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Abstract. Confocal spectroscopic techniques are applied
to selected Raman bands to study the microscopic features
of acetabular cups made of ultra-high molecular weight
polyethylene (UHMWPE) before and after implantation in
vivo. The micrometric lateral resolution of a laser beam
focused on the polymeric surface (or subsurface) enables
a highly resolved visualization of 2-D conformational
population patterns, including crystalline, amorphous,
orthorhombic phase fractions, and oxidation index. An
optimized confocal probe configuration, aided by a com-
putational deconvolution of the optical probe, allows
minimization of the probe size along the in-depth direc-
tion and a nondestructive evaluation of microstructural
properties along the material subsurface. Computational
deconvolution is also attempted, based on an experimen-
tal assessment of the probe response function of the poly-
ethylene Raman spectrum, according to a defocusing
technique. A statistical set of high-resolution microstruc-
tural data are collected on a fully 3-D level on y-ray irra-
diated UHMWPE acetabular cups both as-received from
the maker and after retrieval from a human body. Micro-
structural properties reveal significant gradients along the
immediate material subsurface and distinct differences are
found due to the loading history in vivo, which cannot be
revealed by conventional optical spectroscopy. The appli-
cability of the confocal spectroscopic technique is valid
beyond the particular retrieval cases examined in this
study, and can be easily extended to evaluate in-vitro
tested components or to quality control of new polyethyl-
ene brands. Confocal Raman spectroscopy may also con-
tribute to rationalize the complex effects of y-ray irradia-
tion on the surface of medical grade UHMWPE for total
joint replacement and, ultimately, to predict their actual

lifetime in vivo. © 2007 Society of Photo-Optical Instrumentation Engi-
neers. [DOI: 10.1117/1.2710247]
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1 Introduction

While ultra-high molecular weight polyethylene (UHMWPE)
remains one of the best polymeric materials for joint replace-
ment, the most common cause of implant failure is the gen-
eration in vivo of polyethylene debris particles as a conse-
quence of accelerated wear degradation.l These debris
particles are treated as foreign substances by the body and
eventually lead to osteolysis (bone resorption) and to the need
for revision surgeries.” Many of the problems associated with
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using UHMWPE in artificial joints can be traced back to the
sterilization process of the polymer before implantation in the
human body.l’3 This decontamination process is typically ac-
complished by Co y-ray irradiation, whose main effect on
the polyethylene microstructure is to generate free radicals
through hemolytic bond cleavage. These free radicals can in
turn lead to cross-linking and chain scission of the polymer,
the dominance of one of these mechanisms over the other
depending on the sterilization atmosphere. Cross-linking is
dominant when 7y-irradiation is made in nitrogen, while chain
scission dominates for irradiation in air. Oxygen is extremely
reactive with the free radicals produced by v-irradiation and
oxidation continuously uptakes in UHMWPE as the material
ages.‘"6 Both scission and oxidation processes are especially
important to the structural integrity of the polymer: (I) as the
long chains are broken in the polymer structure, the resultant
shorter chains are able to pack together more easily, leading to
higher crystallinity and density; and (I) as the oxidative deg-
radation proceeds, stiffening of the molecular chains occurs,
which can lead to hardening but also to embrittlement of the
polymeric structure. So far, specific trends in the microstruc-
tural development and related mechanical behavior of UHM-
WPE when changing the conditions for y-ray irradiation have
been somewhat empirically characterized and classified.”®
However, given the dramatic changes induced in the UHM-
WPE structure for slight differences in surface irradiation and
their significant impact on both wear resistance and debris
formation, a strict microstructural control is needed and new
characterization methods are strongly required to help replace
empirical optimizations of the polyethylene microstructure in
favor of a more precise evaluation of relevant microscopic
parameters.

This paper seeks to build up a fully nondestructive, high-
resolution, 3-D spectroscopic tool for microstructural analysis
of UHMWPE materials used in hip joint replacement. Given
the peculiar nature of the spectroscopic problem, dealing with
the characterization of the very surface neighborhood of the
joint surface, and the high transparency of UHMWPE, con-
ventional laser probes may fail to retrieve meaningful struc-
tural information. We propose here a new set of calibrations
aimed at establishing the quantitative use of confocal Raman
spectroscopic techniques to rationalize relevant microstruc-
tural parameters in the micrometric neighborhood of the sur-
face of y-irradiated UHMWPE acetabular cups and their com-
plex evolution in vivo. The use of a confocal probe is shown
to be particularly relevant in understanding the fine structure
developed by 7y-ray irradiation nearby the surface of the joint
and surface deterioration. From a purely spectroscopic point
of view, our efforts aim first at minimizing probe size in Ra-
man assessments of UHMWPE and, thus the convolutive ef-
fects associated with its finite volume. Then, a confocal probe
of optimized configuration is swept along the material subsur-
face to nondestructively detect with micrometric resolution
microstructural gradients as a function of in-depth direction.
Microstructural features in UHMWPE acetabular cups could
be analyzed for the first time with micrometric resolution, and
they reveal distinctly different patterns in the case of new
joints (as-received from the maker) or joints retrieved after
exposure in vivo for different durations.
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Fig. 1 Photographs of the investigated hip acetabular cups: (A) new
cup; (B) short-term retrieved cup; and (C) long-term retrieved cup.
The surface of each cup was irradiated by a y-ray dose of 33 kGy.

2 Materials and Methods
2.1 Materials

One new [Fig. 1(A)] and two retrieved cross-linked UHM-
WPE acetabular cups [Figs. 1(B) and 1(C)] were investigated.
The two retrieved acetabular cups were obtained at the time of
revision surgery from total hip arthroplasty. All the acetabular
components investigated in this study were manufactured by
Biomet Japan Incorporated (Tokyo, Japan). New acetabular
components (ArCom®, Biomet Incorporated) were made from
GUR 1050 bar stock by isostatic compression molding (with
no addition of calcium stearate) and successive surface irra-
diation by a y-ray dose of 33 kGy. The manufacturing pro-
cess adopted for the retrieved acetabular component shown in
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Fig. 1(B) was the same as the previously described new com-
ponents, except for the raw resin being of the 1900H type.
The retrieved acetabular cup shown in Fig. 1(C) was made
from GUR4150 bar stock by Ram extrusion molding (calcium
stearate was added in this case); also, in this latter case, the
surface irradiation y-ray dose was 33 kGy. Of the two retriev-
als studied, one belonged to a 53-yr-old female patient for
which the cause of revision was infection dislocation with a
follow-up period of 2 yr 10 months (this cup, shown in Fig.
1(B), is simply referred to as “short-term retrieval”). The sec-
ond retrieval also belonged to a female patient (60-yr-old) and
the cause of revision was aseptic loosening after a follow-up
period of 12 yr 2 months [in Fig. 1(C) and referred to as
“long-term retrieval”’]. The two retrievals were both from left
hip joints, thus showing a main wear zone on the cup surface
between the superior and the posterior poles [Figs. 1(B) and
1(C)]. On the other hand, a zone identified as a nonwear zone
could be found on the surface portion between the inferior and
the anterior poles of the cup.

2.2 Raman Spectroscopic Assessments

Raman spectra were collected with a triple monochromator
spectrometer (T-64000, ISA Jovin-Ivon/Horiba Group, Tokyo,
Japan) equipped with a charge-coupled detector (high-
resolution CCD camera). The laser power on the UHMWPE
surface was typically about 70 mW at the laser head. The
laser excitation source was a monochromatic blue line emitted
by an Ar-ion laser at a wavelength of 488 nm. The spectral
integration time was typically 20 s, and the recorded spectra
were averaged over three successive measurements at each
selected location. All Raman spectra were recorded at room
temperature. The wavenumbers of Raman band maxima were
retrieved by fitting the CCD raw data to mixed Gaussian/
Lorentzian curves with commercially available software (Lab-
spec, Horiba Company, Kyoto, Japan). UHMWPE acetabular
cups were placed on an automatic mapping device (with lat-
eral resolution of 0.1 wm), which was connected to a personal
computer to drive highly precise displacements (along both x
and y axes) on the sample. Given the curved nature of the
investigated surfaces, an autofocus device was used through-
out the automatic mapping experiments to sharpen the optical
probe at selected surface or subsurface locations. Confocal
experiments were conducted with focusing the waist of the
laser beam from the surface toward subsurface planes of the
joint through an optical lens (X 100). The Raman scattered
light was then refocused onto a small confocal aperture (pin-
hole) that acted as a spatial filter, passing the signal excited at
the beam waist, but substantially eliminating the Raman emis-
sion from volume portions above and below the beam focal
plane. The filtered signal was then returned to the spectrom-
eter (via the same optical lens used to focus the incoming
laser), where it was dispersed onto a CCD camera to produce
a Raman spectrum. A pinhole aperture was placed in the op-
tical train of the spectrometer and used to regulate the rejec-
tion of light from regions outside the focal plane (confocal
spectroscopy). Selected xyz locations in the samples were
probed nondestructively with micron (lateral) spatial resolu-
tion according to the following procedure: 2-D data maps
were first built up by scanning surfaces parallel to the free
surface of the sample (xy scanning); then, 3-D distributions
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Fig. 2 Schematics of the optical probe configuration and related
parameters.

were produced by sequentially acquiring data on xy slices
from different in-depth planes (along the z axis perpendicular
to the free surface of the sample). Figure 2 shows a schematic
of the confocal probe when shifted along the sample subsur-
face at positions (xq,yg,Z0)-

3 Theoretical Background

3.1 Vibrational Modes and Microstructure of
Polyethylene

The relationship between the observed Raman bands and the
vibrational modes of the polyethylene molecular structure has
been amply documented in the literature.”'" However, we
briefly repropose hereafter the salient features of the Raman
spectrum that are pertinent to the remainder of this work. A
typical Raman spectrum of UHMWPE is shown in Fig. 3(A).
This spectrum (taken in the range between 1000 and
1600 cm™!) can be divided into three main subregions: region
(I) at 1000 to 1150 cm™" is dominated by the C-C stretching
vibration mode; region (II) is mainly represented by the
-CH,- twisting vibration at around 1300 cm™'; and region
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Fig. 3 (A) Typical Raman spectrum of UHMWPE as collected in an
acetabular cup; (B), (C), and (D) represent the fitting deconvolution of
bands collected in the three different regions of the spectrum defined
in (A).
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(II) is characteristic of -CH,- bond wagging between 1350
and 1500 cm™'. Figures 3(B)-3(D) represent the results of a
fitting procedure applied to regions (I), (IT), and (IIT) of the
polyethylene spectrum [broken lines in Fig. 3(A)]. The broad
band located at 1080 cm™! is associated with the presence of
an amorphous phase. The peak at 1414 cm™' is characteristic
of an orthorhombic crystalline phase, while the intensity of
the peak located at 1293 cm™! can be used to approximate the
overall degree of crystallinity of the UWMWPE structure.”'’
Note that specific vibrational modes are not directly related to
long-range 3-D order, but they are related to conformational
state populations, which may lead to 3-D crystallinity. There-
fore, when a crystallinity fraction is mentioned in the remain-
der of this work, it refers to conformational populations that
are present in both crystalline and noncrystalline regions of
the material. These features of the Raman spectrum make it
possible to quantitatively analyze the volume fraction of
orthorhombic («,), amorphous («,), and crystalline (a,)
phases by calculating them from the relative intensities of
selected Raman bands of UHMWPE, according to the follow-
ing equations:

L1414
Qp=" ——, (1)
0.46(1 1293 + 11305)

L1080
o, =— 80 (2)
“0.79(1 1293 + I1305)

_ 11203 3)

(I1203 + 11305)

where [ is the integral intensity of the Raman band whose
wavenumber is identified by the subscript. The fraction of the
matter in an anisotropic (intermediate) disordered state (usu-
ally referred to as the “third phase”™') «, can then be ex-
pressed as follows:

ap=1-(a.+a,). (4)

The previous equations constitute the basis of the Raman
spectroscopic method for characterizing a partially crystalline
structure in UHMWPE.

The extent of overall oxidation and specifically certain oxi-
dation index profiles present in orthopaedic implant compo-
nents made of UHMWPE have been shown to degrade their
mechanical properties and thus potentially adversely affect
their in-vivo performance.12 In order to measure the amount of
oxidation in UHMWPE, an oxidation index (OI) has been
defined.”® The OI index can be measured by Fourier trans-
formed infrared (FTIR) spectroscopy by monitoring the ratio
of the area of absorption peaks between 1650 and 1850 cm™!
to the area of absorption peaks between 1330 and 1396 cm™!.
Raman spectroscopy has also been used for investigating the
oxidation degree of UHMWPE. Chenery' identified the
marker bands of oxidation products at 870 cm™' (peroxy),
935 cm™! (epoxy), 1151 cm™! (alcohol), 1770 cm™" (peroxy
acid), and 1794 cm™" (acyl peroxy). However, Raman spec-
troscopic assessments based these bands have proved unable
to detect low levels of oxidation in UHMWPE."” We per-
formed both Raman and infrared spectroscopy characteriza-
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tions on a series of UHMWPE oxidized samples16 and came
across a phenomenological relationship between OI and «,
for UHMWPE, as follows:

In0I+0.13
T (5)

=0.56 + 0.15 arct
a, + arcan( 119

Rearranging Egs. (1) and (5), we obtain:

I
Ol = exp{ 1.19 X tan[ 14.26<¢ - 0.26)] - 0.13}.
1293+ 11305
(6)

Explanations about the procedure for determining Eq. (6), a
brief discussion, and details on the reliability of the present
Raman measurements are given in the Appendix in Sec. 6.
While Eq. (6) was obtained on “controlled” experiments in
which a virgin and unstressed polyethylene cup was held for
increasing times in an O, atmosphere (for testing conditions,
see the Appendix in Sec. 6), it should be also noted that many
changes may occur in polyolefins in service. Stress/strain-
induced crystallization can be very significant,'” and oxidative
attack can form shorter chains terminated in acid carbonyls or
ester carbonyls or ketones along backbone.'® Interestingly, we
could not find a precise relationship between the overall de-
gree of crystallinity a, and OI; we only found it between the
orthorhombic phase fraction «, and OI. Clearly, it is difficult
at this time to generalize Eq. (6) by extrapolating results ob-
tained in vitro to any service condition for UHMWPE. On the
one hand, we show here that Eq. (6) can be used to a degree
of precision for OI assessments (and that this practice is use-
ful because it enables the determination of OI nondestruc-
tively from the same spectral records used for analyzing mi-
crostructural features in polyethylene). On the other hand,
given the possible lack of generality of Eq. (6), the OI values
measured here should be more generally regarded as “wear
index” (WI) values, in which the observed crystallinity
changes may not only be those directly due to oxidation but
also those simply occurring in concomitance with oxidation.
Despite this, a comparative increase in WI value should defi-
nitely represent the degree of surface or subsurface degrada-
tion of a UHMWPE cup in service.

3.2 Probe Response Function

The observed intensity of the Raman spectrum depends on the
intensity distribution of scattered light around the irradiation
point (xg,0,Z0). This intensity distribution is called the probe
response function B(x,y,z,%9,Y0,Z0), and represents the in-
tensity of the light scattered from a given point (x,y,z) when
the incident beam is focused at the point (xy,yo,2):" >

(x —xo)2 +(y - yo)2
2R?

B(x,y,2,X0,Y0,20) * exp{_

2
— 5 exp(-2az), 7
where 2R is the laser beam diameter in the focal plane, p is
the probe response parameter (for an unfocused beam, p
tends to infinity), and « is the absorption coefficient of the
material at the incident wavelength. For Raman bands, the
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term 2« in Eq. (7) may need to be substituted by the sum of
the absorption coefficients for incident and emitted light. If
the variation of all the variables in the xy plane can be ig-
nored, the probe response function can be greatly simplified
as follows:

2
14
B(z.20) o exp(- 2a2) 5 ———.
p*+(z-2)
The observed spectral intensity at band maximum can be then
obtained according to a simple volumetric integration:

(8)

o 2
p

Lps(w) exp(-2az)—5——dz, 9

o) | o200l )

—o0

where ), is the wavenumber at the maximum of the selected
spectral band. The focal plane position (above or below the
sample surface) z, can also be seen as a defocusing distance
with respect to a laser irradiation with the focal plane placed
on the sample surface. The maximum intensity /., =1,,p of
a selected band of the spectrum when varying defocusing dis-
tance 7, can be used to normalize the band intensity, thus
translating Eq. (9) into a fully quantitative equation for band
intensity assessment:

f exp(— 2az)]ﬁdz

o) o +=2)

Lnax(@,) f ” P’
2| exp(—2az)———dz
. p( )p2 g

(10)

Note that no analytical integration is generally possible for
this equation, which has to be integrated numerically. As the
probe is swept along the in-depth axis, the collected intensity
function 1,,,(w,) maps the probe response. The probe re-
sponse parameter p and the absorption coefficient a can then
be obtained from the best fitting of the (normalized) experi-
mental intensities to the calculated ones [according to Eq.
(10)]. The prior method for determining the probe function
through shifting the focal plane can be referred to as the “de-
focus method.” To visualize the probe size in terms of pen-
etration depth, a probe depth z,; can be defined according to
the following equation (using 90% of the maximum intensity
as a threshold value for intensity distribution):

Zd
f exp(—2az)B(z,zp)dz
0

=0.9. (11)

j exp(-2az)B(z,zp)dz
0

Also, this equation can be solved numerically. Most of the
equations used in this work were solved with the aid of a
commercially available computational software package
(Mathematica, Wolfram Research, Incorporated). The in-
depth resolution of the Raman probe can be improved by
placing a confocal pinhole at the back-focal image plane to
partly cut off the light scattered from outside the laser focal
area. By employing this technique, referred to as confocal
spectroscopy, it is possible to probe discrete z planes with
relatively high in-depth spatial resolution. When the laser is
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focused on the specimen surface (zy=0), there exists an inner
transmitted zone for the scattered/emitted light within a solid
angle 0= 0,,, varying as a function of the depth position z.
The collection solid angle ), which takes into account the
competitive effects of the numerical aperture of the objective
lens (NA) and of the pinhole aperture, can be expressed as

follows:
Z
2a\1-===1]  (pmux=P0)
"+ pp
O=2m(1-6,)= ;

4
277-(] - 2 2 ) (pmaxS pO)
NZ7+ Prmax

(12)

f 2 1/2
Z=pmax[(n2—1)+(m) nz] , (13)

where pp.« 1S the maximum transverse ray aberration from the
optical axis (determined by the NA of the objective lens); the
confocal pinhole with diameter ® has a virtual back image
2py in the sample focal plane given by the relation @
=2pyM PG, where MP is the magnification power of the ob-
jective and G is the enlargement factor (1.4); note that only
lights from within the virtual circle 2p, on the surface can
pass through the pinhole; 7 is the refractive index of the ma-
terial; and D/f is the diameter/focal length of the objective
lens. For any given z value, p,.x can be derived from Eq.
(13). The collection solid angle remains almost invariant near
the surface; then, it falls pronouncedly because of the filtering
effect of the confocal pinhole aperture. The smaller the pin-
hole aperture, the more abrupt the {) drops. By reducing the
diameter of the pinhole aperture @, the critical subsurface
depth z, at which the () value significantly drops, gradually
approaches the sample surface. In principle, probe depth can
be reduced down to the laser wavelength by reducing the
diameter of the pinhole aperture. However, a significant drop
in the efficiency of the collected spectrum with reducing @
greatly limits the achievable in-depth resolution. In the ex-
perimental practice, problems related to the acquisition time
for polyethylene Raman bands involve minimum pinhole ap-
ertures to be selected in the range 20=® =100 um. The
observed spectrum is thus obtained by combining all the spec-
tra originating from different points within the volume of the
probe in the confocal configuration:

* 2
p
I (w,) * Iu,Qz,z, ——— exp(-2az)dz,
obs( p) fo ()( OpO)P2+(Z—Zo)2 p( )

(14)

where I, is the local Raman line shape. When the focal
plane is placed on the sample surface, Eq. (14) can be rear-
ranged to give the observed intensity /,,, as follows:
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t 2
P
]obx(wp) o JO Q(pmax = pO)exp(_ ZCZZ) Z2 +p2dZ

o 2
p
+ | Qppax = po)exp(-2az) 5——dz,
ft (p po)exp(—2az) )

(15)

where ¢ is a threshold value of the in-depth abscissa, below
which the collection solid angle abruptly drops down:

2 Jin
f ) nz}l ) (16)

t= oD+
Po[(” ) (D/Z—po

Equation (15) can be eventually normalized to the maximum
spectral intensity, as done for Eq. (10). When the confocal
pinhole is set to a given aperture and the focal plane is placed
on the sample surface (zp=0), we can calculate the probe
depth z; by solving the following equation:

0

f  S(z.p0)B()dz
N oo (17)
f S(z,po)B(2)dz

0

where the collection cross section, S(z, pg), is given by:

8(z,p0) = Uz, po, Prmax)EXP(= 22). (18)

Note that in nonhomogeneous materials, the absorption coef-
ficient « should be replaced with the effective absorption co-
efficient a,;, which takes into account inhomogeneous light
scattering.

In the case of a small pinhole aperture (py— 0), the col-
lection solid angle can be approximated by the following
function [Eq. (12)]:

B

MNz,20.p0=0)=A+ ———.
( 0> Po ) C+(Z—Zo)2

(19)
On defining p. as the apparent probe response parameter re-
trieved from best fitting the defocusing results in the confocal
configuration, Eq. (19) can be rewritten as a function of p,
and p, namely the probe response parameter characteristic of
a probe configuration with full pinhole aperture (also referred
to as normal probe configuration). Accordingly, {)(z,z,) can
be expressed by:

2 2_ 2

P P P
Q(Z,Zo) p2 |: 1+ pz N (Z ~ z0)2:| . (20)
It should be pointed out that the previous equation represents
an approximation of the exact expression of the solid collec-
tion angle and it is only valid at small pinhole apertures. In
addition, p, is just a numerical parameter function of the
probe configuration, thus losing its physical meaning as a ma-
terial property (i.e., as in the case of p). Equations (10) and
(15) can be used to precisely determine the relevant optical
parameters and material properties through a best-fitting itera-
tive routine of experimental data. In addition, Egs. (11) and
(17) can be used to assess the probe geometry (in particular,
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Fig. 4 Normalized plot of probe response functions (i.e., Raman band
intensity lop(@,)/ hnax(wp) for UHMWPE as a function of defocusing
depth z;) for normal and confocal probe configurations.

the probe depth) of confocal and nonconfocal probes in UH-
MWPE. These procedures are shown in details in the next
section.

4 Results and Discussion

4.1 Quantitative Assessment of Confocal Probe
Geometry in Ultra-High Molecular Weight
Polyethylene

The intensity of the Raman lines of UHMWPE was collected
as a function of defocus displacement z along the in-depth
direction perpendicular to the sample surface both in the nor-
mal probe and in the confocal probe configuration (P
=100 wm). A complete coincidence was observed in the op-
tical behavior of bands belonging to the same phase. There-
fore, no specification is henceforth given in the discussion of
the probe response function about the wavenumber at the
maximum of the selected band. The experimental (normal-
ized) intensity trends (i.e., the probe response functions) are
shown in Fig. 4 for both normal and confocal probe configu-
rations. No detectable difference was found for probe re-
sponse functions recorded on new and retrieved cups for each
respective probe configuration. However, from data shown in
Fig. 4, it can be seen that a significant difference exists in the
defocusing behavior of UHMWPE when the probe configura-
tion is altered. The optical parameters, by which the best fit-
ting of the probe response function was obtained, were deter-
mined by solving Egs. (10) and (15) for normal and confocal
(X100 objective lens, NA=0.9, ®=100 um, and f
=0.3 mm) probe configurations, respectively. The results of
this fitting procedure are shown in Table 1, together with the
probe depth z, calculated according to Egs. (11) and (17) for
normal and confocal probe configurations, respectively. As is
seen, the p,. value found for the confocal configuration was
about five times smaller than the p value found for the
through-focus configuration. This behavior is reflected in a
significantly shallower probe penetration depth in confocal
than in normal probe configuration. No significant difference
was found between calculations based on data of peak inten-
sity at maximum and integral band intensity. One important
implication in comparing the findings of these calibration pro-
cedures is that spectra collected by nonconfocal probe con-
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Table 1 Probe characteristics in both confocal and normal configurations as determined in different
UHMWPE samples. Parameters are compared when determined from spectral band intensity and from

integral band intensity.

Confocal probe

Normal probe

Intensity Integral intensity Intensity Integral intensity
New a(m™) 0.04 0.04 0.009 0.011
p.pPc (um) 2.4 2.5 12 12
z4 (um) 6.4 6.5 30.3 27.9
Short term a(m) 0.02 0.02 0.01 0.01
P.Pc (um) 2.4 2.6 12 12
Zy (um) 8.1 8.5 29.1 29.1
Long term a(m™) 0.01 0.018 0.01 0.01
P, P (um) 2.5 2.5 14.1 12.9
zy (um) 10 8.6 31.9 30.4

figuration may average spectral information from significantly
larger portions of subsurface as compared to a confocal probe
configuration. Accordingly, the differences in the measured
microstructural features can be very pronounced, especially in
the presence of large and steep property gradients along the
sample subsurface. In this context, the use of a confocal probe
configuration seems to be mandatory for polyethylene compo-
nents to correctly interpret spatially resolved Raman spectro-
scopic data. Nevertheless, although the probe penetration
depth can be reduced to values z;,~6.4+10 um by using a
confocal probe (®=100 um), further minimization of convo-
lutive effects on the measured property gradients may be re-
quired, which can only be performed according to a math-
ematical deconvolution procedure based on the knowledge of
the probe response function B(z,z) (see Sec. 4.3).

4.2 Three-Dimensional Microstructural Distributions
in Ultra-High Molecular Weight Polyethylene
Acetabular Cups

For characterizing microstructural patterns along the material
subsurface, Raman spectroscopic analyses were first per-
formed on a new acetabular cup and then, for comparison, on
both nonwear and main wear zones of retrieved acetabular
cups. The confocal configuration of the probe, as optimized in
the previous section (X100 objective lens, NA=0.9, &
=100 pm, and f=0.3 mm), was employed throughout the
characterization. Figures 5(A)-5(E) show maps of crystalline
phase volume fractions collected at increasing laser penetra-
tion depths on the new UHMWPE acetabular cup [shown in
Fig. 1(A)]. Figures 6(A)—6(E) and 6(F)-6(J) are similar maps
collected on the nonwear and main wear zones, respectively,
of the short-term retrieval shown in Fig. 1(B). Figures 7(A)-
7(E) and 7(F)-7(J) represent maps of crystalline volume frac-
tions collected on the nonwear and main wear zones of the
acetabular cup retrieved after long-term implantation, which
is shown in Fig. 1(C). When the confocal probe was shifted
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from the surface toward the subsurface of the new acetabular
cup, only a slight increase was noticed in the crystalline phase
fraction. A similar trend but with slightly larger values of
crystallinity was found for both nonwear and main wear zones
of the acetabular cup retrieved after short-term exposure in
vivo. This phenomenon can be partly explained due to a layer
of UHMWPE removed from the cup surface. However, this
explanation does not apply to the nonwear zone, in which no
abrasive effect is expected. Therefore, we propose that the
increase in crystallinity uniformly observed on the cup surface
may partly arise from an in-vivo oxidation process, taking
place even within a short-term implantation. On the other
hand, a significant increase in crystalline volume fraction was
observed when the Raman probe was shifted from the surface
toward the subsurface of the long-term retrieval. In particular,
a high increase in «, values was found at depths =15 um,
especially in the main wear zone. It is clear from these data
that both a longer exposure in vivo and the effect of wear can
significantly alter both the amount of crystallinity in the UH-
MWPE structure and its subsurface gradient. Increase in crys-
tallinity near the surface of the cup has been reported to be
due to the recrystallization of chains scissioned by
irradiation.”" ™ In addition, after long-term implantation, UH-
MWPE hip cups were shown to develop a subsurface zone of
increased density and crystallinity, about 1 mm below the
sample surface.”* This has been explained as a “stress
effect.” In this study, we show that a steep gradient in crys-
tallinity, which is clearly of different origin as compared to
the previous one, is also present in the immediate subsurface
of acetabular cups exposed for relatively long times in vivo.
Such a steep gradient can be visualized only by using a con-
focal probe (this point is better clarified in the next section).
This increase in crystallinity with increasing storage time in
vivo may arise from an increased scission associated with oxi-
dation. The initial stage of this process has indeed been ob-
served in the short-term retrieval. In this context, diffusion of
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Fig. 5 Maps of crystalline phase volume fractions collected at increas-
ing depths of focal plane z, of the confocal probe on the new UHM-
WPE acetabular cup shown in Fig. 1(A).

oxygen along the subsurface, eventually assisted by local con-
tact strain fields, occurs up to a saturation point (characteristic
of each depth) and is the rate-controlling phenomenon for
crystallization, as confirmed by the clear relationship found
between «, and the oxidation index of the material.'® Figures
8(A)-8(E) show 2-D maps of oxidation index as a function of
probe penetration depth along the subsurface of a new cup. As
is seen, there is no gradient of oxidation along the immediate
subsurface of the as-received acetabular cup, while a small
amount of oxidation was observed in the short-term implanted
retrieval, both in the nonwear and in the main wear zones
[Figs. 9(A)-9(E)and 9(F)-9(J), respectively]. On the other
hand, significant oxidation gradients were found along the
subsurface of the long-term implanted retrieval, as shown in
Figs. 10(A)-10(J), especially in the main wear zone. Note that
a clear relationship is found between orthorhombic crystalline
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Fig. 6 Maps of crystalline phase volume fractions collected at increas-
ing depths of focal plane z, of the confocal probe on the short-term
retrieved UHMWPE acetabular cup shown in Fig. 1(B): (A) through
(E) refer to the nonwear zone, while (F) through (J) refer to the main
wear zone of the retrieved cup.

fraction and degree of oxidation along the subsurface, and this
can be explained with the occurrence of partial crystallization
of the polyethylene structure on oxidation. In this context, it is
important to note that our confocal experiments here show a
region of relatively high crystallinity as developed in the im-
mediate subsurface of the cup during implantation lifetime in
vivo. The formation of this region may be directly related to
the formation of polyethylene debris on wear contact. In other
words, the near-surface microstructure of UHMWPE is fur-
ther crystallizing (and oxidizing) with aging in vivo, which
may induce significant embrittlement of the polymeric subsur-
face structure due to oxidative chain scission.

4.3 Mathematical Deconvolution in the Confocal
Probe Volume

Linear profiles (each data point was averaged among 2500
measurement points) are shown in Figs. 11, 12, and 13 for
average values of crystalline, amorphous, orthorhombic, and
third phases, while Fig. 14 shows linear profiles of subsurface
oxidation (more precisely, of subsurface wear index WI, as
discussed in Sec. 3.1) in new, short-term, and long-term im-
planted acetabular cups, respectively. These profiles, retrieved
in the main wear zones of both the retrieved cups, were ob-
tained according to Egs. (1)—(5) applied to spectra collected
with the optimized confocal probe, and thus, with an in-depth
resolution of z;,~6.4+10 um. These figures summarize the
average fraction values shown in the maps of Figs. 5-10.
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Fig. 7 Maps of crystalline phase volume fractions collected at increas-
ing depths of focal plane z, of the confocal probe on the long-term
retrieved UHMWPE acetabular cup shown in Fig. 1(C): (A) through
(E) refer to the nonwear zone, while (F) through (J) refer to the main
wear zone of the retrieved cup.

While no significant variation in properties was found for the
new cup as a function of the in-depth abscissa z, property
gradients were clearly observed in the material subsurface of
retrievals, especially for the long-term retrieved acetabular
cup. It should be noted that, from a purely mathematical point
of view, the invariance of properties observed in the new cup
does not necessarily imply that a property gradient is absent
along the subsurface; however, given the rather small size of
our probe, it seems plausible to assume that the observed
property function of in-depth abscissa is still representative of
the actual subsurface distribution, though convoluted by the
finite size of the probe. In other words, the detected gradient
for a given property along the in-depth abscissa may be sig-
nificantly less steep than the actual gradient due to probe con-
volution, even when adopting a confocal probe configuration.
According to the knowledge of the response function of the
laser probe, the convoluted property value «,, detected by a
confocal probe can be expressed as follows:

«© 2
f ,(2)(z,20, po)exp(— 207)—L5——dz

0 (z—z0)*+p?
ap = po. p2 S
Q(z,z0,po)exp(—=2az) ———5—dz
fo 0o (z- Zo)2 + P2

21)

where this equation has to be set for each focal position z.
Note that, from a purely mathematical point of view, Eq. (21)
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Fig. 8 Maps of wear index (related to oxidation index) collected at
increasing depths of focal plane z, of the confocal probe on the new
UHMWPE acetabular cup shown in Fig. 1(A).

cannot be solved for ap(z) unless the character of this func-
tion is known. In other words, a hint is needed about the
actual physical nature of the subsurface property profile.
Premnath et al.”® proposed a theory to explain the mecha-
nisms of subsurface oxidation in UHMWPE as a consequence
of surface irradiation. According to this model, y-irradiation
induces the formation of free radicals, predominantly alkyl
but also allyl and peroxyl groups, while oxidation is detected
as the production of carbonyls (mainly ketons) produced in
the reaction between alkyl and peroxyl radicals. Therefore, it
is from the balance between the alkyl and peroxyl radical
fractions formed during irradiation that an oxidation profile is
formed along the material subsurface. In polyethylene mate-
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Fig. 9 Maps of wear index (related to oxidation index) collected at
increasing depths of focal plane z, of the confocal probe on the short-
term retrieved UHMWPE acetabular cup shown in Fig. 1(B): (A)
through (E) refer to the nonwear zone, while (F) through (J) refer to the
main wear zone of the retrieved cup.

rials irradiated in a controlled atmosphere, oxidation during
irradiation is negligible and the majority of the generated free
radicals lead to cross-linking; however, chain scission may
partly take place in vivo after irradiation and give rise to a
time-dependent evolution of the oxidation profile, as observed
in this study. During in-vivo exposure of the acetabular cup,
the large availability of oxygen on the surface creates excess
of peroxyl versus depletion of alkyl radicals. On the other
hand, in bulk, oxygen levels are low, as it is the conversion of
alkyl to peroxyl radicals, leading to an excess of alkyl over
peroxyl radicals. At some depth below the surface, the frac-
tions of alkyl and peroxyl radicals balance and the probability
of a reaction to form ketons reaches a maximum, coincident
with the observed maximum of oxidation. In other words, the
physics behind the formation of an oxidation profile in the
immediate subsurface of irradiated polyethylene dictates that
the profile be rather of a sigmoidal shape than a continuously
rising (e.g., logarithmic or exponential) curve. Accordingly,
we selected a trial function of the following type to perform a
property deconvolution according to Eq. (21):

a,(z) =a+b-arctan(cz + d). (22)

Note that oxidation results in substantial chain scission, ac-
companied by significant decrease in cross-linking and easier
formation of thin crystallites in the amorphous regions as a
consequence of chain rearrangement. Since the described oxi-
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Fig. 11 In-depth profiles of crystalline, amorphous, orthorhombic,
and third phases in the new acetabular cup. Probe resolution in this
assessment was in the range z,~6.4+10 um.
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dation process and the degree of crystallization are intrinsi-
cally related, we assumed, in the first approximation, the same
trial function for probe deconvolution of both profiles. The
crystallinity fraction a,(z) and the oxidation index OI(z) in
the long-term retrieved cup were retrieved (and plotted in
Figs. 15 and 16, respectively) as a function of the in-depth
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Fig. 10 Maps of wear index (related to oxidation index) collected at
increasing depths of focal plane z, of the confocal probe on the long-
term retrieved UHMWPE acetabular cup shown in Fig. 1(C): (A)
through (E) refer to the nonwear zone, while (F) through (J) refer to the
main wear zone of the retrieved cup.
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Fig. 12 In-depth profiles of crystalline, amorphous, orthorhombic,
and third phases in the short-term retrieved acetabular cup. Probe
resolution in this assessment was in the range z;~6.4+10 um.
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Fig. 13 In-depth profiles of crystalline, amorphous, orthorhombic,
and third phases in the long-term retrieved acetabular cup. Probe
resolution in this assessment was in the range z;~6.4+10 um.
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Fig. 14 In-depth profiles of wear/oxidation index in new, short-term,
and long-term retrieved acetabular cups. Probe resolution in this as-
sessment was in the range z;~6.4+10 um.
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Fig. 15 Plots of crystallinity phase fraction distribution along the in-
depth z axis as experimentally detected by the confocal probe and
after mathematical probe deconvolution according to Eq. (20). In the
calculation, Eq. (21) was adopted as the trial function, and best fitting
was obtained with a, b, ¢, and d equal to 0.60, 0.14, 0.25, and —-0.83,
respectively.

abscissa z after probe deconvolution according to Egs. (21)
and (22). The deconvoluted curves are compared with a,.(z)
and OI(z,) profiles experimentally detected by the confocal
probe. Unlike the oxidation profile, for which the deconvo-
luted magnitude and morphology were substantially the same
as those observed in the experimental (confocal) trend
[0I(z) = OI(z;); see Fig. 16], the actual crystallinity gradient
was found significantly steeper than that recorded by the con-
focal probe (see Fig. 15). The need of adopting a confocal
probe configuration and the role of a mathematical probe de-
convolution is even more critical when one considers that no
gradient could be detected in the immediate subsurface of the
material by a normal probe configuration with full aperture of
the optical pinhole. Taddei et al." investigated UHMWPE hip
prostheses by Raman spectroscopy using a X20 lens and
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Fig. 16 Plots of wear index (related to oxidation index) distribution
along the in-depth z axis as experimentally detected by the confocal
probe and after mathematical probe deconvolution according to Eq.
(20). In the calculation, Eq. (21) was adopted as the trial function, and
best fitting was obtained with a, b, ¢, and d equal to 3.7, 2.4, 1.0, and
-12.0, respectively.
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Fig. 17 Portions of Raman spectra investigated to calculate the oxida-
tion index according to Eq. (6): (A) average spectrum collected on a
new acetabular cup; and (B) average spectrum collected on the long-
term exposed in-vivo acetabular cup. Spectral fitting by Gaussian/
Lorentzian subbands is shown for both spectra and the salient bands
used for assessing Ol located with an asterisk.

without adopting a confocal probe configuration. Based on the
outcomes of a previous investigation by Zerbi et al.,”’ these
researchers argued that the Raman spectrum of UHMWPE
was only contributed by the first 20 to 25 um of material
depth from the free surface. The present investigation shows
that the in-depth spatial resolution adopted in the prior study,
as well as in the majority of the Raman studies of polyethyl-
ene for artificial hip joints, is not suitable to fully detect the
steep gradients of microstructural properties developed near
the material surface on sterilization by y-rays. We believe that
these near-surface property gradients represent a separate
piece of structural information which, besides millimeter-
scale subsurface gradients, is also needed for a full under-
standing of the effect of y-irradiation on the polyethylene
structure. Using an optimized configuration of the confocal
probe, aided by computational procedures to deconvolute the
observed spectra, the full details of such microstructural dis-
tributions can be detected. This may help to reveal the actual
origin of structural embrittlement in the immediate subsurface
region, which ultimately leads to in vivo debris formation.

5 Conclusion

The (optical) probe response function for Raman bands of
UHMWEPE is systematically evaluated in both normal (pin-
hole full aperture) and confocal configurations of the optical
probe. Based on these assessments, a suitable confocal probe
configuration could be identified, which allowed us to greatly
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Fig. 18 Schematic drafts for (A) FTIR (destructive) and (B) confocal
Raman (nondestructive) assessments of oxidation index in UHMWPE.
The required sample thickness for FTIR assessment and lateral spatial
resolutions are explicitly shown. DTGS and CCD abbreviations stand
for deuterated triglycine sulfate and charge-coupled device,
respectively.

reduce laser penetration depth in the material. By shifting the
focal plane of the confocal probe to different depths along the
subsurface of the material, microstructural property gradients
and wear-related degradation in retrieved UHMWPE acetabu-
lar cups could be systematically evaluated and compared to
those present in a new cup as received from the maker after
sterilization by +y-rays. This study clearly shows the suitability
of confocal Raman spectroscopy for systematic wear studies
of UHMWPE components of hip joints and for revealing
through highly resolved imaging near-surface characteristics
so far unexplored; however, it leaves unanswered important
issues about the role of microstructural property gradients and
in-vivo oxidation profiles on the wear response of the poly-
meric surface, and thus, on debris formation and the actual
lifetime of the joint. This important issue definitely calls for
systematic confocal Raman spectroscopic studies of joints
subjected to different sterilization conditions before and after
loading in advanced simulator devices.

6 Appendix

This section offers a quantitative explanation about the spec-
troscopic reliability of the present Raman measurements of
Ol, and shows the procedure followed for the empirical de-
termination of Eq. (6) from a comparison between Fourier
transformed infrared (FTIR) spectroscopy and Raman data. In
addition to the considerations made in Sec. 3.1, it should be
noted that the OI assessment in Eq. (6) employes Raman
bands that are related to the unoxidized polyethylene struc-
ture. Therefore, OI can only be indirectly assessed through
Eq. (6). Figures 17(A) and 17(B) show typical Raman spectra
(both averaged over 100 locations), collected under the same
acquisition conditions adopted for the images in Figs. 8—10.
Data were collected on fresh (new cup) and degraded (long-
term retrieval) UHMWPE, respectively. These figures also
show the details of the spectroscopic fitting procedure adopted
for data analysis. As can be seen, the spectral differences be-
tween the two materials are fine but clearly detectable, as
follows: (I) a relative increase of the -CH,- bond wagging
band intensity /474 with respect to the -CH,- bond twisting
band intensities (I1593+7;305) can be noticed in the degraded
material; and (IT) within the -CH,- twisting vibration region
2, the band intensity /3¢5 is relatively higher in the new ma-

January/February 2007 + Vol. 12(1)



Pezzotti et al.: Confocal Raman spectroscopic analysis of cross-linked...

3)—; .
\\\.
/ T
/ S
-
| | %
(®B) | &
77 1 |2
- (=]
: | | * 3
< i =7
B = e
Z * T(E
1 l} f
£ [ I
= | A T (TAYA
L | i — B . \ -
1200 1250 1300 1350 1400 1-11'50'15‘00
Wavenumber (em”

025 030 035 040
Raman band ratio, 1, /({,,

A 2
3.00] 3 |7
= | ‘ * %
200] % i 318
) g g 2 Ay
£ 1 T fa| b/ %
3 5 A E VA
i 1.00 1200'1‘2;‘%(; %:é(;:)ﬁ}lsl'%)‘;llj?gﬁlﬁ)o'lsho
D
=3
£ 0.00 \
= .
o ~,
= \\
TE-I.OO .
e \\‘\.\
N
2.00 g
+~— @)
-3.00 . . . .
0.00 0.05 010 015 020

0.45 0.50

9J+I 1305)

Fig. 19 Relationship between the Raman band ratio 11414/ (l1293+ l1305) and Ol (as determined by FTIR) in an increasingly oxidized UHMWPE
sample. The dataset was least-square fitted to obtain Eq. (6) with a correlation factor R*=0.96. In the insets, two typical Raman spectra (and related
deconvoluted subbands) are shown for the low and high oxidation region of the plot, respectively. The bands employed for the indirect charac-

terization of Ol from the Raman spectrum are identified by an asterisk.

terial than in the degraded one. Note that both these features
substantially contribute to the indirect determination of the Of
value, according to Eq. (6). In this context, it is important to
note that the fluorescence background in the present measure-
ment conditions could be kept to a level sufficiently low to
avoid obscuration of the vibrational bands of interest (empha-
sized by asterisk in Fig. 17). The empirical Eq. (6) was ob-
tained by a least-square fitting routine on data collected on the
same UHMWPE material at different oxidation levels by both
FTIR and Raman spectroscopy. Aging of UHMWPE was
made at 80°C up to 15 weeks, and a comparison was made

’;:‘

&

g M

=

£

¢
3)
“

800 1000 1200 1400 1600 180G 2000 2200 2400 2600 2800 3000
Wavenumber (cm?)

Fig. 20 IR spectra collected on a virgin UHMWPE cup after “con-
trolled” experiments in an oxidizing atmosphere. These spectra corre-
spond to the data points indicated by arrows in Fig. 19. Ol was cal-
culated according to ASTM standard®® from the areas below the
absorption curve as O/=0OA/ON. The baseline curves are also explic-
itly indicated by broken lines.
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with a similar sample held in inert atmosphere (evacuated
package). Therefore, these data represent the outcome of
“controlled” experiments performed under O, pressure versus
inert atmosphere. The principles of the OI measurement are
schematically shown for both techniques in Figs. 18(A) and
18(B), respectively. Note that unlike Raman, which is a fully
nondestructive technique, FTIR spectroscopy should be per-
formed in transmission mode and thus involves slicing of the
sample into thin plates (5 to 10 wm in thickness). Figure 19
shows the relationship found on an increasingly oxidized
sample between the Raman band ratio 71414/ (I1293+1;305) and
Ol (as determined by FTIR). The dataset can be least-square
fitted to obtain Eq. (6) with a correlation factor R=0.96. In
an attempt to make it available to the reader, the salient fea-
tures of the spectra (as done before for data on new and long-
term exposed cups in Fig. 17), two typical Raman spectra are
shown in the inset as collected from the nonoxidized [Fig.
19(A)] and highly oxidized [Fig. 19(B)] regions of the plot in
Fig. 19. No such spectroscopic features could be recognized
on the sample held in vacuo. In addition, we also show in Fig.
20 the FTIR spectra collected on the UHMWPE material at
different stages of aging (identified by arrows in the plot of
Fig. 19). Sampling was made approximately in the same area
where Raman spectra were collected. The lateral spot size in
IR measurements was of several tens of microns. The OI
values shown in Fig. 19 were obtained according to a stan-
dardized procedure given for UHMWPE to be used in surgical
implants.”®
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