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ABSTRACT: Polymers as biomaterials possess favorable proper-  *™*"Viicei }" A i B
ties, which include corrosion resistance, light weight, biocompat- -
ibility, ease of processing, low cost, and an ability to be easily » i B . (B
tailored to meet specific applications. However, their inherent low : .
X-ray attenuation, resulting from the low atomic numbers of their =~ # . n ‘

. . ) PLAPLLAPLGA g8 ",
constituent elements, i.e., hydrogen (1), carbon (6), nitrogen (7), %9 ooty g nd
and oxygen (8), makes them difficult to visualize radiographically. BE o & ‘} @5
Imparting radiopacity to radiolucent polymeric implants is s s @ Ss? . v
necessary to enable noninvasive evaluation of implantable medical n

devices using conventional imaging methods. Numerous studies
have undertaken this by blending various polymers with contrast
agents consisting of heavy elements. The selection of an
appropriate contrast agent is important, primarily to ensure that it does not cause detrimental effects to the relevant mechanical
and physical properties of the polymer depending upon the intended application. Furthermore, its biocompatibility with adjacent
tissues and its excretion from the body require thorough evaluation. We aimed to summarize the current knowledge on contrast
agents incorporated into synthetic polymers in the context of implantable medical devices. While a single review was found that
discussed radiopacity in polymeric biomaterials, the publication is outdated and does not address contemporary polymers employed
in implant applications. Our review provides an up-to-date overview of contrast agents incorporated into synthetic medical polymers,
encompassing both temporary and permanent implants. We expect that our results will significantly inform and guide the strategic
selection of contrast agents, considering the specific requirements of implantable polymeric medical devices.

KEYWORDS: radiopacity, polymers, contrast agent, biocompatibility, radiolucent, implant

H INTRODUCTION (PGA), poly(lactic-co-glycolic acid) (PLGA), and polypropy-
lene (PP).* These polymers have found application in dental,
orthopedic, vascular systems, and tissue engineering con-
texts.”

Routine monitoring of implants using conventional imaging
techniques based on X-rays is a necessary approach to evaluate
the performance and state of an implant postoperatively.””
Unlike metals and ceramics, which exhibit moderate-to-high
contrast in radiographs relative to the surrounding tissues,
most polymers are inherently radiolucent.””"' Being radio-
lucent means that an object has low X-ray attenuation and will
allow X-rays to pass through with little to no absorption,
thereby limiting visibility. This radiolucency is dependent on a

Synthetic polymers have extensive applications as biomaterials
in medical implants. They can either be permanent, where
their intended duration spans years, or temporary, where they
are naturally biodegraded in vivo or removed upon healing.'
These polymers serve diverse functions, such as to restore the
normal function of joints in arthroplasty, as drug delivery
systems, or to provide physical and structural support to
vascular systems.”~> Polymers possess desirable characteristics
such as biocompatibility, flexibility, corrosion resistance, ease
of production, and various mechanical, physical, and chemical
properties, which are considered beneficial depending on the
intended application.” Additionally, their properties can easily
be modified to satisfy a wide range of requirements.”*~°

Commonly used synthetic polymers in medical implants Received: November 14, 2023
include polyethylene (PE), mainly comprised of ultra high Revised:  January 17, 2024
molecular weight PE (UHMWPE), polyether ether ketone Accepted:  January 18, 2024
(PEEK), polytetrafluoroethylene (PTFE), poly(methyl meth- Published: February 8, 2024

acrylate) (PMMA), polyurethane (PU), poly(lactic acid)
(PLA), poly(r-lactic acid) (PLLA), poly(glycolic acid)
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material’s atomic weight and electron density, which directly
correlate to the level of X-ray attenuation.""'> Polymers consist
of repeating units of carbon, hydrogen, oxygen, and nitrogen
atoms which have low atomic mass and electron density'* "
and, therefore, exhibit low attenuation of X-rays.

Numerous studies have investigated the incorporation of
contrast agents to enhance the visibility of polymers in
radiographs.”'*'® Imparting radiopacity to polymers has
proven to aid in monitoring the implant to allow precise
surgical placement, evaluate biodegradation, or to detect
malpositioning, migration, and wear.'”7° We aimed to
conduct a thorough search of the literature to identify and
summarize these contrast agents.

B METHODS

The PubMed, ScienceDirect, and ResearchGate databases were
searched from inception to current results for studies of
polymeric biomaterials, including the terms “radiopaque
polymers”, “contrast agents in”, “radiopacity in”, “X-ray
contrast agent”, “contrast media”, and “radiopaque”, followed
by the specific implantable device (e.g., stents, bone fixation
devices, dental, bone cement) to limit the results to
implantable devices.

B RESULTS

Quantifying Radiopacity. Heavy elements in the form of
inorganic metal compounds, organic compounds, and pure
metal powders are the most common contrast agents added to
medical polymers. One major concern with these contrasts has
been their detrimental effect on important mechanical and
physical properties of the polymers."*'® Another concern has
been leaching out of the contrast agent, which could result in
adverse reactions such as contrast-induced nephropathy or
osteolysis, and should be kept below certain threshold
levels.' 207>

To quantify radiopacity, an aluminum 1,100 step wedge with
uniform 1 mm thick steps graduated from 1 to 10 mm (many
studies simplify the geometry of the wedge to reduce
machinin§ costs) is commonly used as the reference
material.”* >’ This wedge is placed beside the material of
interest during X-ray image acquisition,”® and the grayscale
values of the material of interest along with the step wedge are
digitally analyzed. The radiopacity of the specimen is then
referenced to the thickness of aluminum and expressed as the
equivalent aluminum thickness (mmAl).”’~> The ASTM
5640-20 standard to test radiopacity’’ recommends a
minimum of 2 mmAl radiopacity for medical polymers for
X-ray based techniques such as fluoroscopy, angiography,
computed tomography (CT), and dual energy X-ray
absorptiometry (DXA).' %!

Another common method of quantifying radiopacity is the
Hounsfield Unit (HU), mainly used in CT (Figure 1).**** A
material’s HU, the linear attenuation coeflicients of distilled
water and air, defined as 0 and —1,000 on the HU scale,
respectively, together with the attenuation of the material (u),
is calculated according to the following equation:”~”

K water

- 'L%zir

HU = 1000 X

“ water

The higher the HU value, the higher the contrast of the
material in a radiograph.
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Figure 1. Hounsfield scale of different hard and soft tissues in the
human body. Reproduced with permission from ref 34. Copyright
2020 MDPL

Furthermore, varying factors influence the choice of contrast
agents in the medical field. The different categories of contrast
agents require further investigation according to the
anatomical region of application.

Selection of Contrast Agent. Commonly used contrast
agents in the medical field include compounds of iodine,
barium, calcium, titanium, iron, zinc, yttrium, zirconium,
tantalum, and bismuth (Figure 2), which are added to the
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Figure 2. Atomic numbers of elements commonly contained in
contrast agents.

polymer in specific quantities depending on the desired level of
radiopacity.”'**> A higher atomic number, as well as a high
contrast agent concentration, equates to a higher level of
radiopacity.’® Some polymers require only moderate radio-
activity to allow adequate monitoring of the implant without
obstructing the underlying soft tissues. For instance, cranial
implants should allow visualization of soft tissues in the CT
“brain window”, which falls at 40 HU with a window width of
80.'%°73% Others, such as vertebral bone cements and dental
luting cements, require a much higher radiopacity which often
exceeds the bony window level of 300 HU.”'®***° The
window width is the range of HU values which allows
visualization of specific tissues, while the window level
describes the midpoint of this range.”

The method of incorporation of contrast agents into the
polymer matrix requires careful consideration. Radiopaque
polymer composites can be fabricated in two ways, i.e., through
physical blending methods such as injection molding, gel
spinning, twin-screw extrusion, and solvent blend-

- 11,18,27,26,40,41 . :
ing or through chemical synthesis, where the
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contrast is covalently bonded into the polymer structure.”'*
However, the use of chemical processes is complex and is
considered impractical and uneconomical for medical im-
plants.”

The level of radiopacity should be within the range of the
surrounding anatomical structures, which includes both soft
and hard tissues.” Having insufficient or excessive radiopacity
is often undesirable, as this could result in various
complications such as misdiagnosis or obstruction of
structures.”>*” Contrast agents that have been used clinically
include inorganic compounds (primarily compounds of heavy
metals), objects of pure metal, or iodine-containing com-
pounds.”'* Metal compounds negatively impact the physical-
mechanical properties of polymers as they are only physically
mixed in the matrix; thus, their distribution within the polymer
is often inhomogeneous.'*'**¥**

It is important that the contrast agents are homogeneously
distributed within the yolymer matrix, to avoid the presence of
agglomerated phases.” Some studies suggest the use of
nanosized particles that have been chemically functionalized
to enable better integration of the two phases.'"*>**~*” Other
studies prefer the use of iodinated nonionic compounds, which
can be covalently bonded to the polymer and as a result deter
the deterioration of the polymer’s properties and provide
better stability of the contrast.”** Todine-containing contrast
agents normally consist of iodine molecules attached to an
aromatic hydrocarbon group e.g., iodixanol (IDX), iohexol
(IHX), iobitridol, and tri-iodobenzoic acid.”****** When
these iodine-containing hydrocarbons are attached to the
backbone of the main 6polymer, the contrast agent becomes a
part of the polymer.'*'® The advantage of this covalent bond is
that a homogeneous and stable compound is formed and
leaching can be minimized.'*

The major limitation in the use of these iodine-containing
contrast agents is their high cost, which would potentially
reduce their application in industry.”” It is of great importance
to tailor the concentration of the contrast agent in a way that
will not compromise the desired mechanical and physical
properties.

Contrast agents differ depending on the type of implant in
which they are incorporated. As polymer-based bone cements
are an integral part of implant surgery and are based on
polymeric materials, they also require further discussion.

Radiopacity in Polymer-Based Bone Cements. Radio-
paque bone cements have been in use since the 1970s'” in
joint replacement surgery and vertebroplasty and kyphoplasty,
where they play the role of anchoring implants to the bone and
relieving defects caused by vertebral fractures, respectively.”**
Radiopaque bone cements are among the biomaterials in
which contrast agents have been successfully incorporated to
increase their radiographic visibility. Multiple bone cements
exist commercially, which mostly contain inorganic heavy
metal compounds, specifically BaSO, and ZrO, (Figure 3), as
the contrast algents.lz’lé’51 Normally, these commercial bone
cements have a contrast content ranging between 8—15 wt
9%.'>* Vertebral and dental luting cements usually contain a
higher contrast content in the order of 30 wt % or higher.””
Due to the comparatively lower viscosity/higher fluidity
required in vertebroplasty, potential cement leakages present
a life-threatening risk that warrants precise and accurate
visualization of the cement in vivo.”>">’

The addition of metal compounds has a detrimental effect
on some of the mechanical properties of the cement.'*'*>*
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Figure 3. X-ray radiograph of specimens of commercial radiopaque
bone cements, Palacos R (ZrO,), Simplex P (BaSO,), and
nonpacified Palacos + IDX containing A, B, C = ZrO, (S, 10, 1S
wt %); D, E = BaSO, (S, 10 wt %); F, G, H = IDX (5, 10, 15 wt %);
and an aluminum wedge, all imaged with 0.1 m water phantom.
Reproduced with permission from ref 12. Copyright 2004 John Wiley
and Sons.

These include a reduction in the tensile strength and fracture
toughness and fatigue life, which are relevant to the bone
cement as it undergoes continuous loading.'®** In the case of
vertebral bone cements, which mainly differ from orthopedic
bone cements in their much higher contrast content, the
negative impact on the mechanical properties is elevated.””
The particles of ZrO, are hard and abrasive and could be a
source of third body wear, if they find their way to the
articulating surfaces of knee and hip replacements.'”" Another
concern of metal compounds is the risk of leaching out of the
polymer matrix over time, since they are only physically
dispersed in the polymer. Leaching out of the contrast agent
could trigger increased osteoclast activity and result in
osteolysis and increased risk of early implant failure.***>
The toxic nature of Ba?* ions is also a source of concern;**
however, no recent studies report implant failures resulting
from bone resorption due to BaSO, leaching.

Contrast agents are also incorporated in bone cement
spacers. Spacers are a temporary treatment option for
periprosthetic infection in two stage revision arthroplasty

https://doi.org/10.1021/acsbiomaterials.3c01667
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procedures and are normally loaded with antibiotics.”>*® In the
Copal Spacem (Heraeus Medical GmbH, Wehreim, Germany)
articulating bone cement spacers, CaCO; (15 wt %) is used as
a contrast agent.”” Articulating spacers anticipate the release of
cement particles during sliding; thus, CaCOj is preferred over
BaSO, because it is nontoxic and less hazardous in the body
than Ba®* particles.”>*° Furthermore, as CaCO, particles are
soft and less abrasive, third body-induced wear is reduced.
Miiller et al. observed a 64% reduction in wear in a CaCOj;-
containing spacer compared to a BaSO,-containing spacer
from the same manufacturer. It is worth noting, however, that
CaCOj; exhibits lower radiopacity in comparison to BaSO,.>°

Deb et al. and Hernandez et al. compared the potential
benefits of using organic compounds of bismuth such as
bismuth salicylate (BS) and triphenyl bismuth (TPB) as
alternatives to BaSO, in PMMA cements.*>” These
compounds exhibited better homogeneity and improved
radiographic visibility, because of their solubility in the liquid
phase (monomer) of the cement."””” Hernandez et al.
specifically investigated the substitution of BaSO, with BS
for vertebroplasty cement and discovered that dissolving 10 wt
% BS in the monomer of the radiolucent cement resulted in an
enhanced cement with a lower setting temperature, better
fluoroscopic visibility at the same concentration, and longer
injection times, all desirable properties for vertebral cements.
Additionally, the cement exhibited comparable biocompati-
bility to conventional cement.”” The addition of up to 10 wt %
BS did not significantly alter the most relevant mechanical
property for vertebral bone cement, i.e., compressive strength
when compared to the commercial cement containing 10 wt %
BaSO,. However, a significant reduction in the tensile strength
with the addition of concentrations even as low as S wt % of BS
was evident.”’

Similarly, Deb et al. observed enhanced homogeneity and a
lower polymerization temperature after dissolving TPB into
the monomer of PMMA bone cement.”* The cement
containing 10 wt % dissolved TPB exhibited superior
mechanical properties (ultimate tensile strength, elastic
modulus, and strain to failure) compared to the same cement
containing a similar content of BaSO,. However, these
properties reduced as the concentration of the contrast agent
increased beyond this concentration. Dissolution of the
contrast agent thus resulted in better mechanical properties
of the cement due to better distribution of the contrast agent
within the polymer matrix."* Nevertheless, further investigation
of the biocompatibility of TPB is recommended. Both studies
found that dissolving the contrast agent in the monomer
produced better homogeneity of the mixture, enhanced
radiopacity, and enhanced mechanical properties compared
to controls.***’ Nevertheless, exceeding a 10 wt % contrast
concentration had an adverse impact on the mechanical
properties, attributed to a reduction in the solubility of the
contrast agent, due to saturation of the monomer, rendering
homogeneous mixing no longer feasible.”

The use of iodine-containing organic compounds as
alternative contrast agents has also been explored in bone
cements.'®*>** Todine-containing organic compounds have the
advantage of being covalently bonded to the polymer matrix,
resulting in better homogeneity and stability.**** Multiple
studies have investigated 4-IEMA (4-iodobenzoyl-oxo-ethyl
methacrylate), a crystalline iodine-containing monomer as an
alternative radiopacifier in bone and vertebroplasty cement and
found it to be a viable alternative.'®***® Le Ferrec et al.
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investigated iobitridol (Xenetix), a contrast agent normally
injected into the body for radiographic imaging to enhance the
fluoroscopic visibility of a calcium phosphate cement (CPC)
for vertebroplasty.” This water-soluble contrast was selected
in place of BaSO,, to prevent the release of insoluble BaSO,
particles into the bloodstream during resorption of the CPC."
Despite its nontoxicity, this contrast agent was rapidly released
from the cement, making it unsuitable for long-term
monitoring.*” Wang et al. compared the cellular response of
two variants of water-soluble iodine contrast agents used in
angiography by mixing PMMA + 10% IDX and PMMA + 10%
IHX before polymerization and compared the formulations
with conventional cements containing BaSO, and ZrO,.”® The
cements containing IDX and IHX were biocompatible in in
vitro tests, with IHX exhibiting lower bone resorption
compared to commercial cements. The limiting factor with
these water-soluble contrast agents is the potential water
uptake, which could cause the contrast agents to rapidly leach
out and have a negative effect on the mechanical properties of
PMMA, 441,59

Radiopacity in Joint Replacements. The use of
radiopaque markers in polymeric components of orthopedic
implants, such as knee and hip replacements, has not been
extensively investigated. Nevertheless, the Oxford Unicom-
partmental Knee Replacement (UKR) by Zimmer Biomet
UHMWPE bearings is embedded with radiopaque markers in
the form of metal wires made from titanium alloy, which are
centrally positioned in the bearing. Another variant of this
UKR employs a combination of the titanium alloy wire and
tantalum marker balls placed anteriorly and posteriorly within
the bearing.°”°" These radiopaque metal markers have proven
important in relaying information regarding dislocation and
fracture (Figure 4) of the UHMWPE components in
radiographs, which would have otherwise gone unde-
tected.*>>7*

However, the presence of these metallic rods is believed to
have contributed to the fracture of the meniscal bearing.’” This
was because the metal rods were inserted into slots created in
the polymer, which caused localized reductions in thickness at
these sﬁpeciﬁc points and created areas of stress concen-
tration.”’"®” Another disadvantage of these markers is that
they provided only partial visibility of the bearing.

Zaribaf et al. took a different approach, devising a method to
enable radiographic visualization of the entire UHMWPE
insert of a TKR using Lipiodol Ultra Fluid, an iodized oil used
as a clinically injectable contrast agent.'*°>°° This was
achieved by diffusing the oil into the polyethylene at an
elevated temperature of 105 °C but below the melting point of
the polymer (135 °C).”” This method had previously been
used by Oral et al. to diffuse vitamin E oil into
UHMWPE.*>%*%% Dye to the load-bearing application of
UHMWPE joint components, it was important that the
mechanical properties of the insert remained unaltered by the
diffusion of the oil. No significant changes in the mechanical
and physical properties (i.e., tensile modulus, elongation at
failure, ultimate tensile strength, crystallinity, and oxidative
stability) were observed. Nonetheless, a minor alteration in the
physical dimensions caused by swelling indicated that an extra
machining phase would be necessary to achieve the desired
insert geometry.”” Accelerated aging of the samples corre-
sponding to S years in vivo revealed a reduction in the surface
radiopacity of the samples from 1060 + 53 HU to 600 + 45
HU, which could compromise radiopacity of the insert relative

https://doi.org/10.1021/acsbiomaterials.3c01667
ACS Biomater. Sci. Eng. 2024, 10, 1323—-1334


pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c01667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

Figure 4. Anterior marker wire and posterior ball marker (shown with
black arrows) enabled determination of fracture of this UHMWPE
bearing. Reproduced with permission from ref 62. Copyright 2013
Elsevier.

to hard tissues."®’%”! To mitigate leaching of the oil out of the

polymer matrix, cross-linking of the polymer was suggested.
The biocompatibility of the oil was not investigated, but was
recommended for future studies. Nevertheless, existing studies
reported that the iodine portion of Lipiodol is primarily
excreted through the renal system, while the lipid component
is excreted through the biliary system.””

Radiopacity in Craniofacial Implants. Craniofacial
implants aid in treating facial deformities caused by disease
or trauma to the facial bones and tissues.”””* Mild radiopacity
is a requirement in various maxillofacial implants such as
orbital reconstructions, where monitoring of the implant for
malpositioning is crucial.'®'” Polyethylene is preferred over
titanium in craniofacial implants due to its ease of shaping,
biocompatibility, smoother edges, low cost, and lack of thermal
sensitivity.lg’lg" IS

Kozakiewicz et al. incorporated 2, 4, and 6% TiO, in PE for
lower orbital reconstruction to impart mild radiopacity relative
to the surrounding fat and muscle tissues for X-ray CT.'* HU
values of —83.2 + 7.7 HU, — 25.2 + 8.2 HU, and 67.9 + 5.2
HU, respectively, were obtained, which fell within the range of
fat and muscle (—70.1 + 19.2 HU and 82.65 + 7.1 HU,
respectively). While a deterioration of the mechanical
properties of PE was observed as a result of the addition of
TiO,, ie., reduced tensile and compressive strength, no
cytotoxicity to human osteoblast cells was found, and the
material was deemed suitable for application in craniomax-
illofacial implants."® Due to the low atomic number of Ti, TiO,
is only moderately radiopaque and a suitable contrast agent for
applications where moderate radiopacity is required.” Stryker
has a commercially available product, MEDPOR Titan, a
combination of high density polyethylene and titanium, which
has proven to possess high flexibility, shape retention, strength,
and radiographic visibility thanks to the incorporation of
titanium.”*
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Radiopacity in Bioresorbable Stents. The treatment of
obstructed body vessels involves implanting a stent into the
affected vessel to reopen the blocked pathway and restore its
structure.*”’® To ensure proper positioning and detection of
postoperative complications such as renarrowing of the vessel
(restenosis), it is crucial for the stent to be visualized during
and after implantation.'”*"7

Bioresorbable stents were developed as an alternative to
metallic stents, which often exhibited problems such as
restenosis, fractures, and a need for additional surgical removal
procedures.'”*"”” Bioresorbable stents are typically made from
synthetic biodegradable polymers, with PLLA being the most
common choice due to its biodegradability and biocompati-
bility.”*” Researchers initially incorporated radiopaque markers
made of dense metals such as tantalum, gold, or platinum at
the proximal and distal ends of stents to enable their visibility
during medical im21ging.17’41’76’78 However, these markers
offered only partial visibility of the implant, which was
insufficient in monitoring the stent in vivo. Moreover, there
were concerns about metal pieces remaining in the body after
resorption of the stent.”®

BaSO, is the preferred contrast agent, with concentrations
typically ranging from 15% to 20% by weight or volume being
incorporated into synthetic polymers such as PLGA and
PLA.""*77>% This contrast agent not only enhances radio-
pacity but has also been observed to dramatically enhance the
mechanical properties of polymers, such as increasing the
tensile and radial strength, as well as the modulus, making
these polymeric stents mechanically comparable to metallic
stents and enabling the user of thinner struts."”*” However,
some undesirable mechanical modifications have also resulted
from the addition of BaSO,, which include reduced ductility
and elongation at break.'”*” Therefore, it is essential to
optimize the concentration of the contrast to achieve sufficient
radiopacity without compromising stent functionality.*"”®

A great concern for many researchers has been the
elimination of BaSO, particles from the body after the
resorption of the stents."””*””®" When administered orally
as a contrast agent for radiographic procedures, BaSO, only
coats the gastrointestinal tract and can easily be excreted from
the body.”* Outside the gastrointestinal tract, the toxicity of
these particles is not fully known and remains under scrutiny,
with various studies reporting and discouraging its use in the
cardiovascular system.”*” However, when evaluating its
toxicity in the pancreas, Lamsa et al. likened the toxicity of
25 wt % BaSO,-laden PLA to that of steel, which is biologically
inert in the human body.””

The use of iodine—containiné; organic compounds in stents
has also been investigated.”*"’* Wang et al. physically blended
40 wt % iohexol (IHX) and PLA and an additional small
amount of poly(vinylpyrrolidone) (PVP), which served to
facilitate the homogeneous mixing of the respective hydro-
philic and hydrophobic phases.” A high radiopacity of 4,680
HU was achieved, but a reduction in mechanical properties
(tensile strength, modulus, and elongation at break) due to the
effect of IHX was also observed, which PVP was found to
regulate significantly.” A high radiopacity is desirable to
evaluate stent location and migration.'” Biocompatibility tests
of radiopaque PLA in a rat model were found to be within the
ISO 10993:2018 biocompatibility testing standards after 6
months.”

Ha et al. found no adverse reaction after 8 weeks of
implantation of a polycaprolactone (PCL) stent containing
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15% THX in the iliac artery of a pig model.*' However, in both
cases, a rapid release of the contrast agent was observed after
incubating the iodine-containing stents in phosphate-buffered
saline, which was accelerated by their solubility.*"”°

The covalent bonding of iodine-containing contrast agents
to the polymer backbone represents a viable strategy for long-
term monitoring of biodegradable stents.'””” By integrating
the contrast agents into the polymer chain, visualization of the
stent is made possible not only during placement but also
throughout the entire degradation process.”

REVA Medical introduced a unique radiopaque bioresorb-
able drug-eluting coronary stent called Fantom made from
TyroCore, a copolymer consisting of short-chain polylactic
acid and tyrosine analogs with covalently bonded iodine.” The
stent offers the advantage of thinner struts, superior radial
strength, and superior ductility compared to PLLA stents and
radiopacity equivalent to commercially available cobalt—
chromium metal stents.** Clinical studies conducted at 6 and
12 months follow-up demonstrated favorable outcomes, with
the stent exhibiting similar performance to contemporary
metallic and PLLA counterparts.*>** In addition, byproducts
of the resorbed stent were reported to be safely excreted by the
renal system.””**

Radiopacity in Implant Dentistry. Dental implants are
generally made from metal, normally titanium (implant and
abutment) and a ceramic or metallic crown, all of which
possess adequate radiopacity for radiological imaging.”*>*>*°
For this reason, the use of contrast agents in oral implant
dentistry mainly applies to filling and luting materials such as
composite resins, endodontic sealers, and cements, which
should be distinguishable from the surrounding anatomic
structures.”*”"” These materials require radiopacity for many
reasons, which include evaluation of root canal fillings,
recurrent caries, overhangs, voids, and remnant cement during
cement removal.””?>**%

Filling and luting materials require differing levels of
radiopacity depending on their surrounding anatomical
structures.” In dentistry, either transmission densitometers
or digital image analyses are used to evaluate the optical
density/radiopacity in dental radiographs.””*” Dental (luting)
cements are used for adhesive cementation, e.g, of crowns,
abutments, veneers, and root posts,42 whereas filling materials
are used to restore teeth.’® Insufficient or excessive radiopacity
can lead to complications such as incorrect diagnostic
assessment and obstruction of lesions.*>**”" For root canal
sealers, the American National Standards Institute/American
Dental Association (ANSI/ADAS7:2021) and ISO 6876:2012
recommend a minimum radiopacity equivalent to 2—3 mmAl,
which is higher than that of dentin, which lies around 1
mmAL***>”" On the other hand, ISO 4049 stipulates a
minimum radiopacity of 1 mmAl for dental restorative resins,
fillings, and luting materials.”® Metal compounds such as
bismuth oxide, zinc oxide, barium sulfate, titanium oxide,
tantalum oxide, calcium tungstate, and zirconium oxide are
commonly used as radiopacifiers in root canal sealers.*>*””!
The choice of radiopacifiers for dental cements is important
and should consider the cement base composition, which
could comprise resin, glass ionomer, or polycarboxylate
composites.”” The contrast agents typically used are similar
to those used in sealers and include compounds of calcium,
aluminum, zinc, strontium, yttrium, zirconium, barium,
lanthanum, and ytterbium.*>**
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Nevertheless, there is significant variation in the level of
radiopacity of dental materials across different manufac-
turers.”>*"” Some manufacturers only surpass the radiopacity
of dentin (1 mmAl), while others marginally surpass that of
enamel (2 mmaAl) or by a factor of >3 mmAl 734287

Radiopacity in Spinal Implants. In spinal implants such
as cages and rods, having a high level of radiopacity is not ideal,
as it can lead to minor artifacts and hinder the accurate
evaluation of bone growth during postoperative imaging.””
Two studies were found which explored radiopacity in spinal
implant surgery, specifically concentrated on enhancing the
radiopacity of UHMWPE sublaminar cables, which assist in
guiding spinal growth during the treatment of early onset
scoliosis (EOS).”*”* The use of metal sublaminar wires
normally made from titanium poses the risk of breakages of
the wire and metallosis and has been associated with
neurological complications and artifacts during imaging.”*”***
Bogie et al. blended 20 wt % bismuth trioxide (Bi,O;) into
fibers of UHMWPE sublaminar cables and implanted the
cables in sheep models for 24 weeks. Despite the cables sliding
along the rods during bone growth, wear of the wire was
minimal due to the low friction of the polymer.”” Histological
studies revealed no adverse reactions, and there were no signs
of wear particles from the wire, suggesting that no significant
wear occurred within this time frame.”*”* The ultimate tensile
strength and fatigue strength were found to be superior to
clinically used sublaminar wires.”*

In a study by Roth et al, the effects of physically
incorporating Bi,O; as a contrast agent were investigated
(Figure S). The mechanical properties (tensile strength and
stiffness, fatigue strength, and creep elongation) of the same
radiopaque UHMWPE wire were investigated,”® and the
incorporation of bismuth trioxide did not significantly alter the
mechanical properties of the wire when compared to the pure

DPR cable
Lateral view

DPR
Frontal view

Titanium Atlas®
cable

Figure S. (A) Digital radiograph of radiolucent UHMWPE cable (1),
UHMWPE cable incorporated with Bi,O; particles in different views
(2—4), and a titanjum cable (5—6) relative to an aluminum step
wedge (B) radiograph of the radiopaque UHMWPE cable implanted
in a sheep spine. Reproduced with permission from ref 26. Copyright
2017 John Wiley and Sons.
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cable with no contrast. While bismuth compounds are
nontoxic,”® the radiopaque cable exhibited substantially
superior tensile and fatigue strength than the two commercially
available cables used as controls.”® Furthermore, leaching
studies conducted on sheep after 24 weeks of implantation
showed that the amount of leached bismuth was well below the
reported toxicity levels, with most of it being concentrated in
the kidney, where bismuth(III) complexes are cleared by a
protein with an affinity for bismuth.

Radiopacity in Internal Fixation Systems. Two studies
were found in which internal bone fixation devices were
imparted with radiopacity. Choi et al. prepared 0.5 mm thick
bioresorbable radiopaque composite layers of PLGA to BaSO,
compositions (1:10 and 1:3 w/w) and physically attached
them on the surface of inion bone plates to allow radiographic
visualization of the plates.'" This was to prevent the chemical
alteration of the material of the bone plate. It was expected that
the BaSO, would be contained within the polymer and that the
release of ions would be slowed down because of this, while
both the plate and layer gradually degraded. Cytotoxicity
studies on rabbits showed no difference in biocompatibility of
bone plates containing both concentrations of layers in
comparison to that of regular bone plates. Furthermore, both
plates were visible for up to 8 weeks in vivo.''

In another study, nanosized iron oxide (Fe;O,) particles
were incorporated into PLLA by twin-screw extrusion and
injection molding in concentrations of 0, 20, 30, 40 wt % to
create radiopaque biodegradable bone screws (Figure 6).* It

4 weeks

2 weeks

0%

20%

Figure 6. Micro-CT images of radiolucent PLLA bone screws (a, c)
and radiopaque PLLA + 20 wt %. Fe,O; particles (b, d) at 2 and 4
weeks, respectively, were implanted in white rabbits. Reproduced with
permission from ref 40. Copyright 2015 W-J. Chang, Y.-H. Pan, J-J.
Tzeng, T.-L. Wu, T.-H. Fong, S.-W. Feng, and H-M. Huang.

was found that the 20 wt % Fe;O, concentration was optimal
for sufficient contrast without compromising the relevant
mechanical properties of the polymer (flexural, ultimate tensile
stress, and tensile strength), but higher concentrations reduced
them significantly.” Histology of the bone screws after
implantation in white rabbits for 4 weeks revealed an
osteogenic effect with 1.5% higher bone volume at the
implant-bone interface, which could be attributed to the
addition of Fe,;0,.*
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B DISCUSSION

In clinical contexts, particularly in implantable medical devices,
there is an increasing use of synthetic polymers due to their
favorable characteristics, which include cost-effectiveness and
their ability to be easily customized to achieve specific desired
properties. Nevertheless, polymers lack radioactivity, an
essential property that allows radiological monitoring of
implants in vivo.

A comprehensive analysis of the existing literature was
conducted to investigate current contrast agents used in
polymeric implantable medical devices. A summary of the
contrast agents highlighted in this review, their applications,
and reported effects are summarized in Table 1. We found that
two main categories of contrast agents were used to impart
radiopacity in polymeric biomaterials: inorganic metal
compounds and organic compounds, primarily those contain-
ing iodine.

Although physically blending these contrast agents into the
polymer is the most prevalent and economical method to
induce radiopacity, this approach has proven to be insufficient.
The resultant mixtures often lack homogeneity, resulting in the
aggregation of the different phases and thus compromising the
radiopacity. As a result, it is necessary to incorporate a higher
concentration of contrast agent than would otherwise be
necessary. Some studies have suggested the use of biocompat-
ible surface-modifying agents to mitigate this agglomeration
and improve dispersion.” The use of these surface modifiers
has proven to allow for the use of lower concentrations of the
contrast agent without compromising radiopacity.

An even higher radiopacity can be obtained from contrast
agents that are soluble. This is possible if the contrast is soluble
in a component of the polymer, such as the liquid phase in
bone cement formulations. Dissolution provides better
compatibility between the phases, resulting in a homogeneous
distribution and allowing the use of an even lower
concentration of contrast than surface modification for the
same level of radiopacity.

Striking the right balance between the concentration of the
contrast agent and the preservation of essential mechanical
properties is crucial. Numerous studies have reported a change
in mechanical properties such as Young’s modulus, tensile and
compressive modulus and strength, hardness, and ductility
(Table 1), specifically with increasing contrast agent
concentrations. While these modifications are expected, it is
necessary that the final values fall within the acceptable range
of the respective implant’s standards or are comparable to what
is currently commercially available. Reducing the amount of
contrast agent to a concentration that would provide both
acceptable radioactivity and mechanical properties is recom-
mended.

The degree of radioactivity has been observed to directly
correlate with the concentration and atomic number of the
contrast agent. It is imperative that the desired radiopacity
corresponds appropriately with the adjacent anatomical
structures as different tissues within the human body require
differing levels of radiopacity. Additionally, contrast toxicity,
solubility, and excretion pathways must be considered. For
instances where temporary radiopacity is required, water-
soluble iodine contrast agents are advisible. This applies to
implants, such as stents that are implanted within vascular
systems. Clinically, these water-soluble iodine-containing
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contrast agents, such as iodixanol and iohexol, are administered
intravenously and cleared by the renal system.

The cytotoxicity of the contrast needs to be extensively
investigated and reported. In cases where permanent radio-
pacity is sought, securing the contrast agent in place through
binders or cross-linking techniques should be considered. In
such applications, the use of insoluble contrast agents, such as
BaSO,, is recommended to prevent adverse biological
reactions. However, the cytotoxicity of BaSO, has not been
characterized beyond the gastrointestinal tract.”*””? In
situations where implants are subjected to mechanical
articulation and wear particles should be avoided, the selection
of a softer contrast agent may be advantageous.

To avoid adverse contrast-induced biological reactions,
contrast concentrations must be maintained below the
reported critical toxicological levels. Some studies propose
polymer cross-linking to mitigate the leaching of contrast
agents to tolerable levels, which would not only prevent
adverse reactions but also increase the duration of radiopacity.
Others propose covalent integration of the contrast agent into
the polymer backbone, creating a stable molecular bond
between the polymer and the contrast agent and enabling long-
term radiopacity and reduced leaching. Additionally, certain
contrast agents, such as Fe,O;, have exhibited unexpected
therapeutic effects such as the stimulation of bone growth
(osteogenesis). Exploring the use of such contrast agents and
translating their benefits to other applications, such as in
arthroplasty or bone cements, warrant further exploration.

In our review, we found that the use of polymeric
biomaterials in implant devices is on the rise. Consequently,
there has been increased interest in contrast agents that can be
used to impart radiopacity to these polymers. The most
common choice of contrast agent is well-established, clinically
administered radiopaque agents such as BaSO, and iodinated
compounds. As these contrast agents have a long history of
usage, their biocompatibility is sufficiently well-known and
reported. Nevertheless, their incorporation in the polymer
deteriorates mechanical properties, and their clearance from
the body is still a matter of concern. In recent vyears,
researchers have explored newer potential contrast agents,
such as bismuth compounds, which are believed to possess
better biocompatibility and provide increased radiopacity. The
in vivo cytotoxicity of these contrast agents and their clearance
from the body still require extensive investigation. Never-
theless, the findings of the studies within this review serve as a
reference for future studies.

B AUTHOR INFORMATION

Corresponding Author
Crystal Kayaro Emonde — Laboratory for Biomechanics and
Biomaterials (LBB), Hannover Medical School, 30625
Hannover, Germany; © orcid.org/0000-0001-6557-3756;
Email: emonde.crystal@mbh-hannover.de

Authors
Max-Enno Eggers — Institute of Production Engineering and
Machine Tools, Leibniz University Hannover, 30823
Hannover, Germany
Marcel Wichmann — Institute of Production Engineering and
Machine Tools, Leibniz University Hannover, 30823
Hannover, Germany

1331

Christof Hurschler — Laboratory for Biomechanics and
Biomaterials (LBB), Hannover Medical School, 30625
Hannover, Germany

Max Ettinger — Department of Orthopedic Surgery —
DIAKOVERE Annastift, Hannover Medical School, 30625
Hannover, Germany

Berend Denkena — Institute of Production Engineering and
Machine Tools, Leibniz University Hannover, 30823
Hannover, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsbiomaterials.3c01667

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) — SFB/TRR-
298-SIIRI — Project-ID 426335750.

B ABBREVIATIONS

ADA, American Dental Association

ANSI, American National Standards Institute
ASTM, American Society for Testing and Materials
BS, bismuth salicylate

CPC, calcium phosphate cement

CT, computed tomography

DXA, dual energy X-ray absorptiometry
EOS, early onset scoliosis

HU, Hounsfield unit

IDX, iodixanol

IEMA, iodobenzoyl-oxo-ethyl methacrylate
THX, iohexol

LBB, Laboratory for Biomechanics and Biomaterials
MISS, minimum invasive spine surgeries
PCL, polycaprolactone

PE, polyethylene

PEEK, polyether ether ketone

PGA, poly(glycolic acid)

PLA, poly(lactic acid)

PLLA, poly(r-lactic acid)

PLGA, poly(lactic-co-glycolic acid)

PMMA, poly(methyl methacrylate)

PP, polypropylene

PTFE, polytetrafluoroethylene

PU, polyurethane

PVP, poly(vinylpyrrolidone)

TPB, triphenyl bismuth

UHMWPE, ultrahigh molecular weight PE
UKR, unicompartmental knee replacement

B REFERENCES

(1) Center for Devices and Radiological Health. Implants and
Prosthetics; FDA. Online https://www.fda.gov/medical-devices/
products-and-medical-procedures/implants-and-prosthetics (accessed
August 18, 2023).

(2) Al-Shalawi, F. D.; Mohamed Ariff, A. H.; Jung, D.-W.; Mohd
Ariffin, M. K. A,; Seng Kim, C. L.; Brabazon, D.; Al-Osaimi, M. O.
Biomaterials as Implants in the Orthopedic Field for Regenerative
Medicine: Metal versus Synthetic Polymers. Polymers 2023, 15 (12),
2601.

(3) Vdrit, K; Dinesh, K. R. Polymers Used as Implant Biomaterials:
A Review. March 2018.

https://doi.org/10.1021/acsbiomaterials.3c01667
ACS Biomater. Sci. Eng. 2024, 10, 1323—-1334


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Crystal+Kayaro+Emonde"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6557-3756
mailto:emonde.crystal@mh-hannover.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max-Enno+Eggers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marcel+Wichmann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christof+Hurschler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Max+Ettinger"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Berend+Denkena"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.3c01667?ref=pdf
https://www.fda.gov/medical-devices/products-and-medical-procedures/implants-and-prosthetics
https://www.fda.gov/medical-devices/products-and-medical-procedures/implants-and-prosthetics
https://doi.org/10.3390/polym15122601
https://doi.org/10.3390/polym15122601
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c01667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

Review

pubs.acs.org/journal/abseba

(4) Marjanovi¢-Balaban, Z; Jelic, D. Polymeric Biomaterials in
Clinical Practice. In Biomaterials in Clinical Practice: Advances in
Clinical Research and Medical Devices; Zivic, F., Affatato, S., Trajanovic,
M., Schnabelrauch, M., Grujovic, N., Choy, K. L., Eds.; Springer
International Publishing: Cham, 2018; pp 101—117, DOI: 10.1007/
978-3-319-68025-5_4.

(5) Teo, A.J. T.; Mishra, A; Park, L; Kim, Y.-J.; Park, W.-T.; Yoon,
Y.-J. Polymeric Biomaterials for Medical Implants and Devices. ACS
Biomater. Sci. Eng. 2016, 2 (4), 454—472.

(6) Saini, M.; Singh, Y.; Arora, P.; Arora, V.; Jain, K. Implant
Biomaterials: A Comprehensive Review. World ]. Clin Cases 2015, 3
(1), 52—57.

(7) Wang, Q.; Yu, X.; Chen, X.; Gao, J.; Shi, D.; Shen, Y.; Tang, J;
He, J.; Li, A;; Yu, L,; Ding, J. A Facile Composite Strategy to Prepare a
Biodegradable Polymer Based Radiopaque Raw Material for “Visual-
izable” Biomedical Implants. ACS Appl. Mater. Interfaces 2022, 14
(21), 24197-24212.

(8) Lieberman, I. H.; Togawa, D.; Kayanja, M. M. Vertebroplasty
and Kyphoplasty: Flller Materials. Spine J. 2005, S (6), S305—S316.

(9) Kog, M. M.; Aslan, N.; Kao, A. P.; Barber, A. H. Evaluation of X-
Ray Tomography Contrast Agents: A Review of Production,
Protocols, and Biological Applications. Microsc. Res. Technol. 2019,
82 (6), 812—848.

(10) Lex, T. R;; Brummel, B. R.; Attia, M. F.; Giambalvo, L. N.; Lee,
K. G,; Van Horn, B. A,; Whitehead, D. C.; Alexis, F. Iodinated
Polyesters with Enhanced X-Ray Contrast Properties for Biomedical
Imaging. Sci. Rep 2020, 10 (1), 1508.

(11) Choi, S. Y.; Hur, W; Kim, B. K; Shasteen, C.; Kim, M. H,;
Choi, L. M,; Lee, S. H.; Park, C. G.; Park, M.; Min, H. S.; Kim, S,;
Choi, T. H,; Choy, Y. B. Bioabsorbable Bone Fixation Plates for X-
Ray Imaging Diagnosis by a Radiopaque Layer of Barium Sulfate and
Poly(Lactic-Co-Glycolic Acid). J. Biomed. Mater. Res. B Appl.Biomater.
2015, 103 (3), 596—607.

(12) Kjellson, F.; Almén, T.; Tanner, K. e.; McCarthy, L. d.; Lidgren,
L. Bone Cement X-Ray Contrast Media: A Clinically Relevant
Method of Measuring Their Efficacy. J. Biomed. Mater. Res. B Appl.
Biomater. 2004, 70B (2), 354—361.

(13) James, N. R; Jayakrishnan, A. On Imparting Radiopacity to a
Poly(Urethane Urea). Biomaterials 2007, 28 (21), 3182—3187.

(14) Mottu, F.; Rufenacht, D. A.; Doelker, E. Radiopaque Polymeric
Materials for Medical Applications : Current Aspects of Biomaterial
Research. Invest. Rad. 1999, 34 (5), 323.

(15) James, N.; Philip, J; Jayakrishnan, A. Polyurethanes with
Radiopaque Properties. Biomaterials 2006, 27 (2), 160—166.

(16) Aldenhoff, Y. B. J.; Kruft, M.-A. B.; Paul Pijpers, A.; van der
Veen, F. H,; Bulstra, S. K; Kuijer, R;; Koole, L. H. Stability of
Radiopaque Iodine-Containing Biomaterials. Biomaterials 2002, 23
(3), 881—886.

(17) Chan, W. a;; Bini, T. b.; Venkatraman, S. S.; Boey, F. y. c. Effect
of Radio-Opaque Filler on Biodegradable Stent Properties. J. Biomed.
Mater. Res., Part A 2006, 79A (1), 47—52.

(18) Kozakiewicz, M.; Olbrzymek, L.; Stefanczyk, L.; Olszycki, M.;
Komorowski, P.; Walkowiak, B.; Konieczny, B.; Krasowski, M.;
Sokolowski, J. Radio-Opaque Polyethylene for Personalized Cranio-
maxillofacial Implants. Clin. Oral Investig. 2017, 21 (S), 1853—1859.

(19) Totir, M.; Ciuluvica, R.; Dinu, L; Careba, I; Gradinaru, S.
Biomaterials for Orbital Fractures Repair. J. Med. Life 2015, 8 (1),
41-43.

(20) Zaribaf, F. P. Optimising the X-Ray Visibility of Polyethylene
Biomaterials: (Alternative Format Thesis), 2021. https://
researchportal.bath.ac.uk/en/studentTheses/optimising-the-x-ray-
visibility-of-polyethylene-biomaterials (accessed 2024-02-02).

(21) Zhang, F.; Lu, Z.; Wang, F. Advances in the Pathogenesis and
Prevention of Contrast-Induced Nephropathy. Life Sci. 2020, 259,
No. 118379.

(22) Pepiol, A; Teixidor, F.; Saralidze, K,; van der Marel, C;
Willems, P.; Voss, L.; Knetsch, M. L. W.; Vinas, C.; Koole, L. H. A
Highly Radiopaque Vertebroplasty Cement Using Tetraiodinated O-
Carborane Additive. Biomaterials 2011, 32 (27), 6389—6398.

1332

(23) Quan, Q; Gongping, X.; Ruisi, N.; Shiwen, L. New Research
Progress of Modified Bone Cement Applied to Vertebroplasty. World
Neurosurg. 2023, 176, 10—18.

(24) Gu, S.; Rasimick, B. J; Deutsch, A. S; Musikant, B. L.
Radiopacity of Dental Materials Using a Digital X-Ray System. Dent.
Mater. 2006, 22 (8), 765—770.

(25) Carvalho-Junior, J. R.; Correr-Sobrinho, L.; Correr, A. B.;
Sinhoreti, M. a. C.; Consani, S.; Sousa-Neto, M. D. Radiopacity of
Root Filling Materials Using Digital Radiography. Int. Endod. Journal
2007, 40 (7), 514—520.

(26) Roth, A. K; Boon-Ceelen, K.; Smelt, H.; van Rietbergen, B;
Willems, P. C.; van Rhijn, L. W,; Arts, J. J. Radiopaque UHMWPE
Sublaminar Cables for Spinal Deformity Correction: Preclinical
Mechanical and Radiopacifier Leaching Assessment: Radiopaque
UHMWPE Subliminar Cables. . Biomed. Mater. Res. 2018, 106 (2),
771=779.

(27) Oztas, B,; Kursun, S.; Dinc, G.; Kamburoglu, K. Radiopacity
Evaluation of Composite Restorative Resins and Bonding Agents
Using Digital and Film X-Ray Systems. Eur. J. Dent. 2012, 6 (2), 115—
122.

(28) Nomoto, R; Mishima, A.; Kobayashi, K; McCabe, J. F;
Darvell, B. W.,; Watts, D. C.; Momoi, Y.; Hirano, S. Quantitative
Determination of Radio-Opacity: Equivalence of Digital and Film X-
Ray Systems. Dent. Mater. 2008, 24 (1), 141—147.

(29) Antonijevic, D.; Ilic, D.; Medic, V.; Dodic, S.; Obradovic-
Djuricic, K; Rakocevic, Z. Evaluation of Conventional and Digital
Radiography Capacities for Distinguishing Dental Materials on
Radiograms Depending on the Present Radiopacifying Agent. VSP.
Vojnosanit. Pregl. 2014, 71 (11), 1006—1012.

(30) Standard Test Methods for Determining Radiopacity for Medical
Use; A.S.T.M. International: A.S.T.M., Vol. F640-20. Online. https://
www.astm.org/f0640-20.html (accessed August 18, 2023).

(31) Bortoluzzi, E. A.; Guerreiro-Tanomaru, J. M.; Tanomaru-Filho,
M.; Duarte, M. A. H. Radiographic Effect of Different Radiopacifiers
on a Potential Retrograde Filling Material. Oral Surg. Oral Med. Oral
Pathol. Oral Radiol. Endod. 2009, 108 (4), 628—632.

(32) Duda, M. A;; Grad, A.; Kampfer, S.; Dobiasch, S.; Combs, S. E.;
Wilkens, J. J. Dual Energy CT for a Small Animal Radiation Research
Platform Using an Empirical Dual Energy Calibration. Phys. Med. Biol.
2022, 67 (13), No. 135009.

(33) Kovalskii, V. M.; Grin, A. A.; Krylov, V. V.; Vorotnikov, A. A.
Assessment of the Homogeneity of Polymeric Materials Using
Hounsfield Units. J. Phys. Conf. Ser. 2021, 2096 (1), No. 012169.

(34) Alcantara, A. C. S; Assis, L; Prada, D.; Mehle, K.; Schwan, S.;
Costa-Paiva, L.; Skaf, M. S.; Wrobel, L. C.; Sollero, P. Patient-Specific
Bone Multiscale Modelling, Fracture Simulation and Risk Analysis—
A Survey. Materials (Basel) 2020, 13 (1), 106.

(35) Pekkan, G. Radiopacity of Dental Materials: An Overview.
Avicenna J. Dent. Res. 2016, 8 (2), 8—8.

(36) Furtos, G.; Baldea, B.; Silaghi-Dumitrescu, L.; Moldovan, M.;
Prejmerean, C.; Nica, L. Influence of Inorganic Filler Content on the
Radiopacity of Dental Resin Cements. Dent. Mater. ]. 2012, 31 (2),
266—272.

(37) Aydin, S.; Kucukyuruk, B.; Abuzayed, B.; Aydin, S.; Sanus, G. Z.
Cranioplasty: Review of Materials and Techniques. J. Neurosci. Rural
Pract. 2011, 2 (2), 162—167.

(38) Xue, Z.; Antani, S.; Long, L. R;; Demner-Fushman, D.; Thoma,
G. R. Window Classification of Brain CT Images in Biomedical
Articles. AM.ILA. Annu. Symp. Proc. 2012, 2012, 1023—1029.

(39) Jung, H. Basic Physical Principles and Clinical Applications of
Computed Tomography. Prog. Med. Phys. 2021, 32 (1), 1-17.

(40) Chang, W.-J; Pan, Y.-H,; Tzeng, J.-J.; Wu, T.-L,; Fong, T.-H,;
Feng, S-W.; Huang, H.-M. Development and Testing of X-Ray
Imaging-Enhanced Poly-L-Lactide Bone Screws. PLoS One 2015, 10
(10), No. e0140354.

(41) Ha, D.-H,; Kim, J. Y.; Park, T. S,; Park, J. H,; Chae, S.; Kim, B.
S.; Lee, H. C.; Cho, D.-W. Development of a Radiopaque, Long-Term
Drug Eluting Bioresorbable Stent for the Femoral-Iliac Artery. R.S.C.
Adv. 2019, 9 (59), 34636—34641.

https://doi.org/10.1021/acsbiomaterials.3c01667
ACS Biomater. Sci. Eng. 2024, 10, 1323—-1334


https://doi.org/10.1007/978-3-319-68025-5_4
https://doi.org/10.1007/978-3-319-68025-5_4
https://doi.org/10.1007/978-3-319-68025-5_4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/978-3-319-68025-5_4?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsbiomaterials.5b00429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.12998/wjcc.v3.i1.52
https://doi.org/10.12998/wjcc.v3.i1.52
https://doi.org/10.1021/acsami.2c05184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c05184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.2c05184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.spinee.2005.02.020
https://doi.org/10.1016/j.spinee.2005.02.020
https://doi.org/10.1002/jemt.23225
https://doi.org/10.1002/jemt.23225
https://doi.org/10.1002/jemt.23225
https://doi.org/10.1038/s41598-020-57720-5
https://doi.org/10.1038/s41598-020-57720-5
https://doi.org/10.1038/s41598-020-57720-5
https://doi.org/10.1002/jbm.b.33235
https://doi.org/10.1002/jbm.b.33235
https://doi.org/10.1002/jbm.b.33235
https://doi.org/10.1002/jbm.b.30060
https://doi.org/10.1002/jbm.b.30060
https://doi.org/10.1016/j.biomaterials.2007.03.025
https://doi.org/10.1016/j.biomaterials.2007.03.025
https://doi.org/10.1097/00004424-199905000-00001
https://doi.org/10.1097/00004424-199905000-00001
https://doi.org/10.1097/00004424-199905000-00001
https://doi.org/10.1016/j.biomaterials.2005.05.099
https://doi.org/10.1016/j.biomaterials.2005.05.099
https://doi.org/10.1016/S0142-9612(01)00197-1
https://doi.org/10.1016/S0142-9612(01)00197-1
https://doi.org/10.1002/jbm.a.30714
https://doi.org/10.1002/jbm.a.30714
https://doi.org/10.1007/s00784-016-1978-x
https://doi.org/10.1007/s00784-016-1978-x
https://researchportal.bath.ac.uk/en/studentTheses/optimising-the-x-ray-visibility-of-polyethylene-biomaterials
https://researchportal.bath.ac.uk/en/studentTheses/optimising-the-x-ray-visibility-of-polyethylene-biomaterials
https://researchportal.bath.ac.uk/en/studentTheses/optimising-the-x-ray-visibility-of-polyethylene-biomaterials
https://doi.org/10.1016/j.lfs.2020.118379
https://doi.org/10.1016/j.lfs.2020.118379
https://doi.org/10.1016/j.biomaterials.2011.05.056
https://doi.org/10.1016/j.biomaterials.2011.05.056
https://doi.org/10.1016/j.biomaterials.2011.05.056
https://doi.org/10.1016/j.wneu.2023.04.048
https://doi.org/10.1016/j.wneu.2023.04.048
https://doi.org/10.1016/j.dental.2005.11.004
https://doi.org/10.1111/j.1365-2591.2007.01246.x
https://doi.org/10.1111/j.1365-2591.2007.01246.x
https://doi.org/10.1002/jbm.b.33886
https://doi.org/10.1002/jbm.b.33886
https://doi.org/10.1002/jbm.b.33886
https://doi.org/10.1002/jbm.b.33886
https://doi.org/10.1055/s-0039-1698940
https://doi.org/10.1055/s-0039-1698940
https://doi.org/10.1055/s-0039-1698940
https://doi.org/10.1016/j.dental.2007.08.005
https://doi.org/10.1016/j.dental.2007.08.005
https://doi.org/10.1016/j.dental.2007.08.005
https://doi.org/10.2298/VSP1411006A
https://doi.org/10.2298/VSP1411006A
https://doi.org/10.2298/VSP1411006A
https://www.astm.org/f0640-20.html
https://www.astm.org/f0640-20.html
https://doi.org/10.1016/j.tripleo.2009.04.044
https://doi.org/10.1016/j.tripleo.2009.04.044
https://doi.org/10.1088/1361-6560/ac7770
https://doi.org/10.1088/1361-6560/ac7770
https://doi.org/10.1088/1742-6596/2096/1/012169
https://doi.org/10.1088/1742-6596/2096/1/012169
https://doi.org/10.3390/ma13010106
https://doi.org/10.3390/ma13010106
https://doi.org/10.3390/ma13010106
https://doi.org/10.17795/ajdr-36847
https://doi.org/10.4012/dmj.2011-225
https://doi.org/10.4012/dmj.2011-225
https://doi.org/10.4103/0976-3147.83584
https://doi.org/10.14316/pmp.2021.32.1.1
https://doi.org/10.14316/pmp.2021.32.1.1
https://doi.org/10.1371/journal.pone.0140354
https://doi.org/10.1371/journal.pone.0140354
https://doi.org/10.1039/C9RA06179G
https://doi.org/10.1039/C9RA06179G
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c01667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

Review

pubs.acs.org/journal/abseba

(42) Dukic, W. Radiopacity of Composite Luting Cements Using a
Digital Technique. J. Prosthodont. 2019, 28 (2), e450—e459.

(43) Santos Jr, J. G. E.; Pita, V. J. R. R;; Melo, P. A; Nele, M.; Pinto,
J. C. Production of Bone Cement Composites: Effect of Fillers, Co-
Monomer and Particles Properties. Braz. J. Chem. Eng. 2011, 28 (2),
229-241.

(44) Deb, S.; Abdulghani, S.; Behiri, J. C. Radiopacity in Bone
Cements Using an Organo-Bismuth Compound. Biomaterials 2002,
23 (16), 3387—3393.

(45) Thomas Webster, T. J. Nanofunctionalized Zirconia and
Barium Sulfate Particles as Bone Cement Additives. IJN 2009, 1.

(46) Bolaina-Lorenzo, E. D.; Cervantes-Uc, J. M.; Cauich-Rodriguez,
J. V; Avila-Ortega, A.; Juarez-Moreno, J. A. Effect of Barium Sulfate
Surface Treatments on the Mechanical Properties of Acrylic Bone
Cements. Polym. Bull. 2021, 78 (10), 5997—6010.

(47) Ang, H. Y.; Toong, D.; Chow, W. S.; Seisilya, W.; Wu, W,;
Wong, P.; Venkatraman, S. S.; Foin, N.; Huang, Y. Radiopaque Fully
Degradable Nanocomposites for Coronary Stents. Sci. Rep. 2018, 8,
No. 17409.

(48) van Hooy-Corstjens, C. S. J.; Bulstra, S. K.; Knetsch, M. L. W,;
Geusens, P.; Kuijer, R,; Koole, L. H. Biocompatibility of a New
Radiopaque Iodine-Containing Acrylic Bone Cement. ]. Biomed.
Mater. Res. B Appl. Biomater. 2007, 80B (2), 339—344.

(49) Le Ferrec, M.; Mellier, C.; Boukhechba, F.; Le Corroller, T.;
Guenoun, D.; Fayon, F.; Montouillout, V.; Despas, C.; Walcarius, A.;
Massiot, D.; Lefevre, F.-X.; Robic, C.; Scimeca, J.-C.; Bouler, J.-M;
Bujoli, B. Design and Properties of a Novel Radiopaque Injectable
Apatitic Calcium Phosphate Cement, Suitable for Image-Guided
Implantation. J. Biomed. Mater. Res. B Appl. Biomater. 2018, 106 (8),
2786—279S.

(50) Aspelin, P.; Aubry, P.; Fransson, S.-G.; Strasser, R,
Willenbrock, R.; Lundkvist, J. Cost-Effectiveness of Iodixanol in
Patients at High Risk of Contrast-Induced Nephropathy. Am. Heart J.
2005, 149 (2), 298—303.

(51) Kiihn, K.-D. Bone Cements; Springer Berlin Heidelberg: Berlin,
Heidelberg, 2000; DOI: 10.1007/978-3-642-59762-6.

(52) Manero, J. M.; Ginebra, M. P.; Gil, F. J.; Planell, J. A.; Delgado,
J. A;; Morejon, L.; Artola, A.; Gurruchaga, M.; Goni, I. Propagation of
Fatigue Cracks in Acrylic Bone Cements Containing Different
Radiopaque Agents. Proc. Inst. Mech. Eng. H 2004, 218 (3), 167—172.

(53) Vaishya, R; Chauhan, M; Vaish, A. Bone Cement. J. Clin.
Orthop. Trauma 2013, 4 (4), 157—163.

(54) Kiihn, K.-D. What Is Bone Cement? In The Well-Cemented
Total Hip Arthroplasty; Springer-Verlag: Berlin/Heidelberg, 2005; pp
52—-59, DOI: 10.1007/3-540-28924-0 5.

(55) Mueller, U.; Reinders, J.; Smith-Romanski, S.; Kretzer, J. P.
Wear Performance of Calcium Carbonate-Containing Knee Spacers.
Materials (Basel) 2017, 10 (7), 805.

(56) Bitsch, R. G.; Kretzer, J. P.; Vogt, S.; Biichner, H.; Thomsen, M.
N.; Lehner, B. Increased Antibiotic Release and Equivalent
Biomechanics of a Spacer Cement without Hard Radio Contrast
Agents. Diagn. Microbiol. Infect. Dis. 2015, 83 (2), 203—209.

(57) Hernindez, L.; Fernindez, M.; Collia, F.; Gurruchaga, M,;
Gon, L. Preparation of Acrylic Bone Cements for Vertebroplasty with
Bismuth Salicylate as Radiopaque Agent. Biomaterials 2006, 27 (1),
100—107.

(58) Wang, J. S.; Diaz, J.; Sabokbar, A.; Athanasou, N.; Kjellson, F.;
Tanner, K. E;; McCarthy, I. D.; Lidgren, L. In Vitro and in Vivo
Biological Responses to a Novel Radiopacifying Agent for Bone
Cement. . R. Soc. Interface 2005, 2 (2), 71-78.

(59) Ayre, W. N,; Denyer, S. P.; Evans, S. L. Ageing and Moisture
Uptake in Polymethyl Methacrylate (PMMA) Bone Cements. J. Mech.
Behav. Biomed. Mater. 2014, 32, 76—88.

(60) Pegg, E. C.; Murray, D. W.; Pandit, H. G.; O’Connor, J. J.; Gill,
H. S. Fracture of Mobile Unicompartmental Knee Bearings: A
Parametric Finite Element Study. Proc. Inst Mech Eng. H 2013, 227
(11), 1213—1223.

(61) Pegg, E; Pandit, H.; Gill, H. S.; Keys, G. W.; Svard, U. G. C;
O’Connor, J. J.; Murray, D. W. Examination of Ten Fractured Oxford

1333

Unicompartmental Knee Bearings. J. Bone Joint Surg. Br. 2011, 93-B
(12), 1610—1616.

(62) Lim, H.-C.; Shon, W.-Y.; Kim, S.-].; Bae, J.-H. Oxford Phase III
Meniscal Bearing Fracture: Case Report. Knee 2014, 21 (1), 340—
342.

(63) Kennedy, J. A; Mohammad, H. R;; Yang, I; Mellon, S. J;
Dodd, C. A. E,; Pandit, H. G.; Murray, D. W. Oxford Domed Lateral
Unicompartmental Knee Arthroplasty: Ten-Year Survival and Seven-
Year Clinical Outcome. Bone Joint J. 2020, 102-B (8), 1033—1040.

(64) Yang, I; Gammell, J. D.; Murray, D. W.; Mellon, S. J. The
Oxford Domed Lateral Unicompartmental Knee Replacement
Implant: Increasing Wall Height Reduces the Risk of Bearing
Dislocation. Proc. Inst. Mech. Eng. H 2022, 236 (3), 349—35S.

(65) Zaribaf, F. P.; Gill, H. S.; Pegg, E. C. Chemical Stability of Oil-
Infused Polyethylene. J. Biomater. Appl. 2021, 35 (9), 1168—1179.

(66) Zaribaf, F. P. Medical-Grade Ultra-High Molecular Weight
Polyethylene: Past, Current and Future. Mater. Sci. Technol. 2018, 34
(16), 1940—1953.

(67) Zaribaf, F. P,; Gill, H. S.; Pegg, E. C. Characterisation of the
Physical, Chemical and Mechanical Properties of a Radiopaque
Polyethylene. J. Biomater. Appl. 2020, 3S (2), 215—223.

(68) Cheppalli, N.; Metikala, S.; Albertson, B. S.; Yaw, K. Plastics in
Total Knee Replacement: Processing to Performance. Cureus 2021,
13 (1), No. e12969.

(69) Oral, E.; Muratoglu, O. Vitamin E Diffused, Highly Crosslinked
UHMWPE: A Review. Int. Orthop. 2011, 35, 215—223.

(70) Ahmad, Z.; Mobasheri, R;; Das, T.; Vaidya, S.; Mallik, S.; El-
Hussainy, M.; Casey, A. How to Interpret Computed Tomography of
the Lumbar Spine. Ann. R. Coll. Surg. Engl. 2014, 96, 502.

(71) Chougule, V.; Mulay, A.; Ahuja, B. Clinical Case Study: Spine
Modeling for Minimum Invasive Spine Surgeries (MISS) Using Rapid
Prototyping. COPEN: Chennai, 2018.

(72) Paeng, J. C.; Jeong, J. M.; Yoon, C. J.; Lee, Y.-S.; Suh, Y.-G,;
Chung, J. W,; Park, J. H.; Chung, J.-K; Son, M.; Lee, M. C. Lipiodol
Solution of 188Re-HDD as a New Therapeutic Agent for Trans-
hepatic Arterial Embolization in Liver Cancer: Preclinical Study in a
Rabbit Liver Cancer Model. J. Nucl. Med. 2003, 44 (12), 2033—2038.

(73) Choi, W. C.; Choi, H. G.; Kim, J. N.; Lee, M. C.; Shin, D. H;
Kim, S. H; Kim, C. K;; Jo, D. L. The Efficacy of Bioabsorbable Mesh
in Craniofacial Trauma Surgery. Arch. Craniofac. Surg. 2016, 17 (3),
135—139.

(74) Bonda, D. J.; Manyjila, S.; Selman, W. R.; Dean, D. The Recent
Revolution in the Design and Manufacture of Cranial Implants:
Modern Advancements and Future Directions. Neurosurgery 2015, 77
(5), 814—824.

(75) Vasile, V. A,; Istrate, S.; Iancu, R. C.; Piticescu, R. M.; Cursaru,
L. M.; Schmetterer, L.; Garhofer, G.; Cherecheanu, A. P.
Biocompatible Materials for Orbital Wall Reconstruction—An
Overview. Materials 2022, 15 (6), 2183.

(76) Ding, Y.; Fu, R;; Collins, C. P.; Yoda, S.-F.; Sun, C.; Ameer, G.
A. 3D-Printed Radiopaque Bioresorbable Stents to Improve Device
Visualization. Adv. Healthc. Mater. 2022, 11 (23), No. 2201955.

(77) Jinnouchi, H; Torii, S.; Sakamoto, A.; Kolodgie, F. D.; Virmani,
R; Finn, A. V. Fully Bioresorbable Vascular Scaffolds: Lessons
Learned and Future Directions. Nat. Rev. Cardiol. 2019, 16 (5), 286—
304.

(78) Park, J.-S.; Yim, K. H,; Jeong, S.; Lee, D. H,; Kim, D. G. A
Novel High-Visibility Radiopaque Tantalum Marker for Biliary Self-
Expandable Metal Stents. Gut Liver 2019, 13 (3), 366—372.

(79) Lamsi, T.; Jin, H.,; Mikkonen, J.; Laukkarinen, J.; Sand, J.;
Nordback, I. Biocompatibility of a New Bioabsorbable Radiopaque
Stent Material (BaSO4 Containing Poly-L,D-Lactide) in the Rat
Pancreas. Pancreatology 2006, 6 (4), 301—30S.

(80) Ginsberg, G; Cope, C.; Shah, J; Martin, T.; Carty, A;
Habecker, P.; Kaufmann, C.; Clerc, C.; Nuutinen, J.-P.; Térmilg, P. In
Vivo Evaluation of a New Bioabsorbable Self-Expanding Biliary Stent.
Gastrointest. Endosc. 2003, 58 (5), 777—784.

(81) Konduru, N.; Keller, J.; Ma-Hock, L.; Gréters, S.; Landsiedel,
R.; Donaghey, T. C,; Brain, J. D.; Wohlleben, W.; Molina, R. M.

https://doi.org/10.1021/acsbiomaterials.3c01667
ACS Biomater. Sci. Eng. 2024, 10, 1323—-1334


https://doi.org/10.1111/jopr.12578
https://doi.org/10.1111/jopr.12578
https://doi.org/10.1590/S0104-66322011000200007
https://doi.org/10.1590/S0104-66322011000200007
https://doi.org/10.1016/S0142-9612(02)00039-X
https://doi.org/10.1016/S0142-9612(02)00039-X
https://doi.org/10.2147/IJN.S7603
https://doi.org/10.2147/IJN.S7603
https://doi.org/10.1007/s00289-020-03407-w
https://doi.org/10.1007/s00289-020-03407-w
https://doi.org/10.1007/s00289-020-03407-w
https://doi.org/10.1038/s41598-018-35663-2
https://doi.org/10.1038/s41598-018-35663-2
https://doi.org/10.1002/jbm.b.30602
https://doi.org/10.1002/jbm.b.30602
https://doi.org/10.1002/jbm.b.34059
https://doi.org/10.1002/jbm.b.34059
https://doi.org/10.1002/jbm.b.34059
https://doi.org/10.1016/j.ahj.2004.07.020
https://doi.org/10.1016/j.ahj.2004.07.020
https://doi.org/10.1007/978-3-642-59762-6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1243/095441104323118888
https://doi.org/10.1243/095441104323118888
https://doi.org/10.1243/095441104323118888
https://doi.org/10.1016/j.jcot.2013.11.005
https://doi.org/10.1007/3-540-28924-0_5
https://doi.org/10.1007/3-540-28924-0_5?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ma10070805
https://doi.org/10.1016/j.diagmicrobio.2015.06.019
https://doi.org/10.1016/j.diagmicrobio.2015.06.019
https://doi.org/10.1016/j.diagmicrobio.2015.06.019
https://doi.org/10.1016/j.biomaterials.2005.05.074
https://doi.org/10.1016/j.biomaterials.2005.05.074
https://doi.org/10.1098/rsif.2004.0009
https://doi.org/10.1098/rsif.2004.0009
https://doi.org/10.1098/rsif.2004.0009
https://doi.org/10.1016/j.jmbbm.2013.12.010
https://doi.org/10.1016/j.jmbbm.2013.12.010
https://doi.org/10.1177/0954411913494326
https://doi.org/10.1177/0954411913494326
https://doi.org/10.1302/0301-620X.93B12.27408
https://doi.org/10.1302/0301-620X.93B12.27408
https://doi.org/10.1016/j.knee.2013.07.012
https://doi.org/10.1016/j.knee.2013.07.012
https://doi.org/10.1302/0301-620X.102B8.BJJ-2019-1330.R2
https://doi.org/10.1302/0301-620X.102B8.BJJ-2019-1330.R2
https://doi.org/10.1302/0301-620X.102B8.BJJ-2019-1330.R2
https://doi.org/10.1177/09544119211048558
https://doi.org/10.1177/09544119211048558
https://doi.org/10.1177/09544119211048558
https://doi.org/10.1177/09544119211048558
https://doi.org/10.1177/0885328220977353
https://doi.org/10.1177/0885328220977353
https://doi.org/10.1080/02670836.2018.1469455
https://doi.org/10.1080/02670836.2018.1469455
https://doi.org/10.1177/0885328220922809
https://doi.org/10.1177/0885328220922809
https://doi.org/10.1177/0885328220922809
https://doi.org/10.7759/cureus.12969
https://doi.org/10.7759/cureus.12969
https://doi.org/10.1007/s00264-010-1161-y
https://doi.org/10.1007/s00264-010-1161-y
https://doi.org/10.1308/rcsann.2014.96.7.502
https://doi.org/10.1308/rcsann.2014.96.7.502
https://doi.org/10.7181/acfs.2016.17.3.135
https://doi.org/10.7181/acfs.2016.17.3.135
https://doi.org/10.1227/NEU.0000000000000899
https://doi.org/10.1227/NEU.0000000000000899
https://doi.org/10.1227/NEU.0000000000000899
https://doi.org/10.3390/ma15062183
https://doi.org/10.3390/ma15062183
https://doi.org/10.1002/adhm.202201955
https://doi.org/10.1002/adhm.202201955
https://doi.org/10.1038/s41569-018-0124-7
https://doi.org/10.1038/s41569-018-0124-7
https://doi.org/10.5009/gnl18330
https://doi.org/10.5009/gnl18330
https://doi.org/10.5009/gnl18330
https://doi.org/10.1159/000092772
https://doi.org/10.1159/000092772
https://doi.org/10.1159/000092772
https://doi.org/10.1016/S0016-5107(03)02016-9
https://doi.org/10.1016/S0016-5107(03)02016-9
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c01667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

Review

Biokinetics and Effects of Barium Sulfate Nanoparticles. Part. Fibre
Toxicol. 2014, 11 (1), SS.

(82) Zaccarini, D. J.; Lubin, D.; Sanyal, S.; Abraham, J. L. Barium
Sulfate Deposition in the Gastrointestinal Tract: Review of the
Literature. Diagn. Pathol. 2022, 17 (1), 99.

(83) Abizaid, A.; Carri¢, D.; Frey, N,; Lutz, M.; Weber-Albers, J.;
Dudek, D.; Chevalier, B.; Weng, S.-C.; Costa, R. A,; Anderson, J.;
Stone, G. W. FANTOM 1I Clinical Investigators. 6-Month Clinical
and Angiographic Outcomes of a Novel Radiopaque Sirolimus-
Eluting Bioresorbable Vascular Scaffold: The FANTOM II Study.
JACC Cardiovasc Interv 2017, 10 (18), 1832—1838.

(84) Chevalier, B.; Abizaid, A,; Carri¢, D,; Frey, N; Lutz, M,;
Weber-Albers, J.; Dudek, D.; Weng, S.-C.; Akodad, M.; Anderson, J.;
Stone, G. W. null, null. Clinical and Angiographic Outcomes With a
Novel Radiopaque Sirolimus-Eluting Bioresorbable Vascular Scaffold.
Circ. Cardiovasc. Interv. 2019, 12 (6), No. e007283.

(85) Alghamdi, H. S; Jansen, J. A. The Development and Future of
Dental Implants. Dent. Mater. J. 2020, 39 (2), 167—172.

(86) Hanawa, T. Zirconia versus Titanium in Dentistry: A Review.
Dent. Mater. J. 2020, 39 (1), 24—36.

(87) Sen, H. G.; Helvacioglu-Yigit, D.; Yilmaz, A. Radiopacity
Evaluation of Calcium Silicate Cements. B.M.C. Oral Health 2023, 23
(1), 491.

(88) Marino, D.; Patel, J.; Popovich, J. M.; Cochran, J. Patient
Demographics and Anthropometric Measurements Predict Tibial and
Femoral Component Sizing in Total Knee Arthroplasty. Arthroplast.
Today 2020, 6 (4), 860—865.

(89) Pekkan, G.; Saridag, S.; Beriat, N. Evaluation of the Radiopacity
of Some Luting, Lining and Filling Dental Cements. Clin. Dent. 2011,
35, 2-9.

(90) Dantas, R.; Sarmento, H.; Duarte, R.; Meireles, S.; Andrade, A.;
Anjos-Pontual, M. Radiopacity of Restorative Composites by
Conventional Radiograph and Digital Images with Different
Resolutions. Imaging Sci. Dent. 2013, 43, 145—151.

(91) Héngaro Duarte, M. A.; de Oliveira El Kadre, G. D.; Vivan, R.
R; Guerreiro Tanomaru, J. M.; Filho, M. T.; de Moraes, I. G.
Radiopacity of Portland Cement Associated With Different Radio-
pacifying Agents. J. Endod. 2009, 3S (5), 737—740.

(92) Kurtz, S. M.; Devine, J. N. PEEK Biomaterials in Trauma,
Orthopedic, and Spinal Implants. Biomaterials 2007, 28 (32), 4845—
4869.

(93) Warburton, A; Girdler, S. J.; Mikhail, C. M.; Ahn, A.; Cho, S.
K. Biomaterials in Spinal Implants: A Review. Neurospine 2020, 17
(1), 101-110.

(94) Bogie, R;; Roth, A. K.; de Faber, S.; de Jong, J. J. A.; Welting, T.
J. M,; Willems, P. C,; Arts, J. J.; van Rhijn, L. W. Novel Radiopaque
Ultrahigh Molecular Weight Polyethylene Sublaminar Wires in a
Growth-Guidance System for the Treatment of Early-Onset Scoliosis:
Feasibility in a Large Animal Study. Spine 2014, 39 (25), E1503—
E1509.

(95) Bogie, R; Arts, J. J.; Koole, S. N.; Van Rhuin, L. W.; Willems, P.
C. The Use of Metal Sublaminar Wires in Modern Growth-Guidance
Scoliosis Surgery: A Report of 4 Cases and Literature Review. Int. J.
Spine Surg. 2020, 14 (2), 182—188.

(96) Pepiol, A.,; Teixidor, F.; Saralidze, K,; van der Marel, C;
Willems, P.; Voss, L.; Knetsch, M. L. W.; Vinas, C.; Koole, L. H. A
Highly Radiopaque Vertebroplasty Cement Using Tetraiodinated O-
Carborane Additive. Biomaterials 2011, 32 (27), 6389—6398.

(97) Leibundgut, G. A Novel, Radiopaque, Bioresorbable Tyrosine-
Derived Polymer for Cardiovascular Scaffolds. Cardiac Interventions
Today Europe 2018, 2 (2), 26—30.

1334

https://doi.org/10.1021/acsbiomaterials.3c01667
ACS Biomater. Sci. Eng. 2024, 10, 1323—-1334


https://doi.org/10.1186/s12989-014-0055-3
https://doi.org/10.1186/s13000-022-01283-8
https://doi.org/10.1186/s13000-022-01283-8
https://doi.org/10.1186/s13000-022-01283-8
https://doi.org/10.1016/j.jcin.2017.07.033
https://doi.org/10.1016/j.jcin.2017.07.033
https://doi.org/10.1016/j.jcin.2017.07.033
https://doi.org/10.1161/CIRCINTERVENTIONS.118.007283
https://doi.org/10.1161/CIRCINTERVENTIONS.118.007283
https://doi.org/10.4012/dmj.2019-140
https://doi.org/10.4012/dmj.2019-140
https://doi.org/10.4012/dmj.2019-172
https://doi.org/10.1186/s12903-023-03182-w
https://doi.org/10.1186/s12903-023-03182-w
https://doi.org/10.1016/j.artd.2020.09.013
https://doi.org/10.1016/j.artd.2020.09.013
https://doi.org/10.1016/j.artd.2020.09.013
https://doi.org/10.5624/isd.2013.43.3.145
https://doi.org/10.5624/isd.2013.43.3.145
https://doi.org/10.5624/isd.2013.43.3.145
https://doi.org/10.1016/j.joen.2009.02.006
https://doi.org/10.1016/j.joen.2009.02.006
https://doi.org/10.1016/j.biomaterials.2007.07.013
https://doi.org/10.1016/j.biomaterials.2007.07.013
https://doi.org/10.14245/ns.1938296.148
https://doi.org/10.1097/BRS.0000000000000637
https://doi.org/10.1097/BRS.0000000000000637
https://doi.org/10.1097/BRS.0000000000000637
https://doi.org/10.1097/BRS.0000000000000637
https://doi.org/10.14444/7017
https://doi.org/10.14444/7017
https://doi.org/10.1016/j.biomaterials.2011.05.056
https://doi.org/10.1016/j.biomaterials.2011.05.056
https://doi.org/10.1016/j.biomaterials.2011.05.056
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c01667?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

