. 
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Figure 4-17: FTIR analysis of pHEMA with characteristic COOR peak found at 1734.4. 

Figure 4-18: FTIR analysis of35 kDa HA crosslinked into pHEMA with no real noticeable differences 
when compared to the pHEMA control. 
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Figure 4-19: FTIR analysis of 169 kDa HA crosslinked into pHEMA. 

4.4 Protein adsorption studies 

4.4.1 Protein adsorption to Commercially Available Contact Lenses 

In order to compare the protein adsorption results obtained with the HA 

containing materials, a study of tear protein adsorption to a variety of commercially 

available contact lenses was conducted. An artificial tear solution containing the four 

most abundant proteins was used. The results are shown in Figure 4-20. Theoretical 

monolayer values for lysozyme and HSA are 207-310 ng/cm2 (Q. Garrett, 1999) a~d 400-

460 ng/cm2 (He, 1992) respectively. 

Both the Acuvue 2 and 1-Day Acuvue, comprised of pHEMA/MA showed 

significantly higher lysozyme sorption then any of the other materials. This measured 

sorption is likely due to the absorption of the protein as the amounts taken up are 
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approximately three orders of magnitude greater than the value of a theoretical monolayer 

of lysozyme. Research has shown that materials such as these, which have a net opposite 

charge to a protein such as lysozyme tend to have higher absorption than neutral 

polymers (Garrett, 2000). These materials showed very similar albumin and IgG 

adsorption values as the other conventional materials, presumably a charge related 

phenomenon but also possible the result of the size difference between lysozyme and 

these proteins. The other conventional materials studied, Proclear and Focus Dailies, had 

significantly less lysozyme adsorption then the 1-Day Acuvue and Acuvue 2 but still had 

significantly more lysozyme adsorption then most of the silicone hydrogels. However, 

these materials had lower overall albumin and IgG adsorption then the silicone hydrogels. 

In contrast, the silicone hydrogel materials had the lowest protein adsorption of 

the materials studied, in most cases adsorbing less than a monolayer of protein. These 

materials can be broken up into two categories; plasma treated silicone hydrogels and 

wetting agent containing materials. The plasma treated silicone hydrogels had 

considerable higher albumin and IgG adsorption then the conventional hydrogels but two 

of the three brands had considerably lower lysozyme adsorption. Those two brands, 

Focus Night and Day and 0 20ptix have complete surface coverage of plasma whereas 

the Pure Vision, which had considerably higher lysozyme adsorption, was treated to have 

islands of silicate. The presence of wetting agents, mainly PVP based, generally resulted 

in a decrease in the levels of adsorption. There were particularly low levels of lysozyme 

present on the Acuvue OASYS lenses for example. These materials also had higher 

albumin and IgG adsorption, comparable to the other silicone hydrogel materials 
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indicating that silicone hydrogels have a tendency to adsorb more albumin and IgG then 

conventional hydrogel chemistry. The relevance of this remains to be determined. 
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Figure 4-20: Protein sorption of radiolabelled lysozyme, albumin and IgG to ten brands of commercial 
contact lenses. Error bars: SD (n=6) 

4.4.2 Protein adsorption to HEMA and HA Hydrogel Materials 

The impact of the addition of HA to the hydrogel materials on adsorption of tear 

film proteins was examined using these lens results as a basis. HA, being hydrophilic, 

was hypothesized to decrease protein adsorption possibly by the same mechanisms as 

PEO (Napper, 1983). The aim of the current work was to determine whether the 
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incorporation of crosslinked HA would result in the formation of a protein repellent 

wettable layer. Furthermore, it was of interest to determine whether similar effects were 

observed with HA which released from the material over the wear period. While it was 

expected that uncrosslinked HA containing materials would release HA for periods of 

only two to four hours, the effect of this release on protein adsorption was determined 

using a two hour protein adsorption from a simulated tear solution. Although the 

crosslinked materials were shown by XPS and FTIR to contain very little HA, it was 

hypothesized that under aqueous conditions this HA would be present at the surface and 

would significantly decrease the levels of protein associated with the materials. 

Figure 4-21 details the lysozyme adsorption to the various materials synthesized. 

The presence of the releasable HA did not significantly affect protein adsorption. Despite 

the fact that the release of the protein was found to occur over a period of at least four 

hours and protein adsorption experiments were carried out over a period of only 2 hours, 

there was little or no effect of the released agent. These results suggest that commercial 

brands such as CIBA Visions Focus DAILIES with AquaRelease, which are reported to 

contain a releasable PV A polymer would not be expected to take up significantly less 

protein as a result of the release of a wetting agent. Furthermore, while these agents are 

PV A based and would therefore be expected to show increased interaction with the lens 

material and therefore slower release, it is likely that, based on the pore size of PV A 

materials and the size of the polymers, controlled release throughout the wear period is 

unlikely. The incorporation of the HA into the pHEMA and crosslinking however 

resulted in a material which showed dramatic decreases in protein adsorption for all of 
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the proteins examined. The adsorbed amounts were below a monolayer of protein in all 

cases, which is surprising since pHEMA would be expected to absorb significant 

amounts of protein. These crosslinked materials had comparable protein adsorption to 

the commercial lens which showed consistently the lowest amounts of adsorbed protein, 

Acuvue OASYS. The Acuvue OASYS lenses also contain an internal wetting agent, 

(PVP), which is not released over time. 
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Figure 4-21: Lysozyme sorption as measured by radiotracer technique on PHEMA, PHEMA +releasable 
HA, PHEMA/crosslinked HA and two leading brands of contact lens for comparison. Error bars: SD (n=6) 

Similar to lysozyme results, surfaces loaded with HA but not crosslinked had 

albumin adsorption values, shown in Figure 4-22, that appear to be the same as pHEMA. 

The crosslinked materials once again yielded much lower values which were roughly 
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10% of those observed with pHEMA, and which were much lower then any commercial 

lens on the market. 
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Figure 4-22: Albumin sorption as measured by radiotracer technique on PHEMA, PHEMA +releasable 
HA, PHEMA/crosslinked HA and two leading brands of contact lens for comparison. Error bars: SD (n=6) 

Somewhat different results were observed for IgG. Surfaces containing unbound 

HA showed decreased IgG adsorption over the control. This suggests that there is still 

some HA at the liquid surface interface, and while in small amounts, it is capable of 

inhibiting the adsorption of high molecular weight proteins such as IgG. When the HA 

is crosslinked in the material, IgG adsorption is further decreased indicating that a higher 

amount of HA is present at the interface, resulting in increase levels of protein repulsion. 
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All values, including the pHEMA control were considerably lower than observed with 

commercially available lenses. 
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Figure 4-23: IgG sorption as measured by radiotracer technique on PHEMA, PHEMA + releasable 
(labeled by only the molecular weight of the HA} HA, PHEMA/crosslinked HA and two leading brands of 
contact lens for comparison. Error bars: SD (n=6) 

One limitation of the protein studies is that this method cannot differentiate 

between adsorbed and absorbed protein. While some values indicate multilayer of 

protein on the surface, it is probable that the materials are absorbing significant amounts 

of protein. Significant absorption would be expected for lysozyme given its low 

molecular weight. The effect of charge in these experiments is expected to be relatively 

small given that pHEMA and HA are non-ionic, although it is likely significant with 

methacrylic acid containing lens materials. Therefore, the observed differences in protein 
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adsorption are the result of molecular weight, protein concentration, protein affinity, and 

protein conformation. This study was also unable to determine the state of the protein 

which is also important and which has been shown to be different depending on the 

composition of the lens and is a parameter that should be examine prior to further 

development of these materials. 

In the current work, two molecular weights of hyaluronic acid were examined. 

Protein adsorption results indicate that molecular weight of HA incorporated into the 

material has no impact on the protein adsorption. However, the molecular weight of HA 

was shown to play an important role on loading. Increased loading of the lower 

molecular weight HA would be expected due to its higher solubility and due to its smaller 

size. In comparison, the 169 k:Da HA is barely soluble at lOg/L. However, as a result of 

its relatively small size, it would also tend to be released faster during the EDC 

uptake/crosslinking step and this may result ultimately in a decrease in the amount ofHA 

present in the pHEMA membrane. 

Beta lactoglobulin, also included in the tear solution, was used as a substitute for 

tear lipocalin, the appropriate tear film component. Both proteins have similar molecular 

weight and isoelectric points but beta lactoglobulin is easily commercially available. 

However the 125I binding affinity of this protein resulted in low specific radioactivity and 

high free iodide. Therefore, extensive adsorption studies were not carried out with this 

protein. 

Protein sorption studies were able to demonstrate that the incorporation of very 

small amounts of crosslinked hyaluronic acid into a pHEMA backbone results in a 
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decrease in the sorption of tear proteins. While studies were only conducted on three tear 

proteins, given the vast differences in the properties of the proteins examined it is 

reasonable to conclude that decreased protein adsorption would be observed with a much 

broader range of proteins than were examined in the current study. However the effect of 

increased amounts of HA crosslinked into the surface should be further explored. The 

materials synthesized in the current work showed lower protein adsorption then any of 

the commercial lenses examined. 

It would appear that the HA is capable of providing an environment that 

suppresses protein adsorption. The mechanism by which this occurs is unclear, although 

given the increased water content, and higher hydrophilicity, it is probable that HA 

behaves in a manner similar to PEO on a biomaterial surface, in effect blocking protein 

adsorption. PEO has been widely examined for its ability to decrease the adsorption of 

proteins to biomaterials surfaces. 

While the exact mechanisms are largely unknown, it is possible that even small 

amounts of HA at the interface bind water in such a manner that any protein approaching 

the solid interface causes compression of the free HA chains which results in unfavorable 

thermodynamics for protein adsorption. It is also possible that the decrease in protein 

sorption is a result of significant decreases in protein absorption. Lysozyme penetration 

studies for Acuvue OASYS showed that nearly all protein was at the surface, perhaps 

indicating that wetting layer suppressed absorption of lysozyme (Zhang, 2006). 

Regardless, HA crosslinked materials seem to result in considerably less protein fouling 
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than other modifications. The translation of this result into other desirable factors such as 

lubricity for example remains to be determined and are beyond the scope ofthis study. 

4.4.3 Silicone Hydrogel Lysozyme Adsorption 

Preliminary protein adsorption studies were performed usmg model silicone 

hydrogel materials prepared using ratios of TRIS and pHEMA in order to determine 

whether similar levels of protein repulsion were possible with these materials. In this 

case, lysozyme adsorption from a simulated tear solution was used to examine the 

potential of this modification for reducing protein fouling on these materials. Any 

unreacted monomer or free HA was extracted by soaking in water for a period of 4 days. 

Figure 4-24 summarizes adsorption results for the low and high TRIS content hydrogels. 

Samples labeled 35kDa or 169kDa indicate the presence of crosslinked HA in the 

hydrogel. Control represents materials which had no modification. Ratios shown are 

indicative of the TRIS:pHEMA ratio. Consistent with the results obtained for the 

pHEMA only materials, the presence of crosslinked HA was shown to result in 

significant decreases in lysozyme adsorption when compared to unmodified controls. A 

slight trend was noted in the 10%-2% TRIS to pHEMA range showing increased TRIS 

ratios resulted in decreased lysozyme adsorption. However a similar trend was not 

observed for the high TRIS content materials. This difference may be the result of 

fundamental differences in the mechanisms of protein adsorption with these materials -

absorption would be expected for the high HEMA content materials, while the addition of 
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higher amounts of TRIS would be expected to shift the interactions to one which is much 

more one of adsorption. 
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Figure 4-24: Lysozyme adsorption to TRIS containing silicone hydrogels. Numbers along x-axis 
represents the TRIS:pHEMA ratio used to prepare the material. Molecular weights indicate the presence of 
crosslinked HA in the sample while Control represents unmodified materials. The presence of crosslinked 
HA significantly decreases lysozyme adsorption for all materials. Error bars: SD (n=3-6) 
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5. Conclusions 

5.1 Conclusions 

In this work, pHEMA hydrogels and silicone hydrogels were modified to 

incorporate hyaluronic acid as a wetting agent, either releasable or crosslinked. In all 

cases, the loading of HA in the disks used was too small to quantify using a balance. 

Releasable high molecular weight HA was shown to have fast release kinetics. 

Approximately 80% of the HA was released in the first 20 hours in solution as measured 

by fluorometric analysis. While this release profile is acceptable for one day disposables, 

it is unacceptable for extended wear lenses. 

Surface analysis by water contact angles demonstrated that the crosslinking 

modification resulted in more hydrophilic surfaces which remained constant throughout 

the four hour study. This suggested that the HA was physically entrapped in the hydrogel 

membrane by the crosslinking technique. Chemical analysis of crosslinked materials was 

conducted by FTIR and XPS. Only slight, inconclusive changes were observed which, 

taken together with the water uptake and contact angle measurements, indicated that the 

amounts of HA entrapped are relatively small. The presence of HA in materials was 

confirmed by DSC with increases in glass transition temperatures for HA containing 

materials. Optical transparency was not impacted by the presence of 35 kDa crosslinked 

HA but slight decreases in optical transparency were observed by UV spectroscopy for 

materials containing crosslinked 169 kDa HA, particularly at higher wavelengths. 
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Extensive studies measuring the competitive adsorption of lysozyme, albumin and 

IgG were conducted on the modified materials as well as on many commercial contact 

lenses as a method of comparison. Releasable HA showed no effect on protein 

adsorption as compared to a pHEMA controls, with the exception the adsorption of IgG 

onto releasable 169kDa HA which showed moderate decreases over control. This was 

thought to be the result of the presence of small amount of HA at the surface being 

capable of blocking the large molecular weight protein. Conversely, the crosslinked HA 

materials showed considerable decreases in protein adsorption for all proteins studied. 

These decreases resulted in levels of associated protein which were well below the values 

for all the conventional contact lens materials studied. It was hypothesized that 

crosslinked HA presents a similar interface to surface repelling modifications such as 

PEO. In terms of protein adsorption, even small amounts of crosslinked HA in the 

material showed drastic decreases in protein adsorption. 

Preliminary work on model silicone hydrogel materials containing crosslinked 

wetting agents demonstrated that, similar to the pHEMA system, the presence of 

crosslinked HA resulted in significant decreases in lysozyme adsorption. This further 

demonstrates the potential of physically entrapped HA for use as a low fouling material 

in biomaterials applications and in particular as a contact lens material. 
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5.2 Recommendation for Future Work 

A number of additional studies are suggested to more fully examine the potential 

of these materials as protein repelling surfaces. 

• Future work in quantifying the HA loading on the material by casting the 

pHEMA system on a crystal in order to perform high accuracy mass 

measurements by quartz crystal microbalance are suggested. This method will 

further allow for quantification of the amount of crosslinking that is occurring. 

• Protein and lipid penetration studies by confocal microscopy analysis should be 

conducted to understand the localization of proteins and lipids are in the material. 

This analysis may help to better understand the mechanisms of protein repulsion 

by these materials. 

• Increasing the amount of HA loading and crosslinking should also be explored. 

In the current study, two molecular weights were used at the same loading 

concentrations due to the solubility limit of the higher molecular weight HA. In 

future studies, lower molecular weight HA could be used as it has considerably 

higher solubility. By increasing the initial concentration of the HA loading 

solution, it may be possible to increase the loading. Alternatively, increased 

loading may be facilitated by performing many repeats of HA loading and 

crosslinking on the same samples. While less economic for commercial 

applications, this method has the potential to result in highly crosslinked HA 

networks and will allow for the full potential of these materials to be examined. 

Increased loading would be expected to result in conclusive HA detection by 
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XPS and FTIR analysis. Additional studies should be conducted to measure the 

effect increased loading has on optical transparency, contact angles, mechanical 

properties and protein adsorption. 

• Additionally, AFM studies should be performed using a hydrated system rather 

then the dry system utilized. This method would produce much more applicable 

results to real world systems and perhaps give an indication of the lubricity of the 

materials. 

• Further studies should be conducted on silicone hydrogel materials, including, if 

possible, studies incorporating HA into commercially available lenses. Also, a 

more commercially relevant silicone hydrogel model should be studied rather 

then the simple TRlS/pHEMA model used for this study. 

• Ultimately, it would be interesting to explore this modification in other areas 

where protein repelling surfaces are required, including perhaps modifying 

commonly used blood contacting biomaterials such as poly urethane to determine 

its effect on protein adsorption. 
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