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1.0 — Abstract

The use of simulated body fluid (SBF) is widely used as a screening technique to assess the ability
of materials to promote calcium phosphate formation. This paper details the use of CO, laser
surface treatment of nylon® 6,6 to modulate calcium phosphate formation following immersion in
SBF for 14 days. Through white light interferometry (WLI) it was determined that the laser surface
processing gave rise to maximum Ra and Sa parameters of 1.3 and 4.4 um, respectively. The use
of X-ray photoelectron spectroscopy (XPS) enabled a maximum increase in surface oxygen
content of 5.6 %at. to be identified. The laser-induced surface modifications gave rise to a
modulation in the wettability characteristics such that the contact angle, 6, decreased for the whole
area processed samples, as expected, and increased for the patterned samples. The increase in 0
can be attributed to a transition in wetting nature to a mixed-state wetting regime. It was seen for
all samples that calcium phosphate formed on each surface following 14 days. The largest increase
in mass, Ag, owed to calcium phosphate formation, was brought about by the whole area processed
sample irradiated with a fluence of 51 Jem™. No correlation between the calcium phosphate
formation and the laser patterned surface properties was determined due to the likely affect of the
mixed-state wetting regime. Strong correlations between 0, the surface energy parameters and the
calcium phosphate formation for the whole area processed samples allow one to realize the
potential for this surface treatment technique in predicting the bone forming ability of laser

processed materials.
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2.0 — Introduction

With an ageing population there is an ever increasing demand for biological implants [1]. These
needs have to be significantly met so that costs and the need for unnecessary surgery are
considerably reduced. Consequently, it is imperative for the biomedical industry to develop a cost-
effective method to manufacture cheap implants which can be used in confidence to ensure a
dramatic reduction in failure rates. Surface treatment techniques currently available within the bio-
technology industry for surface modification are somewhat limited and expensive, involving
numerous processing steps [2-5]. This will have a major impact upon the industry insofar as it will
hinder expansion and seriously limit the applications for polymers due to insufficient surface
properties. Lasers offer a unique means of surface treatment in that they can accurately modify a

number of surface parameters simultaneously leaving the bulk unchanged. Previous work has



shown that these laser-induced surface modifications have a relationship with the wettability
characteristics for nylon® 6,6 [6,7]. Furthermore, it has been evidenced that there is a relationship
between the wettability characteristics and bioactive nature of the nylon® 6,6 in terms of

osteoblast cell growth [8].

Nylon® 6,6 has been used for such biological applications as sutures, tracheal tubes and
gastrointestinal segments [9]. With regards to orthopaedic applications it can be seen that nylon®
is not commonly employed due to the hygroscopic nature having a large affect on the mechanical
properties over long periods of time [10]. Having said that, the use of nylon® 6,6 within this work
gives high value experimentally insofar as to ascertain generic factors for polymeric materials
which could be used to predict the biofunctionality. Also, by modifying the surface of polymeric
materials it may be possible, in the future, to identify other biological applications. On account of
nylon® 6,6 being a relatively inexpensive polymer when compared to other polymer types, by
identifying other applications for this material the biological industry would benefit by being able

to implement cheaper, more economic bio-implant materials.

It is crucial that the bioactivity of the materials employed is sufficient in order to ensure that the
failure rate of the implants is kept to a minimum. This can be done by ensuring that, through
extensive testing methods, a biomaterial incites adequate cell adhesion and proliferation to allow
for the biological environment to accept the biomimetic material. It is essential for implants to be
accepted and integrated into the biological environment as quickly as possible as increased
integration time would give rise to the possibility of common clinical problems such as loss of
tissue in the vicinity of the implant or the implant becoming loose allowing for discomfort or pain
to the patient [11]. As a result of this, in order to achieve the best possible results from a polymeric
biomaterial a range of skills are required that span over multiple disciplines. As such, throughout
the research of many over this multi-disciplinary subject it has been realized that both the bulk and
surface properties of all biomaterials hold the ability to influence the degree of bioactivity [8,12-

14].

Simulated body fluid (SBF) is a metastable calcium phosphate solution with an ion concentration
approximately equivalent to that of human blood plasma. It is widely accepted as a screening
technique to assess the bone forming potential of materials [15]. This is owed to the fact that the
bioactivity of almost all orthopaedic biomaterials has a strong relationship with the ability of that
material to promote the formation of bone-like carbonite apatite crystals [16-18]. What is more,
this apatite layer associates specific bone proteins which are crucial for any form of bone

reconstruction [19].



It should also be noted that, like many in vitro experiments, employing SBF does not fully
reproduce the in vivo environment for bone formation and may produce misleading results. But, as
stated by Roach [15], in vitro techniques using SBF allows one to conduct rapid screening for bone
formation. As a result, this paper details a study involving the affects of CO, laser surface
treatment of nylon® 6,6 on calcium phosphate formation following submersion in SBF.
Furthermore, generic surface parameters and wettability characteristics are discussed which are
believed to have the potential to give the ability of predicting the bioactive nature of the given

material.

3.0 — Experimental Technique
3.1 - Nylon® 6,6 Material

The nylon® 6,6 (Ty: 255°, p: 1.3 gem™) was sourced in 100 mm? sheets with a thickness of 5 mm
(Goodfellow Cambridge, Ltd). To obtain a conveniently sized sample for experimentation the as-
received nylon® sheet was cut into 20 mm diameter discs using a 1 kW continuous wave (cw) CO,
laser (Everlase S48; Coherent, Ltd). No discernible heat affected zone (HAZ) was observed under

optical microscopic examination.

3.2 — Laser Processing Procedures
3.2.1 - CO;, Laser-Induced Patterning

In order to generate the required marking pattern with the 10 W CO, laser system (10 W; Synrad,
Inc.), Synrad Winmark software version 2.1.0, build 3468 was used. The nylon® 6,6 samples were
placed into the laser system onto a stage in which they were held in place using a bracket with a
20.5 mm diameter hole cut into the centre of the bracket. The focal length was 250 mm away from
the output facet of the laser system and the system employed a galvanometer scanner to scan the
95 um spot size beam directly across the stationary target material. It should be noted that the laser
processing system was held in a laser safety cabinet in which the ambient gas was air and an

extraction system was used to remove any fumes produced during laser processing.

Four patterns were induced onto the surfaces of the nylon® 6,6 samples; these were trenches with
50 um spacing (CT50), hatch with 50 um spacing (CH50), trenches with 100 um spacing (CT50)
and hatch with 100 um spacing (CH100). In addition, an as-received control sample was used
(AR). The laser power was set to 70% (7 W) operating at 600 mms™ for each of the irradiated

patterns.



3.2.2 - CO, Laser Whole Area Irradiative Processing

A cw 100 W CO, laser (DLC; Spectron, Ltd) was used to scan a Smm diameter beam across the
target sample with one pass in order to irradiate the test area with an irradiance of 510 Wem?. By
using a galvanometer, scanning speeds of 150, 100, 75, 50, 25 and 20 mms™ were used to irradiate
six samples with effective fluences of 16.84 (samples CWA17), 25.51 (sample CWA26), 34.18 (
sample CWA34), 51.02 (sample CWAS51), 102.04 (sample CWA102) and 127.55 (sample
CWA128) Jem™, respectively. As with the laser-induced patterning, experimentation was carried

out in a laser safety cabinet in which the ambient gas was air.

3.3 — Topography, Wettability Characteristics and Surface Chemistry Analysis

Following laser surface treatment 3-D profiles were determined for each sample using a white light
interferometer (WLI) (NewView 500; Zygo, Ltd) with MetroPro and TalyMap Gold Software. The
WLI was set-up using a x10 Mirau lens with a zoom of x0.5 and working distance of 7.6 mm. This
system also allowed Sa and Ra roughness parameters to be determined for each sample. Sa can be
defined as the arithmetic average of the absolute values over the whole of the laser surface treated

area and Ra the arithmetic average of the absolute values along a single specified direction.

Prior to any wettability study, the samples were ultrasonically cleaned in isoproponal (Fisher
Scientific Ltd., UK) for 3 minutes at room temperature. This was to allow for a relatively clean
surface prior to any contact angle, 6, measurements being taken. After that, the samples were dried
using a specimen dryer (Metaserv, Ltd., UK). A sessile drop device (OCA20; Dataphysics
Instruments, GmbH) was then used with relevant software (SCA20; Dataphysics Intrsuments,
GmbH) to allow the recent advancing 0 for triply distilled water and diiodomethane to be
determined for each sample. Thereafter an OWRK plot was drawn using the advancing 6 for the
two liquids to determine the surface energy each sample. For the two reference liquids the SCA20
software used the Strom et al technique (triply distilled water — SFT(total:72.80), SFT(D:21.80),
SFT(P:51.00); diiodomethane — SFT(total:50.80), SFT(D:50.80), SFT(P:0.00)) to calculate the
surface energies of the samples. To obtain a statistical mean ten 6, using two droplets in each
instance, were recorded for each liquid and surface. By carrying out these measurements the total
surface energy, y', and polar component, ¥, was established for each laser processed nylon® 6,6

sample.

To ascertain any surface modifications in terms of surface oxygen content all samples were
analysed using x-ray photoelectron spectroscopy (XPS). Further details of the XPS setup can be
found in [20].



3.4 — Simulated Body Fluid (SBF) Procedure

Prior to experimentation all samples and apparatus were autoclaved if not already sourced in sterile
packaging. The samples were then placed into sterile 30 ml glass containers, immersed in 30 ml of
simulated body fluid (SBF) and placed into an incubator to keep the temperature constant at 37°C

for 14 days. The SBF was prepared in accordance with previous work [20].

3.5 — Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray Spectroscopy
(EDX) of SBF Immersed Samples

Prior to being immersed in the SBF the nylon® 6,6 samples were weighed using a balance (S-403;
Denver Instrument, GmbH) which had a readability of 0.001 g. Once the 14 days had elapsed the
samples were removed from the SBF, rinsed lightly with distilled water and allowed to air dry in a
clean room. Once fully dry the difference in weight, Ag, before and after being immersed in the
SBF was determined. The samples were then gold coated and analysed using scanning electron
microscopy (SEM). Furthermore, during the SEM analysis the samples were analysed using EDX
in order to identify elements present on the surface of the nylon® 6,6 samples following

immersion in SBF.

4.0 — Results and Discussion
4.1 — Topography
4.1.1 - CO, Laser-Induced Patterning

Through previous work it has been established that the CO, laser-material interaction is that of a
thermolytical nature which gave rise to melting and resolidification [6,8]. As one would expect,
scanning a predetermined pattern across the nylon® 6,6 surfaces gave rise to a significant variation
in topography when compared to the as-received sample (AR). This is more apparent when
comparing the 3-D profiles and profile extractions of the as-received sample (see Figure 1) and the

laser patterned samples (see Figure 2).

From Figure 1 and Figure 2 it can be seen that the CO, laser-induced patterned samples had
considerably rougher surfaces with the largest peak heights being of the order of 2 pm in contrast
to the as-received sample which had peaks heights of up to 0.2 um. On account of this increase in
peak heights for the CO, laser-patterned samples the surface roughness (see Table 1) increased
considerably with the largest Sa of 0.4 pm being achieved with the 50 pm hatch sample (CH50). It
is given in Table 1 that the patterned samples with scan dimensions of 50 um (samples CT50 and
CHS50) had larger Sa roughness values when compared to the samples patterned with 100 um scan
dimensions (samples CT100 and CH100). This can be attributed to the fact that the 50 um scan



dimensions irradiated more of the sample giving rise to an increase of mass being melted and re-
solidified. Also, it can be seen from the Table 1 that the roughness for the hatch patterns had
decreased in comparison to the trench patterns. This can be explained by the laser re-melting
sections of the nylon® 6,6 surface owed to the scanning process of the system. By re-melting these
sections the material could then have re-solidified into a smoother surface topography, eradicating

the natural periodicity of the initial induced pattern.

The profile extractions shown in Figure 2 indicate that a high level of periodicity arose in the
topography for most of the laser patterned samples. Having said that, it is evident that from Figure
2 that the 50 um patterns (CT50 and CH50) had the least periodicity, which can be attributed to the
fact that the beam spot size was 95 um and consequently allowed the scans to significantly
overlap, eliminating the natural periodicity of the original scanned pattern. This would allow one
to explain the surface Sa roughness increase as seen in Table 1 as the scanned 50 um dimensioned
patterns (samples CT50 and CH50) had up to a three times larger Sa values compared to the 100
um scan dimensioned nylon® 6,6 samples (samples CT100 and CH100). Another point of interest
which is shown in Figure 2 is that sharp steep gradients arose on account of the CO, laser-induced

patterning of the nylon® 6,6 samples.
4.1.2 - CO, Laser Whole Area Irradiative Processing

From Figure 3 it can be seen that the CO, laser whole area irradiative processing of the nylon® 6,6
gave rise to a significantly modified surface, especially with those samples which had been
irradiated with large fluences (samples CWA102 and CWA128). This was due to more melting
taking place arising from the significantly larger temperature rise owed to the large fluences

incident on the nylon® 6,6 surfaces.

Figure 3 also allows one to see that there was further evidence of considerable melting on account
of one being able to identify craters left from evolved gases breaking at the surface. This is
especially apparent for sample CWA102 and sample CWA128 which had larger incident fluences
(see Figure 3(e) and Figure 3(f)). Leading on from this, the extent of melting can be further
identified through the profile extractions (see Figure 3) which show that peak heights of 10 to 15
um was achieved for those samples with incident fluences of 102 and 128 Jem™ (samples
CWA102 and CWA128). It should also be noted here that as the fluence used for samples CWA17
(see Figure 3(a)) and CWAZ26 (see Figure 3(b)) appeared experimentally to be close to that of the
laser-material interaction threshold, qualitatively there did not appear to be significant difference

between the topographies observed for them and that of the as-received sample (see Figure 1).

4.2 — Wettability Characteristics and Surface Oxygen Content
4.2.1 - CO, Laser-Induced Patterning

Table 1 gives a summary of the results obtained for each of the nylon® 6,6 samples including

surface roughness, y', surface oxygen content and 0. Current theory states that for a hydrophilic



material such as nylon® 6,6 an increase in roughness and surface oxygen content should bring
about a reduction in 6 [12]. However, Table 1 shows that this was not the case for the CO, laser-
induced patterned samples as 6 had increased by up to 10° even though a maximum increase in Sa
was determined to be around 0.6 pm when compared to the as-received sample (AR). As
hypothesized previously [6,8], this phenomenon can be explained by the existence of a mixed-state
wetting regime [21-22] in which both Cassie-Baxter and Wenzel regimes coexist over the material-
liquid interface. This mixed-state wetting regime can also account for the observed reduction in
apparent y* and apparent y" with " reducing by up to 8 mJm™ and y" reducing by up to 7 mJm~
when compared to the as-received sample (AR) which had y° and y" values of 17.69 and 47.34

mJm?, respectively.

Figure 4 shows that 6 was to some extent an inverse function of both y" and y" in which 0 reduced
on account of an increase in y* and y". This is highly significant as even though 0 has, in general,
increased upon an increase in surface roughness (see Figure 5), v and y' must still play an
important role in determining the wettability of laser surface modified nylon® 6,6. In terms of
surface roughness, Figure 5 shows the correlation observed between 0 and the surface roughness
parameters Ra and Sa. It can be seen from Figure 5(a) that 0 did not appear to have any correlation
between Ra; however, Figure 5(b) suggests that an increase in Sa gave rise to an increase in 0 up to
0.4 um. This could be important as it may indicate a transition in wetting regimes on account of

how the liquid droplet sits in equilibrium on the rough periodic laser-modified nylon® 6,6 surface.
4.2.2 - CO, Laser Whole Area Irradiative Processing

The CO, laser whole area irradiative processed samples corresponded with current theory such that
the reduction in @ arose from the surface roughness, y* and y" increasing. Furthermore, From Table
1 it is possible to deduce that 6 for sample CWAS]1 increased in comparison to the as-received
sample (AR). This could be on account of the presence of a mixed-state wetting regime as
mentioned earlier in Section 4.2.1, even though the surface roughness increased, apparent y°
decreased and surface oxygen content increased. From Table 1 , in comparison to the as-received
sample (AR) the largest decrease of 13° in 6 was found to arise from sample CWA128 which had
the largest incident fluence of 128 Jem™

Also, it has been observed that there was an inverse correlation between y", y' and 0. In order to
confirm what was observed from the results given in Table 1, Figure 4 shows graphically that
following CO, laser whole area irradiative processing 0 was an inverse function of y* and, to some
extent an inverse function of y'. Following on, further confirmation that these samples
corresponded to current theory was determined by Figure 5 which shows that with the exception of
sample CWAS51 the CO, laser whole area irradiative processed samples gave rise to a 6 with an

inverse function correlation with the surface roughness parameters Ra and Sa.

4.2.3 — Comparison Between CO, Laser-Induced Patterning and CO, Laser Whole Area
Irradiative Processing



Owed to the different processing techniques giving rise to variations in wetting natures for the
nylon® 6,6 it is likely that surface oxygen content may not be the main driving force for
wettability. This is because the surface oxygen content increased in all instances by up to 2 %at.
for the patterned samples and up to 5 %at. for the whole area irradiated samples. The increase in
surface oxygen content can be attributed to the thermolytical interaction between the nylon® 6,6

material and the CO, laser beam.

Upon analyzing the CO, laser-induced patterned surfaces it was found that the y' and y* had
decreased by up to 7 mJm™ and the surface roughness had considerably increased. It was found
that y* and y" for the samples studied were both a decreasing function of the 0, which correlates
with current theory; however, current theory states that 0 for a hydrophilic surface should decrease

upon increasing surface roughness which has not been seen throughout this experimentation.

It is proposed here that a change from the Wenzel regime to a mixed-state wetting regime was the
likely reason for the observed increase in 0 for the CO, laser-induced patterned nylon® 6,6 [22,23]
So, the surface roughness along with the induced pattern yielded a water droplet which was held in
an intermediate state such that both wetting regimes coexisted .This is a likely explanation as to
how an increase in 0 and reduction in apparent y* was observed for the laser patterned samples and
still be hydrophilic. Therefore, in this instance the topographical surface pattern appeared to
manipulate the wettability characteristics of the laser surface treated nylon® 6,6. What is more,
following whole area irradiative processing an increase in surface roughness, increase in y* and y'
gave rise to a reduction in 0. This further suggests that the induced patterns had a large impact on

the wetting regime.

One can see from Figure 4 that O was an inverse function of both y* and y' when collating the
results for the CO, laser-induced patterned samples and CO, laser whole area irradiative processed
samples. This allows one to identify that all samples corresponded to the theory that an increase in
surface energy components gives rise to a reduction in 0 even though an increase in 0 was

observed for the CO, laser-induced patterned nylon® 6,6 samples.

Figure 5 shows that there did not seem to be any specific correlation between 6 and the surface
roughness parameters. This is on account of the samples with Ra and Sa values slightly higher than
the as-received sample (AR), between 0 and 1 um, giving rise to an increase in 6 of up to 15°. This
can be primarily seen to be on account of the CO, laser-induced patterned samples in which a
mixed-state wetting regime likely occurred to give an increase in 6 even though a reduction in

surface energy components and an increase in surface roughness was observed.

4.3 — Calcium Phosphate Formation
4.3.1 - CO, Laser-Induced Patterning



Following immersion in SBF only a very small amount of sediment was present on the as-received
sample (see Figure 6(a)) in comparison to the other samples which had undergone CO, laser-induced
patterning (see Figures 6(b) to (e)). It is also apparent from Figure 6(b) and 6(e) that the sediment
preferentially formed around craters which arose due to evolved gases breaking at the surface during
the melting. This highlights that it may be possible to construct a polymeric surface which allows
selective calcium phosphate formation giving rise to selective positioning for the growth of osteoblast
cells.

It is also significant to note that each of the CO, laser-induced samples and as-received sample (AR)
gave rise to an increase in mass which can be attributed to the formation of the sediment which was
identified in Figure 6. Figure 7 shows that the CO, laser-induced patterned nylon® 6,6 samples
(CT50, CT100, CH50 and CH100) gave rise to a larger increase mass when compared to the as-
received sample (AR) by up to 0.015 g. Furthermore, Figure 7 shows that the increase in mass for all
of the CO, laser-induced patterned samples was around 0.026 g which suggests that in terms of
calcium phosphate formation there was no difference between any of the CO, laser-induced patterned

nylon® 6,6 samples.

4.3.2 - CO, Laser Whole Area Irradiative Processing

Figure 8 shows the SEM micrographs for the CO, laser whole area processed samples, allowing one
to see that more sediment adhered to the surface when compared to the as-received sample (see Figure
8(a)). When comparing the CO, laser whole area irradiative processed samples on their own it can be
seen from Figure 8(e) and Figure 8(f) that the samples irradiated with the largest fluences of 102 and
128 Jem™ (CWA102 and CWA128) appeared to give rise to calcium phosphate preferentially forming

around the craters that arose from the laser processing.

Figure 7 shows a histogram of the difference in mass, Ag. For the CO, laser whole area irradiative
processed samples this confirms that Ag increased considerably when compared to the as-received
sample (AR). The increase in mass for the CO, laser whole area irradiative processed samples had
increased by at most 0.05 g with the as-received sample giving an increase in mass of only 0.018 g.
Another factor which can be taken from Figure 7 is that the increase in mass steadily increased from
sample CWA17 to sample CWAS51which gave the largest increase in mass of 0.05 g in comparison to
the other CO, laser whole area irradiative processed samples. This could be noteworthy as it suggests
that an operating window to give the most optimum calcium phosphate formation is possible owed to
the fact that fluences greater than 51 Jem™ (sample CWA 102 and CWA128) gave the lowest increase
in mass of 0.03 and 0.025 g, respectively.

4.3.3 — Comparison Between CO, Laser-Induced Patterning and CO, Laser Whole Area

Irradiative Processing

It has been confirmed from Figure 6 and Figure 8 that calcium phosphate, following immersion of the

samples in SBF for 14 days, formed on all of the nylon® 6,6 samples studied. Visually, it can also be



seen that more sediment had formed upon the CO, laser whole area irradiative processed samples.
What is more, with those samples which had craters formed as a result of the evolved gases the
sediment appeared to be preferentially forming around them. This is a very interesting result as it
suggests that both of the CO, laser processing techniques could be implemented for processing

nylon® 6,6 samples for selective osteoblast cell growth.

From Figure 7 it can be seen that the CO, laser whole area irradiative processed nylon® 6,6 samples
gave rise to a more enhanced calcium phosphate layer response insofar as there was more sediment
present following 14 days of immersion in SBF which inherently gave rise to a significant increase in
mass. With regards to the CO, laser-induced patterned samples it was found that there was an
equivalent mass increase for all samples of around 0.03 g. In contrast, the CO, laser whole area
irradiative processed samples gave a more modulated response in that the difference in mass increased
steadily up to 0.05 g as a result of larger incident fluences until 51 mJm?, beyond which Ag reduced
which was similar to that of the CO, laser-induced patterned samples. On account of the larger
increase in mass for most of the CO, laser whole area irradiative processed samples it is reasonable to
say that the compared to the as-received sample (AR) and the CO, laser-induced patterned samples,
the CO, laser whole area irradiative processed samples gave rise to a more biomimetic nylon® 6,6
surfaces allowing for a more sufficient surface for osteoblast cell growth and proliferation. In addition
to this, it is possible to deduce from Figure 7(a) that there appeared to be a potential threshold fluence
between 51 and 102 Jem™ beyond which the calcium phosphate formation was less enhanced

compared to the other CO, laser whole area irradiative processed samples.

Figure 9 shows the surface elemental data for the as-received sample (AR) and a typical CO, laser
surface modified, indicating that phosphorous and calcium was present on the surface of the nylon®
6,6 samples, following the formation of the calcium phosphate. This is of importance due to
phosphorous and calcium having to be present which would inherently increase the bioactivity of the

material in terms of bone-bonding ability.

4.3.4 — Wettability Characteristics and Surface Parameters

Figure 7(a) shows a histogram of the increase in mass for each sample in relation to 6. In terms of 6 it
can be said that for all of the CO, laser-induced patterned nylon® 6,6 samples there did not appear to
be any correlation between the sediment formation and 0. This could be owed to the transition in
wetting regime, as discussed in Section 4.2, playing a significant role in the biomimetic nature of the
nylon® 6,6 samples. On the other hand, the CO, laser whole area laser irradiative processed samples
shown in Figure 7(a) corresponded somewhat to the variation in 6. Since, for those samples with
incident fluences between 17 and 51 Jem™ (CWA17, CWA26, CWA34 and CWAS51) an increase in 0
gave rise to an increase in Ag. Beyond the fluence of 51 Jem™ it was found that upon a decrease in 0
the increase in Ag became considerably less for sample CWA102 and CWAI128. This could be
accounted for by the nylon® 6,6 becoming too hydrophilic or too toxic. That is, materials that are too
hydrophilic are well known for their cell-repellant properties and hinder the initial protein adsorption

needed for a positive cell response [23,24]. Another explanation for this observed phenomenon can be



attributed to a potential increase in surface toxicity whilst oxidation took place during the laser surface
treatment. This is on account of the nylon® 6,6 potentially becoming excessively toxic through
degradation of the nylon® 6,6 surface giving rise to toxic substances which could hinder the

formation of calcium phosphate [25,26].

The relationship between 6 and increase in Ag can be further seen in Figure 7(b) if one was to neglect
those data points from the as-received sample and CO, laser-induced patterned samples (data points
between 55 and 67° with Ag values of between 0.01 and 0.03 g). By neglecting these data points one
can see that for the CO, laser whole area irradiative processed samples gave a positive correlation in
which an increase in 6 gave a linear increase in Ag. By taking into account those data points plotted
for the as-received sample and CO, laser-induced patterned samples it can be seen from Figure 7(a)
that for the entire CO, laser processed samples there was not a correlation between 6 and increase in
Ag. This indicates that on account of the different surface processing techniques there are different
driving parameters for the biomimetic nature of the nylon® 6,6 material irrespective of the fact that

the same wavelength was implemented to carry out both of the surface processing in this instance.

From Figure 10(a) one can see that there was no correlation between Ag for the CO, laser-induced
patterned samples and y* which can be attributed to the differences in wetting regime as discussed in
Section 4.2. With regards to the CO, laser whole area irradiative processed samples it can be seen that
for these samples there was a correlation between the observed increase in mass and variation in y’.
Since, Ag increased upon a reduction in y* and can be further confirmed using Figure 10(b) if the as-
received and CO, laser-induced patterned sample data points were neglected (data points of y"

between 10 and 20 mJm™ with Ag values of below 0.03 g). Upon neglecting these data points it is
possible to ascertain that for the CO, laser whole area irradiative processed samples the increase in Ag
was a reducing linear function of the measured y°*. What is more, as discussed previously with regards
to 0, this none correlation between y" and the increase in mass for the entire CO, laser processed
samples indicates that the emphasis of biomimetic properties may be on surface processing technique

rather than the laser wavelength used.

Figure 11(a) shows that in terms of the increase in mass for the entire CO, laser processed samples
there was no correlation between y' and Ag. This is on account of the CO, laser-induced patterned
samples giving equivalent increases in Ag even though a variation in y' was observed. Also, the none
correlation can be accounted for by the fact that the CO, laser whole area irradiative processed
samples did not follow the trend in that an increase in y' upon an increase in incident fluence did not
elicit a similar response for Ag as was seen in terms of 0 and y*. With this in mind, it can be stated that
for the CO, laser processed samples y' may not a dominating parameter in terms of biomimetic

nature.

Figure 12(a) gives the relationship between the surface oxygen content and the measured Ag for the
entire CO, laser processed samples and shows that like for all of the other surface parameters and
wettability characteristics, the CO, laser-induced patterned samples did not correlate to any trend with

the rise in surface oxygen content. As discussed previously this could be on account of the different



wetting regime present which was shown in Section 4.2. Also, in terms of the CO, laser whole area
irradiative processed samples, Figure 12(a) allows one to see that for samples CWA17, CWA26,
CWA34 and CWASI there is a strong correlation between an increase in surface oxygen content and
an increase in Ag. Furthermore, with fluences larger than 51 Jem™ (sample CWA102 and sample
CWAI128) it was found that Ag reduced on account of the increase in surface oxygen content.
However, this may not be directly related to surface oxygen content as the reduced biomimetic nature
for sample CWA102 and sample CWA128 could be accounted for by the nylon® 6,6 becoming too

hydrophilic or too toxic as discussed earlier.

It should also be noted here that no correlation was identified between the surface roughness and Ag
for all samples. This indicates that the surface roughness was not a dominant parameter governing
laser surface treated nylon® 6,6 biofunctionality. Having said that, by identifying specific trends
between the wettability characteristics and Ag the laser whole area processed samples, this specific
processing technique holds the most potential to be employed in order to allow one to predict the

bioactive characteristics.
5.0 — Conclusions

Through CO, laser surface processing it has been seen that by employing two different techniques,
namely patterning and whole area processing, the wettability characteristics can be significantly
modified. For instance the whole area processed nylon® 6,6 samples corresponded with current
theory in that 0 decreased upon increasing surface roughness. In contrast, the laser-induced patterned
samples gave rise to an increase in 0 even though an increase in surface roughness was observed. This
can be attributed to an intermediate mixed Cassie-Baxter/Wenzel regime, in which both Wenzel and
Cassie-Baxter regimes arise at the solid-liquid interface as a result of the formation of the water

droplet on the various laser modified surface topographies.

Following immersion in SBF for 14 days it was observed that all CO, laser processed samples gave
rise to the formation of calcium and phosphorous containing sediment. An increase in Ag of up to
0.015 and 0.024 g was observed for the CO, laser-induced patterned and whole area processed
samples, respectively, when compared to the as-received sample which had a total increase Ag of
0.016 g. The increase in the formation of sediment indicated that the laser surface treated samples
could possess more bone bonding formation potential, allowing for a surface that would enhance
osteoblast cell adhesion and proliferation. Leading on from this, it was found that there were different
correlative trends observed for the each of the laser processes between mainly 6 and y*. For the CO,
laser whole area irradiative processing it was seen that Ag was both an increasing function of 6 and a
decreasing function of y". Also, the laser-induced patterned samples did not give rise to any distinct
correlative trend with Ag, which can be attributed to the likely mixed-state wetting regime giving rise

to erroneous results.

On account of the trends identified for the whole area processed nylon® 6,6 samples it can be said

that this surface engineering technique has potential to be employed in regenerative medicine to



predict how a given laser surface treated material is going to perform in a given biological

environment.
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Figure 1 — Continuous axonometric 3-D image and profile extraction for the as-received sample
(AR).
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Figure 2 — Continuous axonometric 3-D images for (a) CT50 (b) CT100 (d) CH50 and (d) CHI100.
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Figure 3 — Continuous axonometric images of samples (a) CWAIL7, (b) CWA26, (c) CWA34, (d) CWAS51, (e)
CWAI02 and (f) CWA128.
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Figure 4 — Graphs showing the correlation between 0 and (a) y* and (b) y".
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Figure 6 — SEM micrographs for (a) AR, (b) CT50, (c) CT100, (d) CH50 and (e) CH100 after immersion in SBF for 14 days.
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Figure 7 — (a) Histogram showing the difference in mass before and after immersion in SBF for all CO; laser

processed samples in relation to 6, (b) Graph showing the relationship between Ag and 6.
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Figure 8 — SEM micrographs showing the SBF apatite formation on the whole area CO, laser processed samples (a) CWAL7, (b)
CWA26, (c) CWA34, (d) CWAS51, (e) CWAL02 and (f) CWAI2S.
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Figure 9 - EDX spectra of (a) the as-received sample (AR) and (b) a typical CO; laser surface modified sample
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following immersion in SBF after 14 days.
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Figure 10 — (a) Histogram showing the increase in mass, Ag, in relation to y' for all CO, laser processed
samples, (b) Graph showing the relationship between y* and Ag for all CO; laser processed nylon® 6,6 samples
following 14 days immersion in SBF.
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Figure 11 — (a) Histogram showing the increase in mass, Ag, in relation to y" for all CO, laser processed
samples, (b) Graph showing the relationship between y" and Ag for all CO, laser processed nylon® 6,6 samples
following 14 days immersion in SBF.
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Figure 12 — (a) Histogram showing the increase in mass, Ag, in relation to surface oxygen content for all CO,
laser processed samples, (b) Graph showing the relationship between surface oxygen content and Ag for all

CO; laser processed nylon® 6,6 samples following 14 days immersion in SBF.



Table 1 — Results summary for all samples showing roughness parameters, surface oxygen content and wettability

characteristics following CO, laser processing of nylon® 6,6.

Polar Dispersive Total Surface Contact
Sample Sa Ra Component, Component, y° Surface Oxygen Angle
ID v Energy, y' Content
(um) (um) (mJm”) (mJm”) (mJm”) (%oat.) ©)

AR 0.126 0.029 17.69 29.66 47.34 13.26 56.4+1.2
CO,; Laser-Induced Patterned Samples
CT50 0.636 0.148 12.24 28.63 40.87 14.33 66.0+4.0
CT100 0.297 0.185 16.86 29.83 46.69 14.05 57.5+2.4
CH50 0.423 0.103 10.93 31.64 42.58 14.99 65.842.9
CH100 0.326 0.155 13.63 30.37 44.00 14.84 62.242.3
CO, Whole Area Irradiative Processed Samples
CWA17 0.111 0.060 18.36 28.75 47.11 13.56 55.842.7
CWA26 0.100 0.158 19.67 28.35 48.02 13.86 54.6+3.5
CWA34 0.101 0.092 14.89 38.55 53.43 14.34 56.4+3.5
CWAS51 0.341 0.139 10.66 38.59 49.26 15.45 64.1£2.2
CWA102 4.356 1.236 28.49 23.82 52.31 16.77 46.614.7

CWAI128 3.201 1.335 31.98 22.78 54.76 18.93 43.0+£3.7




