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Abstract Post-manufacturing thermal treatments are
commonly employed in the production of hip replacements
to reduce shrinkage voids which can occur in cast com-
ponents. Several studies have investigated the conse-
quences of these treatments upon the alloy microstructure
and tribological properties but none have determined if
there are any biological ramifications. In this study the
adsorption of proteins from foetal bovine serum (FBS) on
three Co—-Cr—Mo ASTM-F75 alloy samples with different
metallurgical histories, has been studied as a function of
protein concentration. Adsorption isotherms have been
plotted using the surface concentration of nitrogen as a
diagnostic of protein uptake as measured by X-ray photo-
electron spectroscopy. The data was a good fit to the
Langmuir adsorption isotherm up to the concentration at
which critical protein saturation occurred. Differences in
protein adsorption on each alloy have been observed. This
suggests that development of the tissue/implant interface,
although similar, may differ between as-cast (AC) and heat
treated samples.
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1 Introduction

Co—Cr—Mo alloys are one of the most commonly used
materials for hip arthroplasty and are favoured for their
desirable mechanical properties, corrosion resistance, wear
resistance and biocompatibility. This alloy is used in a
variety of conditions which are dependent upon the
composition, manufacturing methods, and post-manufac-
turing thermal treatments [1]. High carbon AC Co—Cr-Mo
alloys are biphasic containing a matrix phase rich in
cobalt, chromium, and molybdenum and a carbide phase
rich in chromium, molybdenum and carbon [2]. The AC
alloy microstructure contains large blocky carbides and
has an overall carbide volume fraction of ~5% [1, 3]. AC
Co—Cr-Mo alloys may contain defects known as shrink-
age voids which can reduce the overall mechanical
properties of the material under certain loading conditions
[1]. Thermal treatments such as hot isostatic pressing
(HIP) and solution annealing (SA) have been employed to
fully densify and therefore improve the mechanical
properties of the alloy [1, 4]. In addition the post manu-
facturing thermal treatments render the alloy easier to
machine [5].

The HIPing parameters of AC Co—Cr—Mo alloys subject
the component to a temperature of 1,200°C for four hours
in an inert atmosphere. The components are then quenched
in argon at a rate of approximately 8—10°C per minute at an
isostatic pressure of approximately 103 MPa [1, 2]. This
process produces finer agglomerated and lamellar carbides
with a reduced overall volume fraction (approximately
2.3% [1]) [5]. The procedure for SA of Co—Cr—Mo alloys is
similar to that of HIPing however after heating for 4 h at
1,200°C the component is rapidly quenched to 800°C in
less than 8 min (50°C per minute) [1, 2, 5]. The conse-
quence of the rapid quenching restricts the reprecipitation
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of the carbide phase dramatically reduces the overall vol-
ume fraction of the carbide phase [1, 2, 5].

Tribological studies have shown that lower levels of
wear exhibited by AC Co-Cr-Mo alloys have been
attributed to their higher overall volume fraction of car-
bides [1, 6]. Much work has been carried out to investigate
the consequences of thermal treatments upon the mechan-
ical/tribological characteristics of an alloy [1, 2, 7, 8], but
little has been done to study what, if any, biological ram-
ifications exist as a result of metallurgical conditions.

Materials interact with their environment through their
interfaces. The development of the tissue/implant interface
is crucial in determining the ultimate biological response to
the implant [9]. It is widely acknowledged that one of the
initial events that occurs when an implant is introduced into
a patient is the adsorption of proteins from the surrounding
blood and tissue fluids [9, 10]. As the tissue/implant
interface develops, cells eventually reach the surface; at
this time they are presented not with the surface of the
implant but with a proteinaceous layer to which they bind
via membrane receptors [11]. The type and conformation
of the proteins will determine which cells bind to the site.

This study investigates the adsorption of proteins from
foetal bovine serum (FBS) on a Co—Cr—Mo alloy manu-
factured to the following specifications stipulated in
ASTM-F75. ASTM-F75 is a standard specification for Co—
Cr—Mo surgical implant applications which, amongst other
things, cover the alloy’s composition (see Table 1). Three
samples, each with a different post-manufacturing thermal
history, have been used: AC, SA, and HIPSA.

Table 1 Chemical compositions as set out by ASTM-F75 98 and
ISO 5832 Part 4

Element Composition, % (Mass/mass)

Min Max
Chromium 27 30
Molybdenum 5 7
Nickel - 0.5
Iron - 0.75
Carbon - 0.35
Silicon - 1
Manganese - 1
Tungsten - 0.2
Phosphorous - 0.02
Sulfur - 0.01
Nitrogen - 0.25
Aluminium - 0.1
Titanium - 0.1
Boron - 0.01
Cobalt Balance Balance
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In the present study, the aim is to investigate the
adsorption of proteins from FBS on Co—-Cr-Mo ASTM-F75
alloy specimens to determine if post-manufacturing ther-
mal treatments of an implanted material have any influence
on the way protein adsorption occurs. Differences in the
way in which proteins adsorb onto the surface, if they exist,
would suggest that the development of the tissue/implant
interface is dependent upon the metallurgical history of the
alloy. Furthermore, as the tissue/implant interface devel-
ops, the way in which the alloy integrates with tissues
could be influenced by post-manufacturing thermal
treatments.

1.1 Adsorption and fractional coverage

In surface science fractional coverage, 6, is used to express
the quantity of material adsorbed onto a surface as a
function of monolayer coverage. This is the ratio between
the number of occupied adsorption sites (N) to the total
number of sites available for adsorption (Ny). In terms of
classical surface adsorption theory it is usual to consider
gas phase adsorption at constant pressure; fractional cov-
erage can then be described by the ratio between the vol-
ume of gas adsorbed (V) relative to the volume of gas
adsorbed at monolayer coverage (V,,) [12].

0= NV (1)

More recently adsorption from the liquid phase has been
studied by constructing adsorption isotherms by measuring
the amount of material retained on a surface once removed
from the liquid solution. The use of XPS in this way was
pioneered by Castle and Bailey [13] and was subsequently
extended to ToF-SIMS by Abel et al. [14]. The
experimental requirements of this approach have been
reviewed by Watts and Castle [15].

In this work XPS has been used to calculate the frac-
tional coverage based on the surface concentration of an
element diagnostic of the adsorbate. There have been
numerous XPS studies which have used nitrogen as a
protein marker [16—18]. Chromium was used as the diag-
nostic substrate marker to establish the XPS signal atten-
uation as the adsorbed protein overlayer thickness
increased. Fractional coverage was determined by quanti-
fying the XPS spectrum and plotting the surface concen-
tration of the adsorbate as a function of FBS concentration;
this is the liquid phase/XPS version of the well known gas
phase adsorption isotherm derived in the next section.

1.2 Adsorption isotherms

Adsorption is commonly described using isotherms which
indicate the amount of adsorbate retained on the substrate
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surface as a function of solution concentration, at a con-
stant temperature. The kinetics of adsorption can also be
studied, and consideration of both provides an indication
of the kinetics and thermodynamics of the adsorption
process. In practice it is usual to establish the position of
kinetic equilibrium and then conduct the thermodynamic
investigations.

Adsorption isotherms provide useful information
regarding surface coverage and the mechanism of adsorp-
tion [16]. Adsorption can be achieved through either
chemisorption or physisorption, which depends upon the
type of bond formed between the adsorbate and the
substrate.

Physisorption is a result of van der Waals forces which
are generally long range but weak. The enthalpy of
adsorption is considered to be less exothermic than
—25 kJ mol™'. Chemisorption is characterised by a stron-
ger interaction between the adsorbate and substrate.
Stronger secondary and even primary bonds (ionic, metal-
lic, or covalent) are formed, generally with an enthalpy of
adsorption more negative than —40 kJ mol™' [15]. An
important difference between the two modes of adsorption
is their response to heat. Increasing the temperature will
lead to a decrease in the amount of material physisorbed,
but an increase in the amount of material chemisorbed,
since chemisorption is an activated process. Another sig-
nificant difference between physical and chemical adsorp-
tion is related to the saturation level of the adsorbed species.
Chemisorption can only ever achieve monolayer formation
as adsorption ceases when the adsorbate can no longer make
direct contact with the substrate. However, physisorption
has no such restriction and so is able to form multilayers of
many molecules thick. It is possible for an initial chemi-
sorbed layer to act as a substrate for further material to
be physisorbed as described by the well-known BET
isotherms.

There are many models describing chemisorption, each
with different assumptions used to derive the expressions
for surface coverage. Commonly used isotherms include
the Langmuir, Temkin and Freundlich isotherms.

The Langmuir isotherm is the simplest isotherm and is
based on the following assumptions:

e Multilayer coverage is not possible.

e All adsorption sites are equivalent.

e The probability of the adsorption of a molecule is
independent of neighbouring sites being occupied or
otherwise.

e The enthalpy of adsorption remains constant as a
function of fractional coverage (0).

Using these assumptions the fractional monolayer cov-
erage, (0), in gas phase adsorption studies at pressure, (P),
can be expressed as follows:

bP
0_1+bP (2)

where b is the ratio of the rate constants for adsorption and
desorption and is related to both the enthalpy of adsorption
and temperature. The constant b is usually expressed as:

b = byexp(Q/RT) (3)

where by is a frequency factor, Q is the interaction energy,
R is the gas constant and T is the temperature. Replacing o
with V/V,, (Eq. 1), Eq. 2 can be rearranged to give:

P 1 P
I 4
\% me+Vm “)

The Temkin and Freundlich isotherms are based on the
observation that the more energetically favourable sites
(those with a more negative enthalpy of adsorption) are
occupied first by the adsorbate. The Temkin isotherm
assumes that adsorption enthalpy changes linearly with
coverage. The Temkin isotherm is represented as:

0 = c¢i In(c,P) (5)

where c¢; and ¢, are constants. The Freundlich isotherm
assumes that the adsorption enthalpy varies logarithmically
with gas pressure and is given by:

0=c P/ (6)

Adsorption isotherms are expressed in the present study
as the amount of adsorbate on the substrate as a function of
solution concentration. For liquid phase adsorption
measured using XPS the Langmuir adsorption equation
can be expressed as:

c_ 1 ¢ (7)
x by, T,

where ¢ is the solution concentration, x is the uptake as
measured by XPS and I',, is monolayer coverage i.e. the
maximum uptake as measured by XPS. The test of
conformity of experimental data to the Langmuir
isotherm is achieved by plotting c¢/x against x.
Compliance to the isotherm will result in a straight line
with a gradient of 1/T",, and an intercept of 1/bI',,. For
liquid phase adsorption the Temkin equation 5 becomes:

0=blnc (8)

and a plot of x against In ¢ will exhibit a straight line to
show its conformity. Finally, the Freundlich isotherm is
expressed as:

0 = be'/e 9)

Testing the conformity of experimental data to the
Freundlich is achieved via a plot of logx against logc. If the
data obeys the Freundlich isotherm, a straight line will result.
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Although there are many isotherms [19], the Langmuir
and Temkin have been shown to be the most widely
applicable in determination of adsorption isotherms by
means of surface analysis [15].

2 Materials and methods
2.1 Specimen preparation

The three Co—-Cr-Mo ASTM-F75 alloy samples included
an AC sample, the second sample had undergone SA post-
manufacture; the third had been treated by HIPing followed
by SA; HIPSA. Coupons were cut from the samples with a
10 mm diameter and 2 mm thickness. Samples were pol-
ished to provide an unblemished mirror finish using a water
based colloidal silica suspension with an average particle
size of 0.04 pm. The polished coupons were then cleaned
in an ultrasonic bath with deionized water, methanol and,
finally, acetone for 5 min each. After cleaning the samples
were allowed to dry in a dessicator.

2.2 Foetal bovine serum

Protein solutions were prepared using FBS (Sigma-Aldrich,
Poole, UK) with a total protein content of between 4.0 and
4.3 g dL™". Solutions were made up using a serial dilution
method with deionised water and FBS. A series of eight
FBS concentrations varying from 100 to 107°% v/v were
used. The coupons (once clean) were then placed in 5 ml of
the protein solution for 30 min to allow sufficient time for
adsorption to occur. Subsequently the coupons were
removed from the FBS solution and were gently rinsed

Fig. 1 XPS survey spectrum
for a cleaned and polished AC
sample
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using Milli-Q water to ensure that any unbound proteins
were removed. The same batch of FBS was used to ensure
the quantity of proteins in solution was kept constant.

2.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy analysis was conducted
using a modified VG Scientific ESCALAB MKII electron
spectrometer equipped with a Thermo Alpha 110 electron
energy analyser and a Thermo XR3 digital twin anode
X-ray source. The twin anode was operated using Al Kua
X-ray photoelectron spectroscopy radiation at 300 W.
Survey spectra over 0—1,350 eV were obtained using a pass
energy of 50 eV while high resolution spectra were
obtained using a pass energy of 20 eV. The control of the
spectrometer and subsequent data processing was carried
out using the manufacturer’s software, Avantage (Ver.
4.37). For quantification, a Shirley background was sub-
tracted from the spectra. To reduce damage due to the
radiant heat from the twin anode to the delicate adsorbed
proteinaceous layer the X-ray photoelectron spectroscopy
source was operated 30 mm from the sample surface. For a
given FBS concentration three identical samples were
prepared and analysed in order to ensure repeatability. The
average value obtained from three samples was used to plot
the adsorption isotherms.

3 Results
Figure 1 shows the XPS survey spectrum from a polished

AC Co—-Cr—-Mo ASTM-F75 sample. As can be seen the
spectrum is dominated by strong signals originating from

Cr LMz
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Table 2 Compositions of the clean Co—Cr-Mo ASTM-F75 samples

Surface concentration, at.% (o)

C (0] Cr Co Mo
AC 33.6 (4.7) 41.0 (3.,5) 143 (0.4) 102 (2.0) 0.9 (0.5
SA 343 (4.4) 40.1 (5.4) 11.7(1.8) 133 (2.8) 0.6 (0.1)
HIPSA 33.8(2.6) 38.9(3.8) 125(1.9) 142 4.4) 0.6 (0.0)

C, O, Cr, Co, and Mo. The changes in the background
coming from the nonelastic scattered electrons provides a
non destructive means of assessing the order of the near
surface layers [20]. The near horizontal background of the
C, O, and the negative slope of the Cr background indicate
that these are enriched on the alloys surface. The Co peak
on the other hand has a positive slope indicating increased
scattering due to overlayers. This suggests that the Co
signal originates from a lower layer than the other peaks.

Quantitative analysis has been carried out to determine
the surface composition of the three samples, the results of
which are presented in Table 2.

The surface composition of all three samples have been
found to be similar, with the most abundant species
observed on the sample surfaces being carbon and oxygen.
The significant surface concentration of carbon is adven-
titious contamination which may have come from the
cleaning process or adsorbed from the ambient. The shape
of the high resolution spectra of the Cr2p3/2 (shown in
Fig. 2) is composed of two components; the first at a
binding energy of approximately 574 eV originates from
the metallic chromium, the second at a binding energy of

Fig. 2 High resolution fitted 6400
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6200

6000
5800

5600

5400
5200 |

5000 |

Counts /s

4800

4600

4400

4200

4000

3800

577 eV originates from chromium oxide [21]. The alloys’
passive chromium oxide surface accounts for the high
levels of oxygen detected.

As previously mentioned, the presence of nitrogen was
assumed to be indicative of the presence of adsorbed pro-
teins. Nitrogen is absent in the spectra taken from all three
polished and clean samples. However, as shown in Fig. 3,
it is present in the XPS survey spectrum taken from an AC
sample immersed in 100% v/v FBS for 30 min. Comparing
this survey spectrum to the spectra of the clean surface
(Fig. 1) it can be seen that the Co and Cr peaks are almost
lost in the background signal. The increasing background
signal of the two metal peaks is a result of signal attenu-
ation due to the proteinaceous overlayer. The horizontal
background of the C, O, and N peaks shows that these
signals are coming from the sample surface. Figure 4
shows the superimposed high resolution spectra of the N1s
peaks after immersion in various FBS concentrations
plotted against relative intensity. This shows how the
Nls peak increases in intensity with increasing FBS
concentrations.

The concentrations of both nitrogen and chromium on
the three Co-Cr-Mo ASTM-F75 sample surfaces
immersed in increasing FBS strengths are shown in Figs. 5,
6, and 7, respectively. The concentration of nitrogen is
used to detect protein uptake on the sample surface,
whereas the surface concentration of chromium is an
attenuation plot used as a means to cross check the nitrogen
isotherm.

The data shows that a plateau is reached for all three
samples (for both nitrogen and chromium) and protein
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Fig. 3 XPS survey spectrum 2.80E+05

for AC sample in 100% v/v FBS
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Fig. 4 XPS spectra from Nls
region showing the relative
nitrogen intensities obtained
after immersion in a series of
FBS concentrations
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uptake no longer increases as a function of FBS concen-
tration. At this point, monolayer coverage has been
reached, indicating that chemisorption has occurred. The
point at which a monolayer develops is known as the
critical saturation of protein, and is approximately 10% v/v
FBS for all three samples. The nitrogen isotherm and
chromium attenuation isotherm pairs for each of the three
samples are in good agreement with one another—this is
verified by the fact that all three nitrogen and chromium
isotherm pairs indicate monolayer coverage at the same
concentration.

@ Springer
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4 Discussion

Fractional coverage based on the averaged surface con-
centration of nitrogen at monolayer is shown for all three
samples in Fig. 8. The data has been presented in Fig. 8
using both a linear and logarithmic scale. Conventionally
linear scales are used to present adsorption isotherms as the
concentration ranges studied are relatively small. However,
if a much larger concentration range is used (as it is in
this investigation) important attributes of the isotherm at
lower concentrations are lost. So therefore the use of a
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of protein adsorption on the AC sample, plotted as a function of FBS
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Fig. 6 Surface concentrations of nitrogen and chromium as a result
of protein adsorption on the SA sample, plotted as a function of FBS
concentration

logarithmic scale enables the data points at the low con-
centrations of the isotherm to be examined and compared.
All three samples begin at a similar level of coverage and
as the FBS concentration is increased develop higher levels
of protein coverage. Pre monolayer coverage, the AC
sample shows higher levels of protein uptake than either of
the heat treated samples. The two heat treated samples both
show remarkably similar levels of coverage over the con-
centration range used. As can be seen the AC sample
reaches near monolayer coverage at much lower FBS
concentrations (approx. 0.1% v/v).

The estimation of coverage based on the surface con-
centration of chromium is shown for all three samples in
Fig. 9. The AC sample shows a higher level of coverage
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Fig. 7 Surface concentrations of nitrogen and chromium as a result
of protein adsorption on the HIPSA sample, plotted as a function of
FBS concentration
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nitrogen presented on a linear scale and b logarithmic scale
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chromium presented on a liner scale and b logarithmic scale

Table 3 Comparison of the least square values (R?) for isotherms
fitted to the Langmuir, Temkin, and Freundlich model isotherms

R? for Langmuir ~ R? for Freundlich ~ R? for Temkin

AC 1.00 0.63 0.80
SA 1.00 0.86 0.98
HIPSA 1.00 0.84 0.84

than both the SA and HIPSA samples. As before, the SA
and HIPSA samples are showing similar levels of coverage
over the concentration range used.

From the lowest concentration used up to 10% v/v FBS
(the concentration at which critical protein saturation
occurs) the experimental data for all three samples have
been tested for its conformity to the Langmuir, Temkin,
and Freundlich isotherms. The isotherm plots were fitted
with a linear line and the least square regression values (R%
were obtained. The least square values for the isotherms
are compared in Table 3.

@ Springer

Table 4 Theoretically and experimentally derived values for b and

l—‘m
b I',,, formula I',,, experimental
value (at.%) value (at.%)
AC 480.7 9.8 10.2
SA 14.5 10.4 10.5
HIPSA 23.9 10.3 10.7

As indicated by the R* values, the experimental data
give a better fit to the Langmuir model than the Temkin or
the Freundlich models. As previously stated, the assump-
tions of the Langmuir model state that the proteins are
adsorbed on the Co—Cr—Mo ASTM-F75 alloy as a mono-
layer, all adsorption sites are equal, and the enthalpy of
adsorption is constant.

The Langmuir constants have been determined and are
given in Table 4. The b (Eq. 4) constant is a dimensionless
quantity which is indicative of the heat of adsorption and
this can be taken as an indication of the strength of inter-
action between the FBS proteins and the Co-Cr-Mo
ASTM-F75 substrates [14, 22]. The b value for the AC
sample was found to be more than 30 times higher than that
for the SA sample and 20 times higher than for the HIPSA
sample. This suggests that the bonds formed by the proteins
present in FBS are stronger on an AC substrate rather than
on a heat treated one.

The knee of the isotherms, shown in Fig. 10, also gives
a qualitative indication of the interaction energy Q between
the protein and the substrate [23], related to the Langmuir
constant b. The knee is much sharper in the isotherm
representing protein uptake on the AC sample. This sug-
gests that the interaction between the proteins and
adsorption sites on the AC sample are stronger than those
present between the proteins and adsorption sites on heat
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Fig. 10 Magnified portion of adsorption isotherm showing differ-
ences in ‘knee’ shape between the three samples
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treated samples. The knees on the SA and HIPSA are both
very similar. It is interesting to note that the effect of HIP
does not seem to significantly alter the level of coverage
seen, or the interaction energy between the proteins and the
heat treated substrates.

The experimentally derived values of maximum cover-
age (I',,), Table 4, are in good agreement to those deter-
mined using the constants derived from the plots showing
Langmuir conformity. This shows the applicability and
accuracy of the Langmuir model to the experimental data.

The experimental data suggests that the application of
post-manufacturing thermal treatments has an influence
upon the adsorption of proteins on Co—-Cr—-Mo ASTM-F75
alloys. It is therefore possible that the way in which the
three samples integrate with tissue are different. It also
suggests that a different tissue/implant interface can be
achieved on samples which have an identical chemistry and
surface finish. The question of which of these alloys would
achieve a superior tissue/implant interface will require
further investigation.

The adsorption of proteins has been shown to affect not
only the corrosion rate of alloys [24-27], but also form a
solid lubricating layer [28-30] which is beneficial to the
wear of the components. Higher levels of coverage and
stronger protein/substrate interactions as seen on the AC
sample would suggest that the adsorbed proteinaceous
layer could be a contributing factor in the lower levels of
wear seen in AC Co—Cr—-Mo ASTM-F75 alloys.

5 Conclusions

Adsorption of proteins from FBS onto Co—Cr-Mo ASTM-
F75 has been studied using XPS. Adsorption occurs by way
of chemisorption and has been shown to obey the Lang-
muir model. This indicates the adsorption of a protein
monolayer with a constant heat of adsorption. The bonds
formed by proteins on an AC Co-Cr-Mo ASTM-F75
substrate are significantly stronger than those formed by
proteins onto heat treated Co—-Cr—Mo ASTM-F75 alloys.
Development of the protein conditioning layer has been
shown to vary on three identical Co—-Cr—Mo ASTM-F75
alloys with different metallurgical histories. This suggests
that the development of the implant/tissue interface may
potentially be different for all three samples; the way in
which the tissue integrates with the three alloys may
therefore be different. The findings of this study also seems
to suggest that the HIP does not significantly alter the
adsorption of proteins whereas SA has a significant impact
on protein adsorption. This work warrants further investi-
gation with other tissue constituents as the connotations
could be subtle yet significant. When employing any post-
manufacturing thermal treatment to a biomaterial, equal

consideration should be given to the biological ramifica-
tions as that given to the material’s mechanical properties.
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