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Abstract

Fourteen explanted Dyne$§yspinal devices were analyzed for biostability @othpared with a reference,
never implanted, control. Both poly(carbonate-uaet) (PCU) spacers and polyethylene-terephthabde )(
cords were analyzed. The effect of implantation erzduated through the observation of physicalatitens

of the device surfaces, evaluation of the chemisajradation and fluids absorption on the devicet an
examination of the morphological and mechanicatuies. PCU spacers exhibited a variety of surface
damage mechanisms, the most significant being imbrasd localized, microscopic surface cracks. et

of oxidation and chain scission were detected ob B@acers by ATR-FTIR. ATR-FTIR, DSC and hardness
measurements also showed a slight heterogenetheicomposition of PCU. The extraction carried ot
the PCU spacers revealed the presence of extragtahicarbonate segments. One spacer and all Pi$ co
visually exhibited the presence of adherent bigalgimaterial (proteins), confirmed by the ATR-FTIR
results. GC/MS analyses of the extracts from PET<oevealed the presence of biological fluidschess,
mainly cholesterol derivatives and fatty acids,badaly trapped into the fiber network. No furtheeuotical
alterations were observed on the PET cords.

Although the observed physical and chemical dancagebe considered superficial, greater attentiost e

paid to the chemical degradation mechanisms of B@&Lto the effect of byproducts on the body.
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1. Introduction

Segmented polyurethane elastomers have been useddral biomedical applications in recent decades,
thanks to the combination of excellent biocompétijband mechanical properties. Polyurethane (PU)
elastomers are block copolymers based on polyuretha hard segment and on polyols as soft segiitest.
term ‘polyols’ in general identifies aliphatic madiols with ester, ether or carbonate groups imthae
chain [1]. The first generation of PU biomateriatgresented by polyester urethanes, easily unaéerwe
hydrolysis, being then unsuitable for long term lampation [2,3]. Hydrolysis of the ester linkag®guces
acid groups which increase the acidity surroundiggdegrading polyurethane and may autocatalyze the
degradationThe second generation, polyether urethanes, shawégher stability to hydrolytic degradation,
but a susceptibility for oxidative degradation [Bplycarbonate urethanes (PCUs) were identified as
substitutes for the first and second-generatiogyethanes and were introduced in the 1990s aisda th
generation of thermoplastic elastomers for biomeddipplications [2]. PCUs showed a higher biositgbil
and superior performance, in respect to the otbeemgtion of polyurethanes [5-7], thanks to thes@nee of
the carbonate group in the main chain of the sgftent.

PUs are characterized by a two-phase morphology heind and soft segments of the polyurethane
copolymer are immiscible and undergo segregatioms€quently, the morphology of PUs is characterized
by an amorphous matrix containing both disorgantmd and soft segments, as well as hard micro-thema
dispersed in the matrix [8]. These hard micro-darmaionsist of hard segments organized in a three
dimensional network of hydrogen bonding and agitasical crosslinks. The microphase separation is
responsible for unique physical properties of P@ias allow a broad range of applications [9 ].

Previousn vitro studies have demonstrated that the morphologyaf B influenced by the
experimental conditioning that induces a morphalalgreorganization [10-12]. Moreover, in vitro Sesl
showed that both composition and morphology hanaeain the biostability and biocompatibility as s
an effect on biodegradation [13-13h particular, the extent of phase separation hasfluence on the cell
attachment and proliferation [16,17]. Previous ssidn PCU have also indicated a higher resistence
hydrolysis, environmental stress cracking (ESC)airien oxidation (MIO) and calcification, with resct to
polyether urethanes [18]. Even if evidence of cloatand physical degradation was observed dunngro
andin vivo studies [10,19-21], segmentpdlyurethanes based on polycarboretemore stable toward
oxidative degradation than polyurethane with a etblgr soft segment [5,20].

The chemical degradation of both polyether and garlyonate urethanes was referred to as oxidative
degradation, and it was related to chain scissiiaa crosslinking of the copolymer [22], mostlyatving
the soft segment. Enzymatic studies on PCU shothgdrolytic enzymatic degradation with cholesterol
esterase, an enzyme over expressed in inflammsystgm, is negligible [23], but the cleavage of the
urethane bond was observed [24,25] and the formafionethylene dianiline was detected [26].

Although PCUs have been widely studied in cardiouts applications [7,21] relatively few studies
have examined the response of PCU to human impiemtander load-bearing applications, such as

orthopedic and spinal implants, which makes thé&serwvations of particular interest to finesivo-



degradation field. Simulator studies and retrieladervations performed on PCU show a lower weat eat
lower particle generation rate and a larger sigepérticles, compared with the other polymeric aretal
systems, indicating a promising wear performanckaalow osteolytic potential [27,28].

Dynesy§ Dynamic Stabilization System is a multi-componeavice developed for treatment of the
lumbar spine pain, manufactured by Zimmer Sping.[P§nesys is used internationally mainly for non-
fusion treatment of the lumbar spine [30]. In theiteld States, Dynesys has been cleared by the DA f
lumbar fusion, but is currently not approved foinsp stabilization without fusion. The Dyne§ySystem is
composed of pedicle screws, PCU spacers and a Toedscrews are made of a titanium alloy (Ti-6AlbJN
and anchor the system to the spine through thelesdiThe polyethylene-terephthalate (PET) corcheots
the screws and limits spinal flexion. The hollowasgpr, molded from polycarbonate urethane (PCU),
surrounds the cord between the screws and limitglsgextension.

The biostability evaluation of polyesters has shawecellent properties and resistance to microlitatk
for the aromatic polyester, especially for PET [Ripdegradation of PET fibers to a small extens wa
detected on the terminal ester, but it was fourgetonore prominent above the glass transition teabyes
(about 70°C) [32,33], thus far from implantatiomddion.

Previous researches on the Dyn&s$gstem analyzed the biostability of the explam@eponents: PCU
spacer and PET cord. In one study [34], changé#weinlistribution of molecular mass and in the clstmyi
composition of the block copolymer were not obsdrtken absence of biodegradation was assumed. In
another study [35], the explanted devices showeahaeent deformation, wear and surface damage.
Chemical changes were also observed and assotvategeneral indication of biodegradation .

In the present work, some of the samples collectéde latter study [35], were further analyzedi@tail
in order to better elucidate the physical and cleah@hanges on both PCU spacer and PET cord. In
particular, in this paper, the chemical changesesl on the devices surface using ATR-FTIR were
specifically correlated to in vivo exposure. Adadital considerations are made about composition and
morphology of the devices, matching up the bulk surdace features. Moreover, the identificatiorhef
products extractable from the implanted devicesngcessary starting point in the study of bodyfmsv

interactions.

2. Materialsand Methods

2.1 Materials.

Fourteen explanted Dyne§ydevices and one exemplar (not implanted) weredegt schematic
drawing of the overall Dynesyslevice is showed in Figure 1A. The PCU spacer seth@n a soft
polycarbonate segment and on an aromatic polyurethard segment (Bion&t85D, DSM-PTG [36]).
Previous literature studies reported an averageakband 150,000-200,000 g/mol for this material [34je
Dynesy§ spacer has a thickness of 3,6 mm and an exteirakter of 12 mm. It has a circular track at 2,5
mm from the upper end. The spacer length depentisessite of implant in the spine (see [29] for aren

accurate scheme of the whole system). Before tptamtation the spacer is cut, then located andeldetith



the other components of the system. Due to thisguhare, each spacer is characterized by two diffeneds,
one of which is cut and the other, which is moldEtke spacer lengths of the analyzed prostheses feomm
5 mmto 21 mm.

The PET cord of the Dynesysystem is a network of microfibers of @& diameter. The length of the
cord depends on the number of consecutive spaddahardiameter is 4 mm. The average Mw of the PET
fibers in a similar system was reported to be adoi000 g/mol [34].

The implantation time of the Dyne§ydevices ranged from 0.7 to 6.5 years of implaotatMore details
for each specimen, along with a short descriptfomacroscopic observations, are reported in Table 1

Reasons for revision were not related to failureupture of the PCU or PET components. For most
cases, the primary diagnosis was disc degeneratidithe revision reasons were persistent back aledyo

pain and screw loosening [35].

2.2 Sample preparation.

Explanted spacers and cords were cleaned withtaniarbial hand-wash and demineralized water, in
order to remove a broader spectrum of microorgagism

After cleaning, each PCU spacer was cut in halftaedwo sections were stored in the dark at room
temperature. One section was used to perform mdksarface analyses: circular punches, on which the
measurements were performed, were cut from theded shown in the simplified scheme reported in
Figure 1B.

The manipulation during surgery, cut or partiaéadtion of the cord, reduces the possibility to
distinguish the effects of implantation from thegaon action. Nevertheless the PET cord was cut and

analyzed, considering both internal and exterter, with particular attention to the most altesedments.

2.3 Physical and chemical characterization.

The retrieved Dynes§sSystems, spacers and cords, were examined mapicaitypand
microscopically. A microscope with an integratedi@il camera (Leica EZ4D) was used to examine the
sample and to take magnifications of the surfabe. Jurface was observed by scanning electron noigpys
(SEM; Leica Stereoscan 410, Oxford Instrument) ald-goated samples. When necessary, SEM instrument
equipped with an EDS microprobe (energy disperspmctroscopy; Oxford Link ISIS) was also used to
investigate the chemical composition.

ATR-FTIR spectroscopy has been used to study tHiacas of the devices and to investigate the
chemical changes occurred during implantation. ATIRR spectra of the device surfaces were recorded o
FT-IR spectrometer (Perkin-Elmer, Spectrum 10@h&attenuated total reflectance (ATR) mode with a
diamond crystal, using 16 scans per spectrum aasadution of 4 cril. At least five spectra were recorded
on different zones of each device. The infrarea¢tspeavere collected on the inner and on the outdase of
the prostheses, as well on the molded and on thencuiof the devices. Regions with macroscopiaatitn

of the surface were preferably analyzed.



In order to evaluate the presence of adsorbedegpdbie punches of the prosthetic samples anapart
the cords were extracted with cyclohexane (at G0f@4h). After the extraction, the prosthetic séespvere
dried off and ATR-FTIR spectra of the surface wesbected. The extracted solutions were concerdratel
injected in the gas chromatography-mass spectrgragstem (6890N Network GC System coupled to a
5973 Network MASS Selective Detector; Agilent Tealugies, USA), equipped with a methyl-phenyl-
polysiloxane cross-linked 5% phenyl methyl silicaapillary column (30 m, 250m i.d., 0,25um film
thickness). The temperature of the inlet was ke@88°C. The carrier gas was helium (1 ml/min) ap
ratio was 1/40 of the total flow. The temperaturegoam was: 70°C for 1 minute, then a ramp witleatimg
rate 10°C/min to 320°C and held for 10 minutes. $/gzectra were recorded after 2,50 minutes of sblve
delay, under electron impact at 70 eV and usingtiam range 11-500 m/z. NBS75K and Wiley138 lilesari
were used to identify products with a score of nithes 95%.

In order to evaluate the bulk morphology of thecgps, differential scanning calorimetry (DSC Q200,
TA Inc.) was used to detect characteristic thetmaadsitions and to investigate the degree of mpirase
separation in the samples [37,38]. The DSC measmemvere performed on about 10 mg sample, with
open aluminum pan under nitrogen atmosphere (50h@n) and with a 20°C/min heating rate, from -75°C
up to 200°C cyclically. The use of 200°C as topgerature was selected considering that the thermal
degradation of this PCU starts around 230°C [39].

The Shore Hardness Test was used to assess tmessaaf PCU spacer, the durometer was utilized with

a specific indenter shapes and spring loads foreShascale.

3. Results and Discussion

3.1 Macroscopic observation.

6/14 explanted devices exhibited a permanent deftoom of the cylindrical spacer (see Table 1) hiree
cases (Dyn 3, Dyn 13 and Dyn 15), the cylindeh@racterized by bending ranging from 8 to 12 degyree
Besides, the circular track of four spacers (DyByh 9, Dyn 15 and Dyn 19) results compressed @ on
side, but the overall shape of the spacers remainddformed, with the exception of Dyn 15. These tw
behaviors indicate an incomplete recovery (creéf)eoriginal shape after a continuous mechanical
loading. Permanent deformation was not signifigactirrelated with spacer length and with implatati
time. Information on the patients such as body tteggnd activity level were not known. However, asv
noted that almost all the deformed spacers (5/6¢ wbserved on devices implanted in male patients.

Both the exemplar and all the retrieved spacer coapts exhibited a slight yellowing with respect to
the uncolored virgin material. This discoloratiafthough common in polyurethane-based manufactures,
clearly indicates a chemical modification inducedinly processing. It was previously shown [39] it
temperature needed to create a homogeneous mklsésto the temperature at which thermal degranlati
starts.

In most cases, the external surface of the dewviessmainly smooth and glossy. In some cases, liimite

or extensive opaque areas were identified. In @aet, one spacer (Dyn 20) demonstrated a diffuse



opacification on one whole side, while another de¥Dyn 10) showed an extended whitening diffuseallt
the spacer.
The PET cords also showed residual effects ofrtipaintation. A diffuse yellowing of the implanted

fibers is attributed to biologic residues, duedatact with body fluids.

3.2 Microscopic observation

At a microscope inspection, the spacers exhibiteari@ty of surface damages, summarized in Figure 2
likely due to different causes. Commonly observggesficial damage include small cuts and scratelasgy
the spacers, which were mostly attributed to thigisal removal, since the features of the scratchasbe
connected with scalpel marks; in one case a smadkcin another case a fracture were also obsemehe
molded end. A circular mark and superficial erosibthe end of the spacer were present in mosespam
example is showed in Figure 2A. They were attridutethe imprint of the pedicle screw head.

The loss of glossy and smoothness can be attritbotiepingement with bone, due to abrasive weato ar
visible action of biodegradation on the surfaces Tifost representative images of both these pheraaren
reported in Figure 2B-C and Figure 2D respectivighprints on the inner wall of the devices, indiogt
plastic deformation due to the contact with thedcarere also frequently observed (Figure 2E). Also
cord is characterized by plastic deformation, i segment where the screws anchor the device &pthe.
In this zone, the fibers are less yellowed andotlagded network results compressed, as it is shaaved
Figure 2F.

After visual and optical microscope inspection, SiEhMges were taken from the most attractive zones
and samples. The most interesting observationseameted in Figure 3. The undegraded surfaceseof th
retrievals, as that of the exemplar, show a smsotface (Figure 3A).

The zones of the surface that appeared opaque aptltal microscope, exhibit various form of
alterations when inspected with SEM. The surfabesacterized by an evident eroded and opaque reagon
visible in Figure 2B-C, show a typical abrasive weattern (Figure 3B), characterized by a rubber li
behavior. One of the most interesting sample (D3nshowed a surface that looks inhomogeneous at
unaided-eyes, with an alternation of lighter anckelaareas at the optical microscope. The lighter darker
zones look, in the SEM images, reported in Fig@2€18ft), like a succession of smooth surface atathed
micro-aggregates. Branched fissures were also widen this devices, as it is showed in Figure 18§hy),
more emphasized near the micro-aggregates. Brarfissedes can be attributed to environmental stress
cracking (ESC), a result of residual polymer sufatress, which may be introduced during fabricatibthe
device and not sufficiently reduced by annealirige Tontact with human fluids may speed up this
phenomenon, because of the absorption/desorptispeafies [40].

In 2/5 observed samples, aligned fissures or mioquis surface cracks were detected (Figure 3D). The
opaque side of Dyn20 was characterized by aligissdres extended to a large area of the surface. On
restricted zones, erosion and presence of microeggtes were observed in addition to the fisslrnesse

results indicate that the devices were subjecteddegradation phenomenon involving crack formagiod



propagation, due to the ESC on PCU. Being aligregggndicularly to the applied load, the fissurey &
attributed to fatigue stress [41]. No correlatiomsWound between aligned fissures and shape detiorma
Further, the appearance of these microscopic cdidksot show any correlation with the sample heagid
with the implantation time.

To investigate how deep these surface alteratioysagate, Exemplar and Dyn 10 devices were
observed in section and their comparison is showkigure 3E. The edge of the Exemplar (left) is
completely smooth, while the edge of Dyn 10 (righfagged, due to the cracks. This alteration ve®no
more than the first 1Am of the surface, suggesting no influence on thehaueical properties of the entire
device.

Some explanted spacers were characterized by ocehsidherent surface deposits that had resisted t
washing procedure, on both the external and inkeuréaces of the device. The adherent surfacesispo
were analyzed by EDS and the most representathudtseare showed in Figure 4. They are in somescase
calcifications (4A), due to the deposition of caloicontaining species [42]; in most cases, whemmetal
signals were detected, the surface deposits wiileuddd to organic depositions, such as biologspacies.
The extended micro-aggregates present on the suwsfddyn10 and described previously were organic in
composition. In one case, a piece of broken scrawaiso revealed (4B) on the inner surface of pheey.

Micro-aggregates, characterized by a organic coitippswere observed also on the fibers of the PET

cord, mainly on the external fibers, directly expds$o the body fluids, as it can be seen in Figkie

3.3 Surface chemical characterization

Table 2 reports the frequencies and relative assegits of the main FTIR signals of PCU [7,9], wiiie
ATR-FTIR spectrum of the reference, unimplanted@ans shown in Figure 5 (Exemplar).

PCUs are characterized by two different carbongligs, from the carbonate and urethane segments
respectively, that result in closed signals centtaitel 738-1700 cif) at 1246-1219 cthand at 790-770 ci
in the infrared spectra. Both groups may be invivehydrogen bonds, resulting into a total of fdifferent
carbonyl FTIR vibrations in the range 1738-1700'cin the ATR-FTIR spectrum, multiple signals, refg
from the overlapping of the mentioned absorpticas, be detected: a signal at 1700'dras been attributed
to strongly hydrogen-bonded carbonyls of the umethgroup in the ordered hard domains; a multiple
shoulder at 1722 cinto hydrogen-bonded carbonyls of both carbonateuagithane groups in the amorphous
phase, while the broad signal centered at 1737has been assigned to free (not involved in hydroge
bonding) carbonyls of the carbonate and urethaoepgr[39, 43,44].

The relative intensity of these signals can beetatred to the composition of the polyurethanes elbag
to the micro-phase separation and this featurdéas often used to gain information on the phase
morphology of segmented PUs [45,46]. Nevertheiesanalyzing the ATR-FTIR spectra of the retrieyals
we were unable to separate the effects of diffgpease morphology in the pristine copolymer froet ibf

chemical degradation occurred in vivo. Therefore,mainly concentrated on changes attributable to



degradation, leaving most considerations on diffees in morphology to the DSC analyses of the bulk
material.

However, it is worth mentioning that some differesavere always detected in the carbonyl region
between the spectra recorded on the molded oreoouthend of the same spacer. It is well known theat
phase morphology of segmented PUs is highly seadibti mechanical stresses [47], therefore the ubder
differences were attributed to an incomplete reppeéthe cut stresses induced at the implant.

Moreover, in 4/14 sample (Dyn 5, Dyn 9, Dyn 14 @yh 15), the relative intensities of the H-bonded
carbonyl and free carbonyl signals are signifigadifferent from that of the exemplar and of thejonigy of
the samples. This suggest a different morphologiggdnization and probably a different composition.

It is important to point out that the changes & signals were variable among different zones®f th
same sample. Altered spectra were often obtaimed fisually altered areas.

The examination of all the retrieved spacers leate identification of three main patterns of @tion
of the infrared spectrum. One example for each kiralteration is shown in Figure 5 (the curveslabzled
Type A, B, C).

The first kind of alteration (Type A) consists etpresence of two new signals at 2920 and 285) cm
attributed to C-H stretching of new alkyl specig.better understand the origin of these signalached
samples were extracted in hot cyclohexane for Zhh.spectra of the extracted samples did not shew t
same signals. Since the absorption of body flumspmonents is commonly observed into retrieved pesss
[48], these signals can be attributed to the prsenaliphatic long chain hydrocarbons, probabtyyfacids,
diffused into the device during in vivo time andraexted with the organic solvent. Neverthelessydpéne
absorption quite weak, and given the multiple malaippon steps occurred after retrieval, at thigstae
cannot exclude that the presence of fatty acidéintig related to accidental contamination.

Type A alteration was detected in all the devineZ/lL4 spacer only this change was observed, \ahile
the other IR signals were unchanged.

6/14 spacers exhibit an ATR-FTIR spectrum simitethiat reported in Figure 5 (Type B). The
appearance of two new absorption at 1175 and 930snelated in the literature to the oxidative
degradation of the PCU [22,49]. The increase ofig signals is strictly connected to a changaénshape
of the signal at 1600 chand to disappearance of the shoulder at 1614 Eor high levels of oxidation a
new, low signal was detected at 1645'cifihe change in the phenyl signal indicates a néshmof
oxidative degradation that involves the urethamgrsmt.

In addition, in the most degraded samples, therptien at 1736, 1248 and 790 ¢rehow a dramatic
decrease, if compared to those at 1700, 1219 ahdespectively. The decrease of all the signatgedito
the carbonyl groups of carbonate species suggassraase in the amount of carbonate segmentsatimdi
also an involvement of carbonate species in theadiagion mechanism.

A degradation mechanism involving chain scissiothancarbonate segments was already hypothesized
by an in vitro oxidation study performed on PCU]|28 literature, the presence of the new signalkla5s

cm’* was often attributed to the formation of crossiitletween the polyol segments during in vivo and in



vitro oxidation [22,49]. Nevertheless, other litierg studies suggest that it may also involve thigysethane
segments and, in particular, the reactivity of g®alosed to the aromatic structures [50-52]. Hsalts
obtained in this work confirm the involvement oftlh@egments in the oxidative degradation mechanism.

The level of oxidative degradation was not sigiifitty correlated to the implantation time of theide,
suggesting a multifactorial oxidation path that tringolve other parameters, besides the simple tifne
exposure to in vivo environment. One most evidantdr is the environmental stress cracking (ES@ges
oxidation was mainly detected in the abraded acka&d zone, indicating that mechanical load and \wase
an influence on surface oxidation. However oxidizadaces were detected also in zones that appeared
homogeneous, suggesting a complex degradationgg@ossibly started before implantation and acatddr
by the in-vivo environment.

In order to verify if also the bulk material beltke surface was affected by the observed degradatio
cross-sections cut from the spacers were also zethl\series of micro ATR-FTIR spectra were colléain
the sections, every 1Q0n starting from the external surface towards tH&.lAll the spectra recorded, even
on the first 20Qum below the surface, showed no changes compamghtool, indicating that significant
chemical changes are confined to the surface.

2/14 samples and especially Dyn 10, which exhibéeended attached micro-aggregates in the SEM
images, showed Type C alteration: two new, stramgads appeared at 3285 ¢rand 1638 ci The
comparison of both the micrographs and the spettifze surface before and after extraction revetiat
the species responsible for the new absorptionsatdre removed by cyclohexane extraction. We
hypothesized that the new signals may be due teipsand protein-like substances [53], coming flmdy
fluids and strongly adsorbed on the surface. Ieotd simulate the biological environment, a fragtref the
exemplar sample was kept into bovine serum foretkdiseys. The comparison reported in Figure 6 betlezn
spectrum of the retrieved spacer and that of teeisgen soaked into bovine serum seems to confimm ou
hypothesis. The difficulty of completely removinijguch adhering tissue without modifying the soefa
properties is a known problem. Traditional cleanimgthods may cause the tissue to become tighghat
to the structure of the prosthesis, but a moreesgive cleaning treatments may affect the chenpbgkical
and morphological properties of the prosthetic mialt§54].

The FTIR absorption characteristic of PET are disteTable 3 [55,56]. In the ATR-FTIR spectra of ou
retrieved PET cords, very strong additional sigimakhe CH stretching region, in particular at 2920 and
2850 cn', are observed, as for the PCU spacers. Agaim, @ftdohexane extraction, these signals
disappeared. The spectra recorded before andextiaction are compared in Figure 7. In some cases
additional signals at 1638 ¢hand 3285 ciwere detected, referred also in this case to ickd species
adsorbed on the surface, probably proteins. Thas igdditional confirmation of the organic origiintioe
micro-aggregates observed in the SEM images reporteigure 3F. No other changes in the infrareitiepa
were detected attributable to degradation, configrthe PET biostability.



3.4 Analyses of the extracts.

The GC-MS chromatograms of the solvent extractainbtl from the PCU spacer (Figure 8A) exhibit the
presence of signals related to carbonate segnikotgyh in a very low amount [57].

The presence of these signals may have a douklgiatation: it may be an excess of polyol coming
from the synthesis or formed during molding, tisatemoved by the extraction procedure; or rather th
hypothesized chain scission caused by in vivo disgian may be responsible for the formation of free
removable polyol. Detection of these signals irhamtidatively degraded and not degraded samplemtio
allow to exclude the first hypothesis.

The absence of any signal related to fatty acidéosrtholesterol derivatives indicates that thelsp
absorption detected by ATR-FTIR is a minor and sfupal phenomenon for the PCU spacers.

On the contrary, the GC-MS chromatogram of theagxtof the PET cords (Figure 8B) exhibits the
presence of long chain aliphatic carboxylic acitbat retention time and the presence of cholestandlits
derivative species at higher retention time. Thia tonfirmation of the presence of organic comgeun

coming from body fluids and diffused into the fib@nd/or trapped into the fibers network.

3.5 Bulk evaluation of the morphology and hardness measurements.

The microphase-separated morphology of PCUs depmntise fabrication and processing route as well
as on the chemical formulation of the copolymeB78,39, 58]. Differential scanning calorimetry wesed to
investigate the morphology and the degree of mitrase separation of the retrieved spacers. Siece th
chemical degradation mainly regards the surfadhetlevice, while the DSC measurements were pegitrm
on massive specimens, we assumed that the obsgraades are mainly imputable to differences in the
copolymer composition and morphology and not talbgradation.

The DSC characterization of polyurethanes geneshibw multiple thermal transitions, whose
interpretation is still under debate [58-61]. Th8Mthermogram of the reference sample is showingur &

9. Three thermal events are evident: a glass tramsemperature () associated to the amorphous matrix
and depending on the relative amount of hard afidegments in the matrix [37,39] and two endotherm
signals (T and T,), that were attributed, respectively, to the diian of the hard, pseudo-crystalline micro-
domains and to the microphase mixing, thus to tmeptete dissolution of the hard domains in the xatr
create an homogeneous phase [39,59].

No endo or exothermic signals are observed dumogjreg. At the second heating, thgv&alue is shifted
towards higher temperatures, indicating a highetertt of hard segments dissolved in the soft matrix
followed by an exothermic signal (l); indicating a microphase-separation [38,39,61].

The thermal transition temperatures resulting ftbenDSC measurements performed on the whole
collection of Dynesys devices are summarized inddb

The devices are characterized by quite heterogenedues of the glass transition temperatugp &Tthe

first heating ramp (from -13 to +4°C). As mentioradubve, the Jvalues depend on the relative amount of



hard and soft segment in the soft matrix and tieadrange of values observed in the first heatytec
might be simply attributed to different degree a€mphase separation.

A particular behavior was registered for 3/14 desi©yn 5, Dyn 9 and Dyn 15), which also exhibited
peculiar ATR-FTIR spectra. For this samples thelexonic signal T, related to the microphase separation
was detected in the cooling ramp: part of the Isagiments segregate from the homogeneous matrixgduri
cooling. Accordingly, the same samples exhibit &imlower glass transition temperature at the second
heating, compared with that detected for all thieeotevices. The remaining samples still exhilgjtige
broad range of J(from +16 to +28°C). Since the first heating rahgs the effect to cancel the thermal
history of the material, materials with the sameraftal composition should behave identically ateosd
heating ramp, independently on their previous nphese organization. Thus, the broad range of Tigegal
observed in the second heating cycle, after dimmf the microphase organization, suggests slight
differences in the copolymers composition. In aittr, larger differences must be hypothesizedpbaén
the significantly different thermal behavior obsehfor the three samples mentioned abovg ¢ cooling),
confirming the ATR-FTIR observations.

All samples have variablg {from 96°C to 110°C), related to the disruptiortted pseudo crystalline
order of the hard domains. This signal is stromglgted to the thermal history of the sample [3;58P All
the devices were subjected to a reproducible thersstment: standardized postmolding annealinggihe
same thermal history that should result in simitarphological behavior, creating hard domains with
comparable dimension. Furthermore, all spacersbad in vivo at 37°C for long times and all of thesre
stored in the same conditions after retrieval veilhg to hypothesize a homogeneous thermal histdrgn,
the slight difference in the shape and in the teatpee of this signal must be related to slightedénces in
the hard segment length and thus to a slight éiffiedimensions of the microdomains.

The mixing temperatures (Y registered in the first heating cover a rangteofperature from 170°C to
182°C. In almost all cases the mixing temperatetected in the second ramp was unchanged, with the
exception of the three cases already discussed.

1/15 sample (Dyn 12) exhibited a complex mixinghaigwhose origin is still under debate.

The hardness measurements, performed with the Ehdueometer, support our hypotheses about
different composition among the devices. 12/15 sgaexhibit consistent hardness values (56 + 2=sbjr
As expected, Dyn 5, Dyn 9 and Dyn 15 show a sigaifily lower hardness (45 + 2 shore D). As it was
confirmed by the ATR-FTIR and DSC measurementseluifferences must be related to a different

composition of the virgin material and not to detat@on occurred in vivo.

4. Conclusions

The long term stability and the integrity of medidavice polymers are very important factors in the
evaluation of the performance of biomaterials. Ailthh a number of reports on the clinical perforneaoic
the Dynesys system exists in the literature, thidysrepresents one of the few attempts at a deeper

investigation of the chemical modifications occdrairing implantation.



The PET cord components were found to be miningdipaged in vivo. Residues of body fluids were
found trapped in the braided fibers, but no chehdegradation was observed, confirming the knowodgo
biostability of PET, at least in the time framedsad.

The yellow color of the PCU components, comparetthéocolorless resin pellets, is the first sign of
degradation and it likely occurred during the mactdring process, since also the reference, neyganted
sample was yellowed.

The bulk analyses performed in this study suggesti@in heterogeneity in the composition of theJPC
devices. This behavior may reflect variation in ofasturing of the components. The irreversible
deformation of the spacer (creep) suggests thatttape recovery is not ensured for the duration of
implantation.

Various surface alterations were observed: besite® attributable to iatrogenic damage occurring
during revision surgery (cuts, scratches, etcrasibn, microscopic surface cracks, fissures atadatd
micro-aggregates were the most prominent. Most@fiegradation effects, aligned fissures and aldrade
regions, were correlated to the loading and aditah with adjacent bone. Chemical analyses shdtetd
attached micro-aggregates were mainly organic diéposSpecies containing calcium and the presefice
organic species adsorbed on the surface were btsmad. We postulate that the absorption of foreig
species may speed up the physical degradatioredutface. In particular the adsorption of chemécgnts
and the presence of the attached micro-aggregatgsfavor environmental stress cracking (ESC) dsal a
amplify the effect of loading, facilitating the foation of fissures.

Some PCU spacers exhibited chemical modificatidriseosurface that are attributed to oxidative
degradation. Although the complete degradation aeisin has not been fully elucidated yet, we have
evidence that both hard and soft segments areviedoFurther studies are necessary to understand th
details of the degradation mechanism and, in pdatichow and to what extent they can influenceithgvo
performance.

Most of the observed surface changes are restiigtieds than the first m, so the bulk mechanical
properties of the entire device are likely not éodffected. Nevertheless, the eventual releasegrbdation
products in the implant site, along with that ofawdebris and the consequent reaction induceceibaldy

are certainly worth more investigations.
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Figure Captions.

Figure 1. Schematic representation of the Dynegstem (a) and of sample preparation (b).

Figure 2. Micrographs of the most representatiteration of the PCU spacers and PET cords.

Figure 3. SEM images of the most representativeastopic alteration observed on PCU spacers and PET
cords.

Figure 4. SEM image and EDS results of micro-agagegjobserved on the surface of PCU spacers.

Figure 5. FTIR spectrum recorded on the referer@@d Bample (Exemplar) and FTIR spectra of the most
common alterations detected on the explanted spacer

Figure 6. Comparison of ATR-FTIR spectra of thersgkar with that of a retrieved sample and thathef t
exemplar soaked into bovine serum.

Figure 7. Comparison of ATR-FTIR spectra of PETdsdoefore and after extraction.

Figure 8. GC-MS chromatograms of A) solution exeeddrom PCU spacer, B) solution extracted from PET
cord.

Figure 9. DSC curve of the Exemplar device, exefioplive for the general thermal behavior of PCU.



Tables.

Table 1. Summary of patients and implant data efiifteen Dynesy%retrieval considered.

Sample Age/ Sex Years Implanted Observation
1- Exemplar - - Not implanted, used as reference
2- Dyn 002 45 -M 0.7 Crushed on one side
3- Dyn 003 50-M 1.0 Bend
4- Dyn 004 44 - Uk 11 -
5- Dyn 005 49 - F 2.5 Both cut end
6- Dyn 006 48 - F 1.9 Cut wrong
7- Dyn 008 32-M 1.0 Deep erosion
8- Dyn 009 44 - F 2.4 Crushed on one side
9- Dyn 010 37-M 4.0 Extended opacization
10- Dyn 012 30-F 6.5 -
11- Dyn 013 47 - M 2.9 Bend
12- Dyn 014 40 -F 2.4 -
13- Dyn 015 47 - M 2.2 Crushed on one side and bend
14- Dyn 019 54-M 5.2 Crushed on one side

15- Dyn 020 Unknown Unknown Half glossy and halaqpe




Table 2. FTIR absorbance peaks assignments of PCU.

Wavenumber (cnm?) Assignment
3334 N-H Stretching (free and H-bonded)
2956, 2938, 2900, 2862 GHsymmetric and Symmetric Stretching
1738-1700 C=0 Stretching urethane and carbonage @nd H-bonded)
1597 (1613 sh) C=C Stretching in aromatic ring
1526 N-H Bending + C-N Stretching
1466 CH Bending
1412 C-C Stretching in aromatic ring
1308 N-H Bending + C-N stretching, C-H bending oluplane
1246 O-C-O Stretching carbonate
1219 O-C-N Stretching urethane
1110 C-C-O Stretching carbonate
1070 CO-0 Stretching urethane
1018 C-H Bending in plane aromatic ring
953 O-C-0O Stretching carbonate
816 C-H Bending out of plane aromatic ring
790 O-CO-0 Bending out of plane carbonate

770 O-CO-N Bending out of plane urethane




Table 3. FTIR absorbance peaks assignments of PET.

Wavenumber (cm’)

Assignment

2960, 2919, 2849

CHAsymmetric and Symmetric Stretching

1712 C=0 Stretching ester
1579, 1505 C=C Stretching in aromatic ring
1471, 1453 CkIBending
1408 C-C Stretching in aromatic ring
1385 (sh) CHdeformation
1371 (sh), 1339 CHwagging
1240 CO-O Stretching in ester group
1175 (sh) C-H Bending in plane aromatic ring
1117 (sh) skeletal vibration aromatic ring
1095, 1044 (sh) O-Cjtretching
1017 C-H Bending in plane aromatic ring
970 C-O Stretching ester
896 CH Rocking
872, 846 C-H Wagging/Bending aromatic ring
791 CO-0 Bending out of plane ester
721 COO Wagging out of plane + C-H Wagging aromaitig + CH Rocking




Table 4. Thermal transitions of DyneSydevices.

Sample Tg 1° cycle Tg 2° cycle T T, I cycle T 2™ cycle
D1 -4 24 97 176 Unchanged
D2 -5 23 96 176 Unchanged
D3 -5 20 101 175 Unchanged
D4 -4 21 96 171 Unchanged
D5 -13 -3 104 174 190
D6 +1 26 100 177 Unchanged
D8 -3 23 101 168 Unchanged
D9 -12 -6 103 178 195
D10 -6 17 102 170 Unchanged
D12 -12 25 107 182, 189, 198 179
D13 1 20 103 182 Unchanged
D14 4 16 108 174 Unchanged
D15 -4 3 110 177 191
D19 -4 21 105 171 Unchanged
D20 1 28 106 170 Unchanged
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