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ABSTRACT: The polymerization behavior of a new class of dimethacrylated anhydride monomers that
react to form highly cross-linked degradable networks was investigated using various photoinitiation
schemes. Polymerizations occurred in seconds to minutes depending on the initiating conditions, and
conversions in excess of 0.95 were achievable. A photobleaching visible light initiating system was used
to improve the depth of cure for the production of polymers with appreciable dimensions. One potential
application for the proposed multifunctional monomers is in vivo curing of high-strength, degradable
polymers for fracture fixation or filling of trabecular bone defects.

Introduction

Numerous musculoskeletal applications would benefit
from recent advances in the development of safe, strong,
easily fashioned, and degradable polymers. For ex-
ample, bone fractures are a major health concern, and
in a study of musculoskeletal conditions in the United
States, an estimated 6.3 million fractures occurred
during a typical 3 year period.! The established stan-
dard for treatment for many of these fractures, espe-
cially those involving weight-bearing bones, is the use
of metal plates for fixation.2 Current limitations to
metallic implants for fracture fixation include the fol-
lowing: stress-shielding during healing, which can lead
to excessive bone resorption and osteoporosis; corrosion
by a fairly aggressive electrolyte (0.9% NacCl), which can
lead to chronic inflammation and is a problem to
patients with metal sensitivity; and fatigue and loosen-
ing of the implant.® Many of these issues, as well as
others, necessitate a second surgery to remove the
implant after healing, and the risk and expense to the
patient is nontrivial. Hence, degradable polymeric
materials provide an important alternative to metallic
implants.

Degradable polymers eliminate the need for a second
surgery and, if carefully designed, can prevent some of
the problems associated with stress-shielding during
healing. Additionally, degradable polymer implants can
be used simultaneously to deliver therapeutic drugs to
prevent or treat infections or growth factors to aid or
accelerate in new bone growth. Furthermore, a recent
workshop sponsored by the American Academy of
Orthopaedic Surgeons and the National Institute of
Arthritis and Musculoskeletal and Skin Diseases rec-
ommended that the development of new degradable
polymer systems should be a major research priority.*

To this extent, we recently developed and investigated
a class of photopolymerizable, methacrylate anhydride
monomers, which react to form highly cross-linked
polyanhydride networks for orthopedic applications.®
The rationale for the proposed polymer design was
driven by several, critical factors. First, the number of
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synthetic polymers approved by the FDA for human
clinical studies is rather small, and of these, only three
(poly(lactic acid), poly(glycolic acid), and poly(p-diox-
anon)) are routinely applied in human medicine. The
limitation to broader application of these polymers is
linked to their bulk degradation. More recently, de-
gradable linear polyanhydrides have been synthesized
and gained FDA approval for the treatment of brain
cancer.® The combined hydrophobicity and the hydro-
lytic instability of the anhydride linkage lead to surface
degradation in these polymers, which is advantageous
for drug delivery (prevent dose dumping) and load-
bearing applications (maintain polymer structural in-
tegrity).”

Second, we modified these anhydrides with photopo-
lymerizable, methacrylate functionalities. Tradition-
ally, methacrylate and acrylate based monomers have
been widely used in the photopolymerization industry.
Multifunctional methacrylate monomers form strong,
hard polymers with excellent dimensional stability (i.e.,
minimal swelling). In addition, these functionalities
have a long history in biomedical applications such as
dental restorative materials and bone cements.® Fi-
nally, the presence of a high degree of cross-linking in
these networks facilitates improved mechanical proper-
ties and surface-controlled degradation. Because the
cross-links themselves are anhydride linkages, the
material remains biodegradable, and the rate of degra-
dation is controlled by changing the composition of the
polymer (to control hydrophobicity) and/or the molecular
weight between photoreactive functionalities.

While the benefits of high-strength, biocompatible,
and surface eroding materials are evident, development
of a photopolymerizable system provides many ad-
ditional advantages, including fast curing rates at room
temperature, spatial control of the polymerization, and
complete ease of fashioning and flexibility during im-
plantation. Relatively few systems have been developed
that can be reacted in vivo; they include redox-cured
methyl methacrylate bone cements,® injectable bioactive
ceramic cements,® photocured endocapsular lens re-
placements for cataract treatment,0 visible light-cured
dental restorative materials,!! and photocured hydrogels
for uses in angioplasty to promote better healing.’?2 In
addition, many injectable gels are commercially avail-
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Figure 1. Chemical structures of methacrylated sebacic acid (SA-Me;) and methacrylated 1,6-bis(carboxyphenoxy)hexane (CPH-

Mez).

able that undergo a physical gelation process (e.g.,
Pluronics) or ionic cross-linking (e.g., gelatin).1® One
of the principal limitations to more extensive use of
photopolymerizations in medicine is the lack of biocom-
patible monomers and/or oligomers that photopolymer-
ize to form degradable polymer networks. Furthermore,
outside of the newly developed photo-cross-linkable
polyanhydrides, few systems are available that are
photopolymerizable, are degradable, and achieve high-
strengths. Each of these features is important in
various orthopedics applications.

Polymerization conditions for in vivo applications are
quite adverse, including a narrow range of physiologi-
cally acceptable temperatures, requirement for nontoxic
monomers and/or solvents, moist and oxygen-rich en-
vironments, and clinically suitable rates of polymeri-
zation.'* Photoinitiations overcome many of these
limitations, since the polymerization process is typically
rapid (and can be controlled to occur over a time period
of a few seconds to a couple of minutes), the fast
polymerization rate can overcome oxygen inhibition and
moisture effects, and polymerization does not require
elevated temperatures. Thus, by selection or develop-
ment of nontoxic monomers and/or solvents for ortho-
pedic applications, these polymerization criteria may be
met for in vivo curing.

Hence, the objective of this work was to examine the
polymerization behavior of this newly developed class
of dimethacrylated anhydrides under a variety of pho-
toinitiation conditions to assess the feasibility of curing
these monomers under simulated in vivo conditions. In
particular, the rate of polymerization, the maximum
functional group conversion, and the depth of cure were
examined as a function of initiation type and conditions.

Experimental Section

Materials. Methacrylated sebacic anhydride (SA-Mey)
monomer (Figure 1) was synthesized from sebacic acid (Ald-
rich) and methacrylic anhydride (Aldrich). The SA-Me; was
prepared by converting the dicarboxylic acid to an anhydride
by refluxing in methacrylic anhydride for approximately 1 h.
The dimethacrylated anhydride monomer was subsequently
isolated and purified by dissolving in methylene chloride and
precipitating in petroleum ether.

Dicarboxylic acid 1,6-bis(carboxyphenoxy) hexane (CPH)
was synthesized as described elsewhere.’> To facilitate meth-
acrylation of the less soluble CPH, the acid groups were first
acetylated by refluxing in an excess of acetic anhydride
(Aldrich) for several hours. The diacetylated CPH product was
isolated and purified by washing in diethyl ether and vacuum
filtering. The acetylated CPH was end-capped with meth-
acrylate functionalities by refluxing in methacrylic anhydride
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Figure 2. Chemical structure of various photoinitiators: 2,2-
dimethoxy-2-phenyl acetophenone (DMPA), camphorquinone
(CQ), and ethyl-4-N,N-dimethylaminobenzoate (4EDMAB).

for approximately 1 h. The dimethacrylated CPH monomer
(CPH-Me,, Figure 1) was subsequently isolated and purified
by dissolving in methylene chloride and precipitating in
petroleum ether. The methacrylated monomers were charac-
terized with 'H NMR and FTIR to examine the extent of
methacrylation; The presence of =CH, protons in the meth-
acrylate end-group was clearly evident as seen with *H NMR
at approximately 6 = 6.0 and 6 = 6.5 ppm and with FTIR at
approximately 1637 cm™2.

Photopolymerizations were initiated with either ultraviolet
(A =365 nm) or visible (A = 470—490 nm) light. The ultraviolet
initiator examined was 2,2-dimethoxy-2-phenylacetophenone
(DMPA, Ciba Geigy), which is a standard photoinitiator used
in many photopolymerization applications.'® UV-curable for-
mulations were prepared by dissolving between 0.1 and 1.0
wt % of DMPA in the monomer being investigated. The visible
light initiating system consisted of camphorquinone (CQ,
Aldrich) and ethyl 4-N,N-dimethylaminobenzoate (4EDMAB,
Aldrich). This visible light initiating system is typical in many
current dental applications and provides an alternative to
utilizing ultraviolet radiation to initiate polymerization.’
Samples of monomer with concentrations of CQ/4EDMAB
varying between 0.2 wt %/0.8 wt %, and 1.0 wt %/1.0 wt %
were investigated. All initiators were used as received, and
initiator structures are shown in Figure 2.

Methods. All samples were polymerized with either full
beam ultraviolet light (EFOS, Ultracure 100SS), longwave
ultraviolet light (Black-Ray, Model B100AP, 115V, 2.5A), or a
blue light (DenMat Marathon Two, Model 3940) curing system
at various light intensities. Ultraviolet polymerizations were
conducted with light intensities ranging from 1 to 150 mw/
cm?. Visible light polymerizations were performed at light
intensities ranging from 30 to 150 mW/cm?.

Polymerization rate profiles were monitored as a function
of time using a differential scanning calorimeter equipped with
a photocalorimetric accessory (DPC, Perkin-Elmer DSC?7).
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Neutral density filters (Melles Griot) were used to control the
incident light intensity, and a monochromator was used to
select the wavelength of the initiating light. Isothermal
reaction conditions were maintained by an external recirculat-
ing chiller attached to the DSC cell. Generally, 8—12 mg of
the monomer—initiator solution were placed in an aluminum
DSC pan, and the polymerization rate was monitored at 37
°C in the presence of oxygen to simulate approximate in vivo
conditions. The heat flux measured is directly proportional
to the rate of polymerization, and the extent of double bond
conversion can be calculated from the integrated peak area
when the theoretical heat evolved per double bond is known.

Infrared spectroscopy (Nicolet Magna-IR 750 Series I1) was
used to monitor the polymerization behavior and final double
bond conversion of the dimethacrylated anhydride monomers.
Each monomer—initiator mixture was pressed into a thin film
between polypropylene sheets and mounted on a holder. The
thin films were photopolymerized, by exposure to light (UV
or blue) of a measured intensity for a specified time period.
The final double bond conversion in these samples was
calculated based on the decrease in absorbance near 1637
cm™1, a characteristic absorbance of the methacrylate double
bond.*®

Three-dimensional polymerization profiles were studied
using attenuated total reflectance infrared spectroscopy (ATR-
FTIR) to ascertain conversion as a function of depth for both
UV (DMPA) and blue light (CQ/4EDMAB) initiator systems.
Monomer samples of varying thickness were polymerized
directly on a ZnSe crystal (45° incidence angle) by exposing
the sample to a visible or UV light source for specified time
periods. An ATR spectra of the sample was obtained following
each irradiation period. For the polymer systems studied, the
penetration depth was calculated to be approximately 700 nm
at the surface in contact with the crystal. For both IR
techniques, samples were polymerized under ambient condi-
tions with oxygen present.

Results and Discussion

Both differential scanning photocalorimetry (DPC)
and Fourier transform infrared spectroscopy (FTIR)
were used to characterize the polymerization behavior,
curing time, and maximum double bond conversion of
the dimethacrylated anhydride monomers (SA-Me, and
CPH-Me;) under simulated in vivo conditions (i.e., in
air and at ~37 °C). The purpose of these studies was
to establish clinical curing times and to illustrate how
initiating wavelength (UV or visible), initiator concen-
tration, and incident light intensity can be used to
control the conversion, polymerization rate, and curing
time.

The effects of light intensity and initiator concentra-
tion on the UV-initiated polymerization of SA-Me, at
37 °C are shown in Figure 3. In general, the rate curves
exhibited characteristics typical of multifunctional mono-
mer polymerizations, showing an early onset of autoac-
celeration, which leads to a dramatic increase in the
initial polymerization rate, followed by autodeceleration.
The majority of double bonds were consumed within the
first minute or two (depending on the initiating condi-
tions), after which the polymerization rate became
vanishingly small. The autoacceleration peak became
more pronounced as higher initiator concentrations and
higher light intensities were used. While the effects of
initiator concentration and light intensity on the po-
lymerization rate followed expected general trends, the
results were complicated by the influence of volume
relaxation (as will be discussed more thoroughly in
Figure 4).

The significance of these results is 2-fold. First, the
observed photopolymerization times are reasonable for
a clinical setting, and second, the rate and time of
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Figure 3. Effect of light intensity and initiator concentration
on the rate of polymerization (Rp) vs time for the UV polym-
erization of SA-Me; at 37 °C: (a) 1.0 wt % DMPA, 150 mW/
cm?; (b) 0.1 wt % DMPA, 150 mW/cm?; (c) 1.0 wt % DMPA, 7
mW/cm?; (d) 0.1 wt % DMPA, 7 mW/cm?2.
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Figure 4. Effect of light intensity and initiator concentration
on the UV polymerization of SA-Me;: (H) 1.0 wt % DMPA,
150 mW/cm?; (O0) 1.0 wt % DMPA, 5 mW/cm?; (@) 0.1 wt %
DMPA, 150 mW/cm?; (a) 0.1 wt % DMPA, 5 mW/cm?.

polymerization can be controlled by adjusting the initia-
tor concentration and/or light intensity. Of further
interest is the double bond conversion reached in these
systems, which was ambiguous to obtain from DPC
results. First, the theoretical heat evolved per double
bond for these dimethacrylated anhydrides has not been
well-characterized. In addition, accurate determination
of the concentration of double bonds in the monomer is
difficult since oligomeric species are difficult to separate
from the monomer.

Thus, FTIR studies were conducted to determine the
maximum attainable double bond conversion and to
elucidate further the clinical time necessary to cure the
polymer. The effects of initiation rate and wavelength
of the initiating light (i.e., 470—490 nm blue light or
365 nm UV light) on curing time and double bond
conversion were investigated. These results are pre-
sented in Figures 4 and 5.

In Figure 4, the conversion profiles and final double
bond conversions were determined under initiation
conditions similar to those in the DPC studies. These
results further illustrate the ability to control the curing
time through changes in the initiation rate. For ex-
ample, after 60 s of exposure to 150 mW/cm? of UV light,
polymerization was complete in a system with 1.0 wt
% initiator, whereas the system with 0.1 wt % initiator
required over 200 s.

Additionally, the maximum functional group conver-
sion attained in each system was 97% (1 wt % DMPA,
I, = 150 mW/cm?2), 96% (1.0 wt % DMPA, 1, = 5 mW/
cm?), 84% (0.1 wt % DMPA, |, = 150 mW/cm?), and 63%
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Figure 5. Effect of initiator concentration on visible light
polymerization of SA-Me, at 150 mW/cm? (®) 1.0 wt % CQ/
1.0 wt % 4EDMAB; (O) 0.2 wt % CQ/ 0.8 wt % 4EDMAB.

(0.1 wt % DMPA, 1, = 5 mW/cm?). Attainment of a
maximum double bond conversion is typical in multi-
functional monomer polymerizations and results from
the severe restriction on bulk mobility of reacting
species in highly cross-linked networks.1 In particular,
radicals become trapped or shielded within densely
cross-linked microgel regions, and the rate of polymer-
ization becomes diffusion limited. Further double bond
conversion is almost impossible at this point, and the
polymerization stops prior to 100% functional group
conversion. In polymeric dental composites, which use
multifunctional methacrylate monomers, final double
bond conversions have been reported ranging anywhere
from 55 to 75%.1°

If equal reactivity of the double bonds is assumed,
only 0.09—13.7% of unreacted monomer (i.e., monomer
with neither double bonds reacted) will be present at
the highest and lowest final double bond conversions,
respectively. Unreacted monomer can plasticize the
polymer network, rendering it more pliable and decreas-
ing its mechanical properties, and may also compromise
the biocompatible nature of the system if the monomer
leaches to a toxic level. Therefore, it is desirable to
identify polymerization conditions that maximize the
conversion of monomer.

In addition to attainment of a maximum double bond
conversion, Figure 4 also shows the dependence of the
final conversion on the initiation rate. Specifically,
faster rates of initiation and polymerization lead to
higher maximum double bond conversions (e.g., from
63% to 97%). This increase in conversion results from
the effects of volume relaxation on the system mobility.
In essence, polymerization occurs at a rate that sur-
passes the rate of volume shrinkage, creating excess free
volume. This excess free volume leads to higher mobil-
ity of reacting species and, thus, higher conversions.
Compared to linear polymer systems, volume shrinkage
plays an increasingly important role in the Kinetics of
multifunctional monomer polymerizations, particularly
since these systems tend to gel at very low double bond
conversions, and form highly cross-linked networks that
relax very slowly to equilibrium.?°

While the broad range of efficient initiators and
availability of inexpensive UV lights have led to the
wide use of UV-initiated polymerizations, many bio-
medical applications require or prefer the use of visible
light. For example, dentistry uses blue light-initiated
photopolymerizations to place polymeric composites in
caries. The typical initiating system uses camphorquino-
ne (CQ), ethyl-4-N,N-dimethylaminobenzoate (4EDMAB),
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and 470—490 nm blue light. Considering its long-
standing history in the dental community, this visible
light-initiating system was chosen for these potential
orthopedic polymers. Figure 5 contains FTIR results
for the visible light polymerization of SA-Me; at two
concentrations of CQ/4EDMARB initiated with 150 mW/
cm? of blue light (i.e., a typical intensity from a standard
dental curing unit).

The visible light polymerizations exhibited the same
general dependence of the polymerization rate and final
double bond conversion on the initiation rate as ob-
served for the UV polymerizations. Specifically, in-
creasing the initiator concentration led to higher po-
lymerization rates and greater maximum conversions;
however, the lower efficiency of this initiating system
resulted in longer curing times and lower double
conversions compared to the UV-initiated system. The
efficiency is defined as the fraction of radicals formed
in the primary step of initiator decomposition that are
successful in initiating polymerization.?! The CQ/
4EDMAB system generates radicals by hydrogen ab-
straction, which is generally less efficient than photo-
cleavage, the mechanism by which DMPA generates
radicals.22 However, the advantages of visible light over
UV light include both safety and public perception. For
example in a clinical setting, 5 mW/cm? represents a
reasonable intensity for UV photopolymerizations (con-
sidering the average UVF of FDA approved tanning
beds is 20 mwW/cm? 23), while visible light intensities of
150 mW/cm? and greater are acceptable. Thus, visible
light-initiated polymerizations offer a greater capability
in controlling the polymerization time without increas-
ing the initiator concentration.

All of the above studies pertained to a particular
monomer system, specifically SA-Me,. This material
reacts to form a highly cross-linked network that surface
erodes at a relatively rapid rate (e.g., disks 1 mm in
thickness degrade in 48 h).22 From a practical stand-
point, it is desirable to develop networks where the
degradation rate can be independently controlled. To
achieve this control, a more hydrophobic monomer,
CPH-Me;, was synthesized that degrades much more
slowly (e.g., disks 1 mm in thickness degrade in ~10
months).23 Ideally, the network composition can be
varied using these two monomers to produce polymers
with degradation times ranging from a few days to
nearly 1 year.

To produce such networks, an additional factor, which
is the competitive absorption of the initiating light
between the monomer and initiator, must be considered
when selecting the initiator system and initiating
wavelength. The issue of depth of cure also becomes
increasingly relevant in applications requiring thick, 3D
polymers (e.g., filling trabecular bone defects). While
photopolymerizations are widely used in the fabrication
of thin films, the production of thick 3D objects is more
challenging because of absorption and scattering of the
polymerizing light through the sample. Thus, ATR-
FTIR was used to examine these issues, and the 3D cure
profiles of SA-Me, and CPH-Me; were characterized as
a function of depth and initiating system.

Figures 6—9 report the double bond conversion as a
function of depth in samples of SA-Me, and CPH-Me,
polymerized with two different initiation mechanisms.
The initiators included both DMPA and CQ/4EDMAB.
The CQ/4EDMAB system photobleaches, which allows
deeper penetration of the polymerizing light as the
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Figure 6. 3D Polymerization of SA-Me; with 5 mW/cm? UV
light and 1.0 wt % DMPA: (a) top; (®) 1 mm; () 2 mm.
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Figure 7. 3D polymerization of CPH-Me; using 1.0 wt %
DMPA and 5 mW/cm? UV light: (M) top and (®) 1 mm.
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Figure 8. 3D polymerization of SA-Me; with 1 wt % CQ/

4EDMAB at 150 mW/cm? visible light: (®) top; (l) 1 mm; (a)
2 mm; (d) 3 mm.

absorption of the initiator decreases with exposure (i.e.,
the initiator bleaches).

From these figures, it is clear that both monomer
systems show significant differences in the conversion
profiles as a function of depth. Differences in the
polymerization profile with distance from the incident
light arise from many factors. For example, an initial
lag period develops and becomes more pronounced at
greater distances from the illuminated surface. The lag
period is predominantly the result of oxygen inhibition;
oxygen’s affinity for free radicals combined with the
lower rate of initiation allows it to compete effectively
with propagation by radical quenching (precludes propa-
gation) or peroxy radical formation (less reactive).
While oxygen is present ubiquitously throughout the
polymerization environment, its effects are more pro-
nounced farther from the surface since the initiation
rate is much lower.
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Figure 9. 3D polymerization of CPH-Me; using 1.0 wt % CQ/
4EDMAB and 150 mW/cm? visible light: (@) top; () 1 mm.

In addition, Figures 6 and 7 emphasize the challenges
of polymerizing thick samples with nonbleaching, UV
initiators. Systems polymerized with DMPA showed
significant deviation in the maximum final double bond
conversion reached at the top and bottom surfaces. For
example after 900 s of polymerization of SA-Me,, double
bond conversion at the top surface exceeded 96%,
conversion 1 mm into the sample was only 80%, and
that 2 mm into the sample dropped dramatically to 23%.
The problem of light attenuation in samples is further
exaggerated during the polymerization of CPH-Me,,
where the monomer has a significant absorption at 365
nm and competes with DMPA for the initiating light.

While CPH-Me; is not easily polymerized with low
UV light intensities, its desirable degradation and
mechanical properties are important for the targeted
applications. To this extent, the CQ/4EDMAB system
was explored to improve upon the 3D curing of these
networks. In general, this initiator allowed an improved
depth of cure for all of the monomers studied. Higher
conversions were reached at depths of 3 mm in SA-Me;
(surface = 82%, 3 mm = 73%) and 1 mm in CPH-Me;
(surface = 94%, 1 mm = 93%).

For the CQ/4EDMAB initiating system, the absor-
bance of the initiator at 470—490 nm leads to light
attenuation such that only 90% of the light is transmit-
ted at a depth of 1 mm, 74% at 3 mm, and 61% at 5
mm. However, as the system is exposed to the initiating
light, the initiator decays and photobleaches, leading
to increased light penetration. For example, after 4 min
of exposure to 150 mW/cm? of blue light, the ratio of
transmitted to incident light increases to 0.94 at 1 mm,
0.83 at 3 mm, and 0.73 at 5 mm. After 12 min, these
ratios increase to 0.98 at 1 mm, 0.93 at 3 mm, and 0.88
at 5 mm. Clearly, this feature is advantageous for the
3D curing of these systems, and further optimization
and examination of the relative rate of bleaching to the
consumption of the photoinitiator could enhance these
conversions further.

The curing strategies discussed above represent valid
approaches to photopolymerizing thick polymeric com-
ponents which are required for the targeted orthopedic
applications. However, some orthopedic applications
may involve in vivo curing into crevices, which could
pose additional challenges to achieving uniform il-
lumination and, therein, uniform photoinitiation. To
this extent, the potential of dual-initiating systems, such
as combined redox initiators and photoinitiators, is
attractive. Redox initiators, such as ammonium per-
sulfate and sodium metabisulfite which are commonly
used in pharmaceutical applications, would be good
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Figure 10. Prototyped polymer screw (top) photopolymerized
from a mold of a metallic screw (bottom). The direction of
photoinitiation was longitudinal, thus illustrating the depth
of cure achieved (longest dimensions ~3 cm).

candidates for this type of dual-mode initiation. The
dual cure-initiating mechanism offers the temporal
control of the reaction afforded by the photopolymeri-
zation process along with the uniformity and complete-
ness of cure provided by the redox polymerization. The
advantages of both initiation mechanisms occurring in
one system have led to advances in dentistry!! and the
polymerization of thick polymer composites.2* Hence,
by applying these techniques to our systems, we have
fabricated orthopedic screw prototypes that are nearly
3 cm long (see Figure 10).

Conclusions

The polymerization behavior of two dimethacrylated
anhydride monomers was investigated with varied
photoinitiation schemes. In UV-initiated polymeriza-
tions, curing times were less than 2 min, and greater
than 95% double bond conversion was attainable. Vis-
ible light-initiated polymerizations led to longer curing
times, which were attributed mainly to the lower
initiator efficiency. Many of the targeted orthopedic
applications require the polymerization of complex 3D
geometries, which present an additional challenge when
photopolymerizing. Thus, ATR was used to study the
effects of light attenuation on the depth of cure in thick
samples using photobleaching and nonbleaching initia-
tors. Using nonbleaching UV initiators, the double bond
conversions at the top (illuminated) and bottom surfaces
were significantly different, especially for CPH-Me,,
where the surface conversion and conversion 1 mm into
the sample differed by as much as 80%. In contrast,
the photobleaching capability of CQ led to increased
conversion with depth in all of the systems investigated.
For example, in CPH-Me;, the surface conversion and
conversion at a depth of 1 mm were nearly identical
when polymerized with the photobleaching, visible light
initiator. Finally, 3D prototypes of screws used in
fracture fixation were fabricated using these photoini-
tiation schemes combined with redox initiators.
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