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Featured Application: Application of confocal Raman spectroscopy in search of failure reason in
knee arthroplasty.

Abstract: (1) Aim: To evaluate the failure reason and surface modifications of a retrieved knee
prosthesis; (2) Methods: Rapid confocal Raman spectroscopy screening was applied on the surface of
a retrieved knee prosthesis (both titanium and UHMWPE (Ultra-high-molecular-weight polyethylene)
component) in order to determine predominate implant damage, along with the chemical composition
of synovial fluid accumulated in the stem of the tibial component during the implantation period.
Correlations between the medical records of the patient (clinical and radiographic information) and
spectroscopic results are pointed out, the parameters being interpreted in the context of proper
functioning and life span of knee prosthesis; (3) Results: The metallic tibial component does not show
any modification during the implantation period, as demonstrated by the well preserved titanium
component with signature of anatase phase detected in retrieved component, compared to unused
piece. The spectral features of polymeric component (ultrahigh molecular weight polyethylene,
UHMWPE) revealed structural modification in crystallinity and amorphous phase accompanied
by insignificant level of oxidation (OI < 1). Scratching, pitting and persistent organic spots as a
result of mechanical and chemical deterioration were noticed on the surface of retrieved insert.
Acrylic cement deterioration was also noticed. Synovial fluid collected from the stem of the tibial
component demonstrated a lipidomic profile; (4) Conclusions: Combining the clinical evidences with
confocal Raman spectroscopy allowed a rapid screening with high sensitivity and nondestructive
measurements in the case of failure in TKA (total knee arthroplasty). The third body wear and
lipidomic profile of synovial fluid are cumulative factors of failure in this case, resulting in an
osteolysis that finally leads to an aseptic loosening.

Keywords: knee prosthesis failure; arthroplasty; confocal raman spectroscopy

1. Introduction

The most common types of arthritis (severe degenerative joint disease) which may affect the knee joint
are osteoarthritis, rheumatoid arthritis and traumatic arthritis. In osteoarthritis, the breakdown of joint
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cartilage and adjacent bone may occur, affecting both middle-aged and older adults. The rheumatoid
arthritis is causes by the inflammation of the synovial membrane, resulting in excess of synovial fluid,
while the traumatic arthritis is due to a serious injury [1]. If medical treatments are not satisfactory,
knee arthroplasty or total knee replacement (TKR) is applied, which is a surgical procedure to resurface
a knee damaged by arthritis. The components of artificial knee replicate the shape of joint surface,
reestablishing the smooth rolling and gliding movement. Evan if there are different models of knee
implants available from a number of different manufacturers, a typical knee prosthesis is generally
comprised of three components: (a) the tibial component (shin bone, metallic, stemmed, with a tibial
plateau), (b) the femoral component (thigh bone, metallic) with a curved surface and a central grove
mimicking the surface of femur and (c) the polyethylene insert as a load bearing and articulating
surface with a corresponding curvature that accept the opposite femoral surface [2]. During knee
replacement surgery, these implant components are usually connected to the bone with acrylic cement.

Usually, cases of failure in total knee replacement (TKR) are caused by wear and tear with
subsequent loosening of the implant, either cemented or cementless. Other causes are infection,
instability, fracture or stiffness [3,4]. Designs of total knee implants have a variety of contact geometries,
in which the contact between metallic and polyethylene components articulating with each other
results in a complex stress distribution pattern. The main reason for failure is the high friction
coefficient of these materials that can lead to the release of wear debris from the implant into the
bloodstream. As a result, an inflammation of the surrounding tissue occurs and gives rise to the bone
resorption (osteolysis), which ultimately leads to loosening of the implant and hence the implant
must be replaced by a new one [4]. In general, joint simulators allow preclinical evaluation of wear
of artificial joints in a controlled environment [5,6]. However, it is difficult to create similar dynamic
conditions as during natural movement of joints after implantation while simulating conditions.
During the walking cycle, the knee joint prosthesis is subjected to cyclic loading, causing fatigue
failure and sliding between insert and femoral component, which enhances the wear process in plastic
insert [7]. Pre-clinical testing of components is vital to find out the probability of damage or time
dependence of wear. While laboratory simulation can provide important data related to long-term
mechanical performance of materials used in arthroplasty, the spectroscopic analysis of retrieved knee
prosthesis components provides invaluable insights into the in vivo tribological performance of the
prostheses [8]. According to previous reports [9], damage modes identified in retrieved components
of knee prosthesis includes abrasion, burnishing, extruded cement, dishing, embedding, pitting and
scratching [9], as demonstrated by scanning electron microscopy (SEM) micrographs. Especially plastic
ultra-high-molecular-weight polyethylene (UHMWPE) component failure is known to occur through
different causes: delamination, crack formation, wear, pitting and the generation of particulate debris
with a local resorptive osteoclastic response [10]. Not only mechanical damage to the materials may
contribute to complications requiring revision surgery, but also degradation of the articulating surfaces
associated with the release of wear debris to surrounding tissues may also contribute to failure and
the need for revision surgery [11]. Accumulating wear debris after total joint arthroplasty may leads
to an aseptic loosening of the prosthesis, being demonstrated that the number, size and shape of the
wear particles strongly influence the extent of the inflammatory biologic reaction and consequently the
periprosthetic osteolysis and early failure of the prosthesis [12].

On the other hand, synovial fluid response to particulate UHMWPE has been also documented
by many authors [13–17]. In some of these studies [13,17], Raman spectroscopy was used to assess
the biochemical composition of synovial fluid collected from patients with clinical evidence of knee
osteoarthritis or presenting a chronic inflammatory response like synovitis and it has been hypothesized
that in some cases, such a synovial reaction may contribute to component loosening. Based on the
carotenoids resonance Raman signal jointly exploited along the surface-enhanced Raman scattering
(SERS) signal of proteins from synovial fluid, a discrimination of high- and low-grade osteoarthritis has
been proposed using multivariate data analysis [17]. Several chemical changes may occur in cartilage as
a result of osteoarthritis, which include the loss of proteoglycan content and collagen degradation [17].
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Synovial fluid is primarily composed of water, proteins, proteoglycans, glycosaminoglycans with
crucial role in joints lubrication, lipids, small inorganic salts and metabolites such as amino acids or
sugars, each of these components having particular function in maintaining viscoelastic properties and
regulating the biologic activity of cytokines and enzymes involved in osteoarthritis [16,17].

Here, a retrieved knee prosthesis (both titanium and UHMWPE component) after 10 years use
was investigated. In addition, chemical composition of synovial fluid accumulated in the stem of
the tibial component during implantation period was analyzed, aiming to determine the implant
failure cause. Using confocal micro-Raman spectroscopy, the retrieved polyethylene component was
compared with a newly open counterpart, to assess molecular changes associated with aging process in
physiological medium. Metal–plastic aging and the possible scenario of failure due to combined effect
of mechanical and biochemical processes that may affect the longevity of knee prostheses are discussed.
Correlations between the medical records of the patient (clinical and radiographic information) and
our spectroscopic results are proposed.

2. Materials and Methods

2.1. Clinical Case Description

The present study was performed in agreement with the ethical standards of the Helsinki Declaration
and approved by the Ethical Committee of University of Oradea, Romania (ref. nr. 08/05.2020); the patient
signed an informed consent agreement for the surgical protocol. The patient was a 60-year-old
male, admitted to the orthopedics clinic I at the Emergency County Hospital, Oradea (Romania)
claiming right knee pain and partial functional impotence of the right pelvic limb. From the personal
pathologic background of the patient, we noted that he was the victim of a car crush and suffered a
fracture of the right tibial plateau, eight years before medical examination, for which surgery was
performed. Additionally, the patient presented hydrostatic varices of the lower limbs bilaterally, lumbar
spondylosis and lumbar discopathy. After clinical and paraclinical examination (radiological exam),
the diagnosis was established: right gonarthrosis which appeared secondary to a tibial plateau fracture.
Total cemented arthroplasty at the level of the right knee was performed using NexGen® complete knee
solution (Zimmer, Warsaw, IN, USA) and Gentafix®1 (Teknimed, Vic en Bigorre, France) acrylic bone
cement. The patient had a favorable evolution after surgery. After 10 years, a clinical and radiological
reassessment was made; a destabilization of the tibial component was noticed. As a consequence,
revision of the total knee arthroplasty was performed. During the surgery, it the instability of the
tibial components accompanied by decementation and loosening was noticed. No sign of sepsis was
found. The radiological examination before and after arthroplasty and revision surgery is presented in
Figure 1.
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Figure 1. (a) Bilateral knee radiography—anteroposterior view, demonstrating advanced degenerative
changes (gonarthrosis stadium IV) at the level of the right knee (white arrows), secondary to the
malunion of tibial plateau fracture; (b) lateral view, showing depression of the lateral tibial plateau
(white arrow); (c) anteroposterior and later view, eight years after surgery; both views highlight the
loosening of the tibial component, minimal osteolysis of the medial tibial plateau (anteroposterior view)
and minimal osteolysis around the distal region of the tibial implant (lateral view); (d) anteroposterior
and lateral view after revision of the total knee arthroplasty using modular tibial implant with short
stem and two screws for re-insertion of the patellar tendon (after tibial tuberosity osteotomy).

2.2. Retrieved Components of Knee Prosthesis and confocal Raman Spectroscopy

In Figure 2 are presented the photographic images of retrieved tibial components after 10 years,
showing the surface deterioration especially on the surface of UHMWPE component (delamination,
scratching), along with the accumulation of pelleted synovial fluid in the stem of tibial component
(Figure 2b).
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Figure 2. Photographic images of retrieved tibial components of knee prosthesis. (a) Assembled
tibial components; (b) titanium component and synovial fluid collected from the stem (white arrow);
(c) separate metallic and ultra-high-molecular-weight polyethylene (UHMWPE) component, showing
surface delamination (white arrow); (d) acrylic cement detached from the metallic component.
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Confocal micro-Raman spectra were acquired using an InVia Reflex Raman spectrometer
(Renishaw, New Mills, UK) equipped with an upright microscope (Leica). Raman spectra were
recorded from the surface of metallic and plastic components using a 785 nm laser diode for excitation.
The retrieved plastic and metal were placed under different orientations on the Raman microscope
stage to be able to collect distinct Raman signal from exposed surfaces to bone and metal, through a 20×
objective (NA 0.35), 30 mW excitation power, 1 accumulation and 1 to 10 s exposure, depending on the
collecting mode (short range from 700 to 1800 cm−1 or extended mode from 100 to 3200 cm−1). Different
data collection modes were applied to control any spectral change associated with longer time exposure
to laser of the raw, freshly retrieved biological material. The spectral resolution was 1 cm−1. The spectral
calibration was achieved using an internal silicon standard. The Raman spectral characterization
was run to comprise at least 10 spectral acquisitions from different active sites of the knee prosthesis
(i.e., the tibial metallic plateau in direct contact with UHMWPE or in contact with biologic tissue,
interface between UHMWPE and femoral component, interface between metallic component and acrylic
cement, synovial fluid collected from the stem, acrylic cement detached from the tibial component).
A total of 159 data files and micrographs were acquired via Raman micro-spectroscopy.

In the case of UHMWPE component, a computational analysis of the relevant spectral regions was
applied in the 1000–1200, 1250–1350 and 1400–1500 cm−1 intervals respectively. The second-derivative
spectra of each interval were smoothed with a nine-point Savitsky–Golay function and the resulted
components were used to locate the position of each relevant band component. The curve-fitting
analysis was performed by means of Origin 8 software and the spectra were baseline corrected according
to the algorithm of Dong et al. [18], assuming a Gaussian profile. The intensity of each spectral band
component was further used to calculate the percentage of crystalline (C%) and amorphous (A%)
contribution along with the oxidation index (OI) and interpreted in terms of aging influence on the
structure of UHMWPE.

The Raman spectra of acrylic cement pieces detached from the metallic tibial component were
analyzed in the range 600–3200 cm−1 and compared with the abundant literature data on polymethyl
methacrylate (PMMA)-based acrylic cement, while the synovial fluid collected from the stem of the
tibial component was examined in terms of major Raman bands describing the chemical composition,
such as proteins and lipids. Spectra were baseline corrected by multi-point baseline fitting routine and,
depending on the comparative purpose, normalized to unit.

3. Results

3.1. Tibial Metallic Component

The micro-Raman spectra and corresponding images recorded on the surface of new (unused)
and retrieved tibial component are presented in Figure 3, showing that the spectral features of metallic
component (titanium) are well preserved during the implantation interval. Both spectra revealed an
intense, broaden band at 144 cm−1, which is typical for titanium oxide polymorphs [19–22]. Raman
scattering is sensitive to material phase and polymorphism. Thus, even though two materials may
have identical chemical formulae, any different crystal structure or phase will often result in distinct
spectra. According to literature [23] the strongest vibrational mode of anatase polymorph is Eg mode
at about 144 cm−1. The titanium anodization spectra reported by Uttiya et al. [22] using acid media,
indicating the formation of titanium oxide layer (crystalline anatase) with typical bands at 144,396,515
and 638 cm−1. Rutile, other TiO2 polymorph, exhibits characteristic stretching peaks at 144 (very week),
430 and 590 cm−1 (very strong) that correspond to the symmetries of B1 g, Eg and A1 g, respectively.
In our case, even if the intense band at 144 cm−1 may indicate a polymorphism, we noted the absence
of all the other Raman active modes of the TiO2 polymorphs.



Appl. Sci. 2020, 10, 5343 6 of 17
Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 17 

 

Figure 3. Micro-Raman spectra recorded on the surface of tibial metallic component (titanium). (a) As 

supplied from the producer; (b) retrieved prosthetic component along with the corresponding 

microscopic image (inset). Scale bar 50 µm. Y spectral offset was applied for clarity. 

On the other hand, the passive film formation on pure titanium on different anodic potential 

treatment conditions has been investigated by Zhang et al. [21]. In this case, the overall Raman feature 

of the oxide layer showed decreased intensity of the Raman modes of anatase and main band (144 

cm−1) broadening with decreasing the applied potential. Comparing our result with these reports, we 

may conclude that our spectra collected from metallic component resembled poor crystalline anatase 

film on pure titanium, either newly open or after prosthetic retrieval. 

Thus, the overall vibrational features (Figure 3) of titanium surface remained unchanged. 

3.2. Aged UHMWPE Component 

Multiple Raman spectra were recorded on the surface of UHMWPE component of the retrieved 

prosthesis and compared with those recorded from a new one (unused, as received from the 

producer) as presented in Figure 4, highlighting the vibrational details in the main spectral regions. 

Spectral acquisition was performed from multiple points to comprise the contact interfaces, with the 

femoral and tibial sites. The corresponding micrographs are presented in Figure 5, showing 

deterioration signs due to the mechanical contact (scratching and pitting), but also upon interaction 

with the biologic tissue, as we noticed the presence of persistent organic spots on the surface of 

retrieved insert. The main vibrational Raman bands are characteristic to polyethylene: 1060, 1128 and 

1168 cm−1 assigned to the C–C symmetric and asymmetric stretching modes, 1294 cm−1 assigned to 

CH2 twisting vibrations and the triplet centered at about 1440 cm−1 assigned to CH2 bending modes. 

In the high wavenumber region, the characteristic peaks of symmetric and asymmetric CH2, 

stretching vibration are located at 2846 and 2881 cm−1, respectively [8,24,25]. 

Comparing the spectra of the new and old plastic, two main characteristics are observed: (i) the 

systematic slightly shift (2–3 cm−1) toward higher wavenumber in old polyethylene and (ii) a 

significant decrease of the relative intensities of the main vibrational bands due to aging process. 

0 100 200 300 400 500 600 700 800 900 1000

 

Wavenumber/ cm-1

R
a
m

a
n
 i
n
te

n
s
it
y
/a

.u
/

144

Titanium component

(a)

(b)

(a) (b)

Figure 3. Micro-Raman spectra recorded on the surface of tibial metallic component (titanium).
(a) As supplied from the producer; (b) retrieved prosthetic component along with the corresponding
microscopic image (inset). Scale bar 50 µm. Y spectral offset was applied for clarity.

On the other hand, the passive film formation on pure titanium on different anodic potential
treatment conditions has been investigated by Zhang et al. [21]. In this case, the overall Raman feature
of the oxide layer showed decreased intensity of the Raman modes of anatase and main band (144 cm−1)
broadening with decreasing the applied potential. Comparing our result with these reports, we may
conclude that our spectra collected from metallic component resembled poor crystalline anatase film
on pure titanium, either newly open or after prosthetic retrieval.

Thus, the overall vibrational features (Figure 3) of titanium surface remained unchanged.

3.2. Aged UHMWPE Component

Multiple Raman spectra were recorded on the surface of UHMWPE component of the retrieved
prosthesis and compared with those recorded from a new one (unused, as received from the producer)
as presented in Figure 4, highlighting the vibrational details in the main spectral regions. Spectral
acquisition was performed from multiple points to comprise the contact interfaces, with the femoral
and tibial sites. The corresponding micrographs are presented in Figure 5, showing deterioration signs
due to the mechanical contact (scratching and pitting), but also upon interaction with the biologic tissue,
as we noticed the presence of persistent organic spots on the surface of retrieved insert. The main
vibrational Raman bands are characteristic to polyethylene: 1060, 1128 and 1168 cm−1 assigned to the
C–C symmetric and asymmetric stretching modes, 1294 cm−1 assigned to CH2 twisting vibrations and
the triplet centered at about 1440 cm−1 assigned to CH2 bending modes. In the high wavenumber
region, the characteristic peaks of symmetric and asymmetric CH2, stretching vibration are located at
2846 and 2881 cm−1, respectively [8,24,25].

Comparing the spectra of the new and old plastic, two main characteristics are observed: (i) the
systematic slightly shift (2–3 cm−1) toward higher wavenumber in old polyethylene and (ii) a significant
decrease of the relative intensities of the main vibrational bands due to aging process.
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According to literature [8,24], the most sensitive vibrational bands which involves the structural
and morphologic modifications due to oxidation process, and consequently the degree of crystallinity,
are 1440, 1294, 1080 and 1310 cm−1 band which can be used for the calculation of crystalline and
amorphous phase [8,25]. For this purpose, computational analysis by spectral deconvolution and
curve fitting procedure was performed for the intervals 1000–1200, 1250–1350 and 1400–1500 cm−1,
in order calculate the exact bands intensity, as presented in Figure 6, for both unused and old (retrieved
UHMPE) component.

Moreover, since the spectral region between 1250–1350 cm−1 is considered to be independent of
the polymer chain conformation, the area of the band at 1294 cm−1 is accepted as standard to which all
the other bands can be related and compared [25].Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 17 
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Figure 4. Micro-Raman spectra acquired from the surface of plastic (UHMWPE) component of a new
(green spectra) and retrieved (red) knee prosthesis, showing the vibrational changes (band shifts,
relative intensity change) during 10 years aging in human physiological environment. The details
of significant intervals are shown in (a) 960–1200 cm−1, (b) 1280–1310 cm−1, (c) 1400–1500 cm−1 and
(d) 2820–2960 cm−1 spectral ranges. Spectra acquired under similar excitation and optical collection
conditions (excitation: 785, 30 mW, 10 s acquisition, 1 accumulation, 20× objective). Multiple spectra
collected from single points of old plastic are shown. Black spectra refer to color spotted plastic supposed
to be due to organic micro-deposits, however, the decreased polyethylene signal only was observed.
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Figure 5. Micrographs recorded in real time on the surface of UHMWPE component during Raman
measurements. (a,b) New (unused) UHMWPE component at the interface with (a) tibial and (b)
femoral sites, respectively; (c–f) retrieved UHMWPE component—the interface with (c) femoral and
(d) tibial sites, respectively; (e,f) persistent organic spots detected on the interface.
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The values of band intensity determined by spectral deconvolution allows the calculation of
crystalline (C%) and amorphous (A%) percentages in each sample along with the oxidation index (OI),
according to the following equations [8]:

C% =
I1294

I1294 + I1310
× 100 (1)

A% =
I1080

0.79(I1294 + I1310)
× 100 (2)

OI = exp
{

1.19 × tan
[
14.26

(
I1414

I1294 + I1310
− 0.26)] − 0.13

}
(3)

The results of crystallinity, amorphous and oxidation index calculations based on the curve
fitting operation of the main Raman bands intensity—for both new and retrieved components—
are summarized in Table 1.

Table 1. Values of crystallinity, amorphous and oxidation index calculated according to the
Equations (1)–(3) for unused and retrieved polymeric components (main value ± standard deviation).

Parameter New Retrieved

C% 46.22 ± 0.2 50.71 ± 0.2
A% 53.52 ± 0.5 48.91 ± 0.3
OI 0.00 ± 0.1 0.37 ± 0.1

It can be noticed an increase of crystallinity degree accompanied by the decrease of amorphous
phase in the retrieved component. As the addition of amorphous and crystalline percent does not
match the 100%, we can assume the presence of a minor fraction of an intermediate phase [8,26]. On the
other hand, a small increase of the oxidation index was noticed in the retrieved component, which is
not surprising, as the enhanced crystallinity is often accompanied by the oxidation during in vivo
exposure [8,27]. It is considered that a value OI = 3 represent a critical step in the loss of mechanical
properties due to fatigue damage in vivo [27,28].

3.3. Acrylic Cement Debris and Synovial Fluid

The Raman spectra acquired from the surface of acrylic cement detached from the metallic stem is
presented in Figure 7A,B in the low and high wavenumber region. The fingerprints of acrylic cement
are the strongest band at 2953 cm−1, which is the stretching mode attributable to υ (C–H, CH2, CH3)
in PMMA, 1726 cm−1, assigned to υ(C=O) groups stretching mode, 1450 cm−1 (strong intensity) due
to CH3 and CH2 groups deformation and 812 cm−1 (strong and sharp) due to the deformation of
C–O–C group. Ten-year-old acrylic cement exhibited several bands that are slightly different from
those of pristine PMMA, as shown in Table 2, in comparison with the previous Raman data reported
on PMMA [29–31].

The intense band at 986 cm−1, which is absent in pristine-PMMA, represent the signature of
gentamicin (C–C stretching vibration) [32], while the characteristic band at 1648 cm−1 reported by
several authors [29,31] was not observed here. However, this latter band was not reported in the first
comprehensive vibrational IR and Raman characterization of PMMA available from Willis et al. [30].
The slight changes in main band positions and occurrence of new band such as that observed at
1602 cm−1 which is not observed in synovial fluid either, correlated with the yellow color of the
retrieved acrylic cement, may suggest alteration in polymer composition and structural properties.
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Table 2. Observed Raman bands/cm−1 in aged acrylic cement from prosthetic retrieval compared to
literature data of pristine polymethyl methacrylate (PMMA) and their assignment.

PMMA
Ref. [29]

cm−1

PMMA
Ref. [30]

cm−1

PMMA
Ref. [31]

cm−1

Acrylic Cement Debris
(This Work) cm−1

Vibrational Assignment
[29–31]

833 818,
833 853 812 υs(C–O–C)

δ (CH2)

966 Not assigned

995

991
1161
1188
1234

925
999

1081

1002
1117
1180
1234

υ (C–O)
ρ (O–CH3)

υas(C–O–C–)

1264 1276 1264 υ (C–O)

1470 1456
1490 1460 1450

υ C–H)

1602 Not assigned

1645 Not reported 1648 Not observed υ(C=C) and υ(C–COO)

1739 1736 1736 1726
1774 υ (C=O) of C–OO

2849
2920 2848 2844

2933 υ(CH2), combination band involving –O–CH3

2952 2957 2957 2953 υ (C–H), CH2, CH3

3001 2995 3001 3001 υ (C–H) of O-CH3
υ (C–H) of –CH3

Abbreviations: υ-stretching, δ-deformation, ρ-rocking.
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Figure 7. Micro-Raman spectra collected in the low (A) and high wavenumber range (B) from the
surface of acrylic cement debris detached from the metallic stem, characteristic for acrylic-bone interface;
and (C,D) synovial fluid spectra from light (a) and dark (b) spotted points, accumulated in the stem
of the tibial component. Averaged spectra of 10 distinct points acquisitions are given; spectra were
background subtracted and normalized to unit; Excitation: 785 nm, 30 mW.
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To assess whether the cement was loaded with synovial components, we comparatively showed
its Raman signature (Figure 7C,D) while the corresponding micrographs taken with Raman video
camera are showed in Figures 8 and 9.
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(a,b) metallic component and with (c–f) the biologic tissue.
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Figure 9. Micrographs corresponding to multiple acquisition performed on different sites on the surface
of synovial fluid, showing embedded lipid droplets: (a) center, (b) edge.

The assignment of vibrational bands related to synovial fluid is summarized in Table 3, based on
the literature [33,34].

It is well known that physiological composition of normal synovial fluid includes high level of
albumin (6–10 g/L from a total of ~25 g/L proteins), along with γ-globulin and hyaluronic acid [34].
As there are some overlapping of the characteristic vibrational bands of lipids and proteins in the
high wavenumber region and also at about 1656 cm−1, we wanted to clarify the main features of
synovial fluid by comparing its Raman signature with that of proteins and lipids. As reference
spectra, the human serum albumin (HAS, Sigma-Aldrich, St. Louis, MO, USA), collagen from bovine
Achilles tendon (Sigma-Aldrich) and vegetal oil (rapeseed) were used from our Raman Lab database
as presented in Figure 10. The lipid profile of spectra collected from synovial fluid is evidenced
by the intense and sharp band at 2852 cm−1 accompanied by broad and weak bands at 2875 and
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2934 cm−1, very similar to the spectral features of oils, fat and fatty acids [33]. By comparison, the main
Raman feature of albumin and collagen, in the high wave numbers region, is represented by the very
intense band at 2930 cm−1. Regarding the assignment of the band at 1656 cm−1, it can be assumed an
overlapping of vibrational contribution from proteins and lipids.

Table 3. Assignment of the vibrational bands in Raman spectra of synovial fluid accumulated as pellet
deposition in the ten-year-old retrieved prosthetic (Figure 7C,D).

Raman Shift (cm−1) Assignment Chemical Component

1000 Ring breathing Proteins, Phe residue

1084 C–C stretching Fatty acids, triacylglycerols, cholesterol

1123 C–C stretching Fatty acids, glycerols, cholesterol

1260 =CH deformation Lipids, fatty acids

1302 CH2 twisting Fatty acids, cholesterol

1438 CH2/CH3 deformations Lipids, fatty acids

1656 C=C stretching Proteins (amide I α-helix), lipids (fatty acids, triacylglycerols)

2852 CH2 symmetric stretching Lipids, proteins

2875 CH2 symmetric stretching Lipids, proteins

2934 CH3 asymmetric stretching Lipids, proteins
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Figure 10. Raw Raman signal of synovial fluid (averaged of 10) compared to the spectra of human
serum albumin (HSA) (powder), collagen (powder) and commercial lipid (oil), demonstrating the
dominant lipid profile of collected synovial fluid spectrum with proteins signal influence.

4. Discussion

Although the design and surgical fixation techniques in arthroplasty have significantly improved
in the last decade, progression of degenerative diseases to the adjacent compartment has commonly
been reported as a reason for revision of TKA [7]. The presence of an implant alters alignment and
cartilage loading, thus favoring degenerative changes or the production of wear debris (metallic,
polymeric, and/or cement). Many clinical evidence as well as retrieval studies evaluated the presence
or absence of the damage modes: dishing, embedding, pitting, scratching and extruded cement
(cement overhanging the margins of the component), while polyethylene components were also
assessed for abrasion, burnishing and delamination [7,10,24,25]. In general, joint simulators allows
preclinical evaluation of wear of artificial joints in a controlled environment, the results being similar
to those found in retrieved prostheses [7,8]. Specifically, extruded cement may be associated with
TKA revision and should be minimized during index surgery. Numerous studies have pinpointed
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various factors influencing the extent of wear of the tibial (and patellar) polyethylene components
including knee alignment, polyethylene thickness, surface geometry, quality of the polyethylene,
manufacturing processes (such as heat treatment of the articular surfaces) and gamma irradiation in
air used for sterilizing the components [6,35–37]. From the material point of view, despite the large
number of works in recent years that seems to indicate a satisfactory behavior of UHMWPE for bearing
applications, further research needs to be carried out in order to properly predict lifetime of these
prostheses when implanted.

Vibrational spectroscopy such as FTIR (Fourier Transformed Infrared) and FT Raman are advanced
analytical methods, highly precise and nondestructive, fast and very useful in assessing the oxidation
range of retrieved UHMWPE components. Oxidized UHMWPE is an inherent state that exists in
UHMWPE components used in total joint replacements. The degree of oxidation of UHMWPE
components has been linked to changes in the mechanical properties of the material, such as
decreased fatigue strength and the production of wear particles around the site of the implant [36,37].
Higher crystalline fraction correspond to a more pronounced oxidative behavior, attributable to the
formation of free radicals during in vivo exposure [8,9,35]. Hence, Raman spectroscopy may represent
a useful tool on monitoring and controlling the quality of UHMWPE components and would be a
feasible choice for investigating the behavior of novel UHMWPE-derived materials with incorporated
antioxidant agents like α-tocopherol and others [36].

In our study, confocal Raman spectroscopy was employed for rapid screening of retrieved tibial
component of knee prosthesis, evaluating the modifications related to aging process as possible reasons
of failure. The metallic tibial component does not show any modification during the implantation
period, as demonstrated by the well preserved anatase phase detected in retrieved component,
compared to the unused piece.

Generally, metals are subjected to corrosion when in contact with body fluid as the body environment is
very aggressive due to the presence of chloride ions and proteins [38]. Specifically, titanium and titanium
alloys that come into contact with biologic systems may undergo some degree of corrosion while
metal ions released intra-articularly may form complexes with native proteins. These metal–protein
complexes may act as antigens or allergens and cause an immunologic response in the body or synovial
joint [39]. In this case, we found no evidence of corrosion, and hence, metal ions released cannot be
a reason of failure. Evan if the protective and stable oxides on titanium surfaces are able to provide
favorable osseointegration, in this case, an oxide-free surface is desired ensuring the best contact with
the UHMWPE component. In the retrieved titanium component, the eventually expected oxidation
(TiO2) layer with characteristic Raman bands specific for each polymorph (anatase, rutile, brookite)
was not observed [20,22].

To clarify the complex phenomena occurring in vivo in UHMWPE component, accurate structural
analyses were performed in the present study, by assessing the crystallinity degree and oxidation
behavior of UHMWPE component due to aging process. Polyethylene is a very transparent material to
visible lasers, and hence, the penetration depth of the laser can be significant. A careful consideration of
the main spectral region was made by comparing a new UHMWPE component with the retrieved one,
highlighting important details such as slightly shifts accompanied by reduction of bands intensity due to
aging process. Moreover, based on spectral deconvolution and curve fitting procedure, crystalline (C%)
and amorphous (A%) percentages in each sample along with the oxidation index (OI) was calculated.
An insignificant level of oxidation was demonstrated (OI less than one), while small modifications of
crystallinity and amorphous phase were noticed. It is considered that values OI less than one and
degrees of crystallinity in the range of 45%–50% does not affect the mechanical properties, but only the
wear lifetime with respect to degradation [8,9]. According to previous studies [24], both degrees of
crystallinity and amorphous phase were altered by oxidation, but the mechanical strain was considered
to be the main factor in alteration of crystallinity. Conversely, the chemical process (oxidation) is the
only one affecting the amorphous phase. An interesting study applying Raman confocal spectroscopic
technique to quantitatively assess the structural features of two kinds of UHMWPE acetabular cups
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belonging to different generations, and thus manufactured by different procedures, demonstrated that
oxidation profiles of polyethylene cups belonging to different generations greatly differed after wear
testing [8]. In a similar approach, micro-Raman spectroscopy was used to investigate the effects of the
sterilization method (gamma and ethylene oxide treatment) on the crystallinity degree of UHMWPE
acetabular cups, demonstrating that unworn gamma-sterilized cups were significantly more crystalline
than the ethylene oxide-sterilized ones [26]. All these previous works demonstrated the superiority of
confocal Raman spectroscopy over other available techniques (such as differential scanning calorimetry
or X-rays diffraction) use for quantitative evaluation of polymer crystallinity.

In the present study, the micrographs recorded on the interface of UHMWPE with both metallic
component and biologic tissue, evidenced some mechanical damage such as scratches and pitting,
along with persistent organic spots. These aspects could be correlated to the decementation observed
based on the radiographic examination. PMMA-based acrylic bone cements has been traditionally used
for fixation of total joint replacement prostheses to periprosthetic bone, based on radical polymerization
of the MMA, which is an exothermic reaction resulting in a temperature increase in the curing bone
cement [40]. It has been demonstrated that biodegradation of polymeric bone cements can result
from the environment in vivo. For example, acrylic cement specimens retrieved six years after total
hip arthroplasty showed significant decrease in fatigue strength compared with unused (control)
specimens [41]. On the other hand, some previous works investigating antibiotic release from acrylic
bone cements have postulated that water penetrates into the cement through surface cracks and voids,
created by the release of gentamicin sulfate [42,43].

The involvement of cement particles in the wear process of knee prosthesis was demonstrated
in some previous works [12,44]. For example, Wasielewski et al. [44] reported severe articular and
third-body wear from cement debris in a retrieval analysis of 55 polyethylene tibial inserts with deep
prismatic scratching of cobalt–chromium alloy condylar components. A more recent study developed
in a knee wear simulator, evaluated the influence of third bodies (bone and PMMA-particles) on
number, size and shape of wear debris generated [12]. These previous studies demonstrated that free
cement debris can significantly increase the generation of wear particles in TKA. Hence, it is basically
accepted that particle size, number and morphology will affect the biologic response, resulting in an
osteolysis that finally leads to an aseptic loosening in TKA. In our case, the deterioration of acrylic
cement due to aging, and third-body wear of cement particles could be a reason of failure, which is also
supported by the radiographic examination and the mineralization process evidenced by the Raman
spectra of acrylic cement debris. Pre-revision radiographs were evaluated for implant alignment as
well as the presence or absence of extruded cement and periprosthetic osteolysis. It is well known that
wear is very difficult to assess on conventional X rays, it can appear suddenly before the tenth years
after implantation, in the form of early osteolysis, in the case of heavy patients [44–46].

It was previously demonstrated that resonance Raman (RR) and surface-enhanced Raman
scattering (SERS) analysis are very useful tools in estimating knee osteoarthritis grading, based on
the signature of proteins in synovial fluid [16,17]. An accurate discrimination between low-grade
and high-grade osteoarthritis was possible based the molecular changes taking place in the synovial
fluid of patients [17]. Moreover, in situ techniques and real time measurements, using epidural needle
Raman sensors were recently described, testing the ability of Raman spectroscopy to distinguish each
tissue type [47].

In the present work, confocal Raman applied to synovial fluid collected from the stem of the
tibial component demonstrated a lipidomic profile, based upon a comparison with commercial lipid
sample, human serum albumin and collagen reference samples. According to literature, several clinical
studies have revealed correlations between various lipid classes (mainly triglycerides and cholesterols)
in serum and synovial fluid with different stage of osteoarthritis, synovitis and wound repair [48].
Hence, in the present case, we may assume that high lipids level could be a cumulative factor involved
in failure, complementary to third body wear, which drastically affected the surrounding tissue.
By corroborating the clinical and radiological examination with the confocal Raman results, we were



Appl. Sci. 2020, 10, 5343 15 of 17

able to evaluate the failure reason of knee implant upon TKA, based on rapid screening of retrieved
tibial components.

5. Conclusions

In the present study, a failure situation was investigated upon TKA, in a rapid screening,
by combining the clinical evidences with confocal Raman spectroscopy, with high sensitivity and
nondestructive measurements. The retrieved components of knee prosthesis (both titanium and
UHMWPE component), after 10 years use, were jointly investigated with the assessment of the
chemical composition of synovial fluid accumulated in the stem of the tibial component during
implantation period. From the material point of view, the metallic component (titanium) did not
show any structural modification, as revealed from the Raman spectra. Using confocal micro-Raman
spectroscopy, the ten years aged polyethylene showed slight structural changes in terms of Raman
signature. Additional changes were noted in the Raman spectroscopy of aged acrylic cement, based on
the comparison with the data from pristine PMMA. Metal–plastic aging and the possible scenario of
failure due to combined effect of mechanical and biochemical processes that may affect the longevity
of knee prostheses are discussed and interpreted in the context of proper functioning and life span
of knee prosthesis. The UHMWPE component presents an insignificant level of oxidation (OI < 1),
while small modifications of crystallinity and amorphous phase were noticed, as demonstrated by
spectral deconvolution and curve fitting procedure. By analyzing the acrylic cement debris and synovial
fluid composition we may assume that lipidomic profile and third body wear are cumulative factors
of failure in this case. The results are also supported by the clinical and radiographic examination,
which evidenced a drastic deterioration of the surrounding tissue. The cement debris affected the
biologic response, resulting in an osteolysis and finally an aseptic loosening.
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