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Abstract

Polymerization of a tetrafunctional monomer was investigated under a variety of photoinitiation conditions to assess the ability to
form thick materials in situ for orthopaedic applications. The major biological concerns include local cell and tissue necrosis due to
the polymerization exotherm and low conversions at greater depths due to light attenuation through thick samples. Experimental
results indicate that depth of cure and temperature rises are controllable by altering the photoinitiator concentration, initiating light
intensity, and type of photoinitiator. For example, no measurable conversion was detected at a 1.0 cm depth when polymerization was
initiated with 1.0 wt% DMPA and 100 mW/cm� ultraviolet light, whereas &40% conversion was obtained when the initiator
concentration was lowered to 0.1 wt%. This conversion was further increased to&55% when a photobleaching initiator system was
employed. At the highest rate of initiation studied (i.e., 1.0 wt% DMPA irradiated with 100 mW/cm� ultraviolet light), a maximum
temperature of&493C was reached at the sample surface; however, this temperature dramatically decreased to&333C when the light
intensity was decreased to 25 mW/cm�. Finally, dual initiating systems that synergistically combine the advantages of photoinitiation
and thermal initiation were investigated. � 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Typical surgical treatments for skeletal de"ciencies
(e.g. fractures, tumor removal) include the use of auto-
grafts and allografts, metal "xation, ceramics, and bone
cements [1]. There are problems associated with each of
these techniques and materials. Grafts may be rejected by
the body, induce cell morbidity and pain at the donor
site, and are relatively costly. Nondegradable, metallic
implants may loosen with time and require a second
surgery for implant removal or replacement. Speci"cally,
metal "xation devices are associated with stress shielding
due to the high strength of the implant when compared
to native bone and may corrode in the body. In recent
years, degradable polymers have been investigated to
replace these materials [2]. The #exibility in polymer
design allows for a wide range of polymers with varying
properties.

An additional advantage of polymeric biomaterials
is the potential for in situ formation, which eliminates
the need for ex situ implant fabrication and allows for the
"lling of irregular shaped bone defects. For example,
methyl methacrylate is routinely polymerized in vivo to
secure many orthopaedic prostheses. This polymeriz-
ation occurs via thermal initiation at room temperature.
However, numerous orthopaedic applications would be-
ne"t from in situ forming materials that are degradable.
With this in mind, Mikos, Yaszemski, and collaborators
[3,4] developed a class of degradable orthopaedic bio-
materials based on polypropylene fumarate that were
polymerized in situ using a thermal initiation system
similar to PMMA bone cement.

In contrast to thermally initiated polymerization,
photoinitiation can provide several advantages for
orthopaedic applications. Photopolymerization allows
for spatial and temporal control of the polymerization,
allows rapid polymerization under physiological condi-
tions, and is compatible for encapsulating certain drugs
and growth factors that are subsequently released during
degradation. In particular, our group has deve-
loped multifunctional anhydride monomers that can be
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Fig. 1. Chemical structure of methacrylated sebacic acid (MSA).

photocrosslinked in situ under clinical conditions [5] to
yield highly crosslinked networks with enhanced mech-
anical properties when compared to linear polymers [6],
controlled degradation rate and mechanism [6,7], and
osteocompatibility [8].

Although the bene"ts of an in situ forming, photo-
polymerizable orthopaedic biomaterial are many, several
potential disadvantages need to be considered and
addressed. Photoinitiators are designed to absorb the
initiating light and produce radicals; however, their
absorption leads to light attenuation when polymerizing
thick samples. Light attenuation decreases the rate of
initiation, and subsequently the rate of polymerization,
and conversions may be very low at appreciable depths
in thick samples. Although multifunctional monomers
gel at low conversions and give the system dimensional
stability, potentially toxic monomer that is not crosslin-
ked into the network can leach into surrounding tissues.
Additionally, incomplete conversion (e.g., unreacted
monomer or pendant double bonds) can dramatically
decrease the mechanical properties of the polymers,
which would be inappropriate for many load bearing
orthopaedic situations.

A second major issue in developing an in situ
polymerizing biomaterial is the temperature rise from the
polymerization exotherm. This temperature rise may
cause local cell morbidity and tissue necrosis surround-
ing the implant [9]. For instance, studies have been
conducted on the temperature rise during polymerization
of PMMA. In these thermally initiated polymerizations,
reports have shown core temperatures that exceed 1103C
and surface temperatures up to 603C [10]. Since the
initiation process is thermally triggered, exothermic tem-
perature rises are exaggerated as the initiation rate dra-
matically increases with temperature.

An uncontrollable temperature rise can have a detri-
mental e!ect on the surrounding cells and tissue. For
example, temperatures between 42 and 473C are su$-
cient to kill many cell types [11]; proteins coagulate at
563C; and bone collagen deteriorates at 70}723C [12].
Additionally, cell death at the bone}implant interface can
lead to the invasion of phagocytic cells and the produc-
tion of a "brous capsule. This capsule may allow for
micromotion of the implant, resulting in small particles
of cement settling in the tissue [13]. In addition, Chun
et al. noted that periprosthetic osteolysis by phagocytic
cells, including osteoclasts and macrophages, is asso-
ciated with aseptic loosening and failure at the
cement}bone interface [14]. Therefore, it is important to
study the temperature rise during polymerization for
better control during in situ polymerization.

The objective of this study was to characterize experi-
mentally the temperature and conversion pro"les during
photopolymerization of thick polymer cylinders (up to
1.0 cm in thickness). Reaction parameters such as
initiator concentration and light intensity were altered,

and their e!ects on these pro"les were investigated for
the polymerization of a tetrafunctional anhydride
monomer. Photobleaching initiators, which lead to
a self-eliminating light gradient upon irradiation, were
also investigated. Finally, dual initiated systems contain-
ing both thermal and photoinitiators were studied to see
if the depth of polymerization and "nal conversions
could be enhanced.

2. Experimental

2.1. Materials

The multifunctional monomer used in these studies,
methacrylated sebacic acid (MSA, Fig. 1), was synthes-
ized as described elsewhere [5]. With addition of
a photoinitiator and light, this dimethacrylated mono-
mer radically polymerizes to form a highly crosslinked
network. Photoinitiators used in this study include 2,2-
dimethoxy-2-phenyl acetophenone (DMPA, Ciba-Geigy)
and benzoin ethyl ether (BEE, Aldrich). DMPA is a
common ultraviolet photoinitiator known for its high
e$ciency. BEE is another ultraviolet initiator, which has
unique properties related to photobleaching. The amines
and peroxides used in the dual initiating studies include
tert-butyl peroxide (TBP), cumene hydroperoxide (CHP),
triethylamine (TEA), and triethanolamine (TEOHA).
These peroxide/amine systems were chosen based on
their ability to initiate polymerization at temperatures
slightly greater than room temperature. These chemicals
were used as received from Aldrich.

Before polymerization, photoinitiators were dissolved
in MSA at concentrations varying from 0.1 to 1.0 wt% at
&603C and cooled to room temperature. If thermal in-
itiators were used, the samples were prepared by dissolv-
ing the peroxide in the amine and mixing with MSA at
room temperature. Polymerization was initiated with
a Novacure (EFOS) light source with a 365 nm "lter.
Light intensities were adjusted by altering the distance of
the light source from the sample. While these radical
polymerizations are inhibited by the presence of oxygen,
polymerizations were conducted under ambient condi-
tions to simulate an in vivo environment.

Initiating conditions studied in this work include:
1.0 wt% DMPA and I

�
"100 mW/cm�, 0.1 wt% DMPA

and I
�
"100 mW/cm�, 0.1 wt% DMPA and I

�
"
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Fig. 2. Temperature (a) and conversion (b) pro"les during the polym-
erization of MSA initiated with 1.0 wt% DMPA and 100 mW/cm�

ultraviolet light; surface (solid line), 0.5 cm depth (dotted line), and
1.0 cm depth (dashed line).

25 mW/cm�, 0.1 wt% BEE and I
�
"100 mW/cm�, and

1.0 wt% DMPA, 1.0 wt% peroxide/amine and I
�
"

100 mW/cm�.

2.2. Methods

UV}Vis spectrophotometry (Model 8452, Hewlet
Packard) was used to characterize the photobleaching of
BEE with irradiation. BEE was dissolved in 1-hexanol,
and the absorbance was measured after exposure to
100 mW/cm� ultraviolet light for 0, 1, 5, 10, and 15 min.

Conversion pro"les were determined by real-time at-
tenuated total re#ectance Fourier transform infrared
(ATR-FTIR) spectroscopy (Nicolet Magna-IR 750 Series
II). Monomer samples of varying thickness (thin "lm to
1.0 cm) were polymerized directly on a ZnSe crystal (453
incidence angle) with exposure to ultraviolet light. While
polymerizing, the area of the methacrylate peak (near
1637 nm��) was monitored in a thin layer adjacent to the
ATR crystal. The conversion in this layer was calculated
from the change in peak area as a function of polymeriz-
ation time. The layer thickness (i.e., penetration depth of
the evanescent wave) was calculated to be approximately
700 nm using the following formula [15]:

d
�
"

�
2�n

�
[sin��!(n

�
/n

�
)�]���

. (1)

Here, � is the infrared wavelength being monitored, n
�

is
the refractive index of the ATR crystal, n

�
is the refractive

index of the polymer, and � is the angle of incidence of
the internally re#ected beam. One limitation of this tech-
nique for monitoring conversion is the fact that the
refractive index of the sample changes with polymeriz-
ation and can lead to changes in d

�
. However, in quan-

tifying our results, we did not observe that this was
occurring to an appreciable extent. For example, when
we examined a reference peak, such as the carbonyl, no
changes were observed in the peak area during polym-
erization.

To monitor the temperature rise during polymeriz-
ation, monomer/initiator samples were polymerized in
a cylindrical Te#on mold. The mold dimensions were
1.0 cm in height and 1.0 cm in diameter, with ther-
mocouples located at the surface and at depths of 0.5 and
1.0 cm.

3. Results and discussion

3.1. General polymerization behavior

The reaction behavior during the photoinitiated poly-
merization of a tetrafunctional monomer (MSA) that
reacts to form a degradable network was investigated.
These results address issues related to the suitability of

photopolymerization for in situ forming highly cross-
linked thick biomaterials, especially for orthopaedic
applications. In particular, the conversion and temper-
ature throughout a 1.0 cm thick sample was character-
ized under a variety of photoinitiation conditions.
Initiation parameters that were investigated included the
initiator concentration, irradiating light intensity, and
type of photoinitiator.

The "rst system investigated was the photopolymeriz-
ation of MSA with 1.0 wt% DMPA and 100 mW/cm�

ultraviolet light. The temperature and conversion pro"les
during the polymerization of this system are shown in
Fig. 2. The maximum temperature reached was &493C
and occurred at the surface of the sample. At the surface,
the temperature increased rapidly at early polymeriz-
ation times, reached a maximum, and then leveled o! at
a temperature lower than the maximum. The temper-
ature rise during the photopolymerization relates to both
the exothermic nature of the polymerization and absorp-
tion of light by the sample during irradiation. Addition-
ally, heat transfer throughout the sample and between
the sample and the surroundings signi"cantly a!ects the
shape of the pro"le, so geometry of an in situ forming
polymer can play an important role in the overall tem-
perature pro"le (which was beyond the scope of this
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study). The magnitude of the peak, as well as the time at
which the maximum temperature occurred, decreased
with sample depth and only reached&303C at a depth of
1.0 cm. This behavior couples strongly to the polymeriz-
ation rate behavior discussed below. At a depth of 1.0 cm,
where no conversion was measured, the temperature rise
was attributed mainly to heat transfer from polymerizing
regions in the sample.

FTIR data show that the rate of polymerization at the
surface was very rapid with almost 95% conversion
reached within 30 s. The shapes of the conversion curves
show typical behavior for the photopolymerization of
multifunctional monomers. There is an immediate onset
of autoacceleration, since termination is di!usion
controlled even at very low conversions. Eventually,
propagation becomes di!usion controlled, and the sys-
tem autodecelerates until a maximum conversion is
reached. The maximum attainable conversion relates to
limitations on the mobility of the reacting species and is
coupled to the rate of polymerization through volume
relaxation e!ects [16].

A lag in the polymerization rate occurs with depth and
is attributed to oxygen inhibition. Oxygen acts as a rad-
ical scavenger and reacts with radicals to produce peroxy
radicals with signi"cantly lower reactivity [17]. How-
ever, once the dissolved oxygen was consumed, polym-
erization proceeds at a rate faster than the di!usion of
oxygen through the polymerizing sample, and a conver-
sion of &90% was reached at a depth of 0.5 cm in less
than 4 min. The di!erence in the "nal conversion between
the surface layer and the polymer at 0.5 cm relates to the
in#uence of volume relaxation. Rapidly polymerized sys-
tems can build up excess free volume, which leads to
enhanced mobility and higher conversions compared to
systems that are polymerized more slowly [16].

To better understand the di!erences in the con-
version and temperature pro"les as a function of depth
during polymerization, a few of the governing equations
are brie#y reviewed. First, light attenuation as a func-
tion of sample depth is given by the Beer}Lambert
Law:

I"I
�
�10�����. (2)

Here, I is the light intensity at depth z, I
�

is the incident
light intensity at the sample surface, � is the molar absor-
ptivity of the photoinitiator at the initiating wavelength,
and c

�
is the photoinitiator concentration. Utilizing this

equation for DMPA (where � is 150 l/mol-cm at 365 nm),
the light intensity at 1.0 cm was calculated to be approx-
imately 0.3 mW/cm� compared to 100 mW/cm� at the
surface. This signi"cant decrease in the light intensity
never leads to a rate of initiation that can overcome the
e!ects of oxygen inhibition in the bottom layer of the
sample. Additional factors, such as light scattering
through the sample, may also contribute to further de-
creases in the light intensity at 1.0 cm.

As given in the following equation [18], the rate of
initiation (R

�
) is directly proportional to the light inten-

sity:

R
�
"2�f I, (3)

where � is the quantum yield and f is the photoinitiator
e$ciency. Thus, the rate of initiation varies with position
in the sample.

The overall polymerization rate is given by the follow-
ing equation [18] for the consumption of double bonds
with time:

!

d[M]

dt
"k

�
[M]�

R
�

2k
�
�

���
. (4)

Here, [M] is the concentration of double bonds, k
�

is
the propagation kinetic constant, k

�
is the termination

kinetic constant, and t is the polymerization time.
As the polymerization proceeds, heat is generated
(QJ!d[M]/dt), and a temperature rise occurs in the
sample depending upon the relative rate of heat transfer
to heat generation. In di!usion-controlled reactions, the
kinetic constants change with both conversion and tem-
perature. When the temperature begins to rise, the kinet-
ics of the polymerization reaction will increase, which
further increases the rate of heat generation, and can lead
to thermal runaway. Because the rate of initiation is more
dependent on temperature for a thermally initiated pol-
ymerization than a photoinitiated polymerization, ther-
mal runaway is signi"cantly more di$cult to control
with thermal initiation.

3.2. Changing the rate of initiation: initiator concentration
ewects

One approach to address problems associated with
light attenuation is to decrease the initiator concentra-
tion. The overall shape of the temperature pro"les
(shown in Fig. 3(a)) did not change dramatically when the
initiator concentration was lowered from 1.0 to 0.1 wt%.
A slight decrease in the temperature rise is seen at all
measured depths.

In contrast, dramatic changes are seen in the conver-
sion pro"les (shown in Fig. 3(b)) when the initiator con-
centration is decreased. The notable di!erence between
the two systems is that almost 40% conversion is reached
at 1.0 cm in the lower initiator concentration system,
whereas no conversion was reached with the higher con-
centration. This demonstrates that reduced initiator con-
centrations absorb less of the irradiating light, thus
allowing greater amounts of radiation to reach elevated
depths. From Eq. (2), over 55 mW/cm� light reaches the
1.0 cm sample depth as compared to less than 1 mW/cm�

when 1.0 wt% photoinitiator was used. Since the rate of
initiation is directly proportional to the light intensity at
each depth, decreasing the initiator concentration can
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Fig. 3. Temperature (a) and conversion (b) pro"les during the polym-
erization of MSA initiated with 0.1 wt% DMPA and 100 mW/cm�

ultraviolet light; surface (solid line), 0.5 cm depth (dotted line), and
1.0 cm depth (dashed line).

Fig. 4. Temperature (a) and conversion (b) pro"les during the polym-
erization of MSA initiated with 0.1 wt% DMPA and 25 mW/cm� ultra-
violet light; surface (solid line), 0.5 cm depth (dotted line), and 1.0 cm
depth (dashed line).

signi"cantly increase the polymerization rate at greater
depths; however, the surface polymerization rate (where
light attenuation is not a problem) will be decreased. The
shapes of the curves are similar to Fig. 2 and exhibit all
the classical features of di!usion-controlled crosslinking
polymerizations. There is a slight increase in the lag time
due to oxygen inhibition at the 0.5 cm sample depth.
Additionally, the slope of the conversion curve is slightly
less than before, indicating a lower rate of polymerization
at both the surface and a depth of 0.5 cm. This is directly
related to the decrease in the rate of initiation due to
a decreased initiator concentration. For an in situ form-
ing material, a balance exists between maintaining a rea-
sonable overall rate of polymerization while providing
the necessary depth of cure.

3.3. Changing the rate of initiation: light intensity ewects

Although the conversion increased at depths of 0.5 and
1.0 cm when the initiator concentration was lowered, the
polymerization still produces a relatively high temper-
ature rise in the sample (¹

���
"46}493C). In general, the

adiabatic temperature rise is "xed by the initial concen-
tration of double bonds in the system and the "nal

conversion. However, when heat transfer is present, slow-
ing the rate of polymerization allows one to control the
rate of heat generation and more closely match the rate
of heat transfer to minimize the temperature rise. To
decrease the exothermic temperature rise during polym-
erization, the light intensity was decreased from 100 to
25 mW/cm� and used to initiate the 0.1% DMPA system.
As shown in Fig. 4(a), this polymerization reached much
lower temperatures than the same system irradiated at
100 mW/cm�. The maximum temperature reached in this
system was &333C. This small temperature increase
would be very appropriate for in situ curing biomaterials.
The downfall to this approach for controlling the temper-
ature rise is the increased polymerization time and the
lower conversions with sample depth. As seen in Fig. 4(b),
less than 20% conversion is reached at a depth of 1.0 cm.
This low conversion results from the lower initiating
intensity and the minimal temperature rise. From Eq. (2),
the rate of initiaton is directly proportional to the light
intensity, and thus, the rate of initiation will be lower
with a lower light intensity. Again, maximum con-
version couples to volume relaxation e!ects, which are
more pronounced at faster polymerization rates, and the
kinetics of the polymerization are directly a!ected by
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Fig. 5. Photobleaching of BEE during irradiation with 100 mW/cm�

ultraviolet light. Arrow indicates increase in irradiation time from 0 (a),
1 (b), 5 (c), 10 (d), and 15 (e) min.

Fig. 6. Temperature (a) and conversion (b) pro"les during the polym-
erization of MSA initiated with 0.1 wt% BEE and 100 mW/cm� ultra-
violet light; surface (solid line), 0.5 cm depth (dotted line), and 1.0 cm
depth (dashed line).

temperature. These factors synergistically combine to
yield lower conversions at greater sample depths.

3.4. Light attenuation and photobleaching initiators

An alternative and promising approach to control the
exothermic temperature rise and maintain appropriate
polymerization rates with depth is the use of a photo-
bleaching initiator. When a photobleaching initiator ab-
sorbs light and cleaves to form radicals, the
photoproducts absorb at a wavelength di!erent from the
initiating wavelength, and thus, light can penetrate to
greater depths with exposure time. The photobleaching
of BEE was monitored using UV}Vis spectroscopy and is
shown in Fig. 5. Since � is proportional to the measured
absorbance, these results indicate that the light intensity
should increase by 20 and 32% after 5 and 10 min respec-
tively, for a depth of 1.0 cm.

The temperature pro"le (shown in Fig. 6(a)) of the
photobleaching initiator, BEE, is very similar to the
temperature pro"le of the same system with DMPA as
the initiator. The largest di!erence is the greater conver-
sion that is obtained at a depth of 1.0 cm in the sample,
&55%. Interestingly, the conversion at the 0.5 cm depth
was greater than at the surface. One explanation for this
result is the lower e$ciency of BEE compared to DMPA.
A lower e$ciency would decrease R

�
at the surface

making it more di$cult to overcome oxygen inhibition.
Consistent with this explanation, there is a lag time at the
surface for BEE, whereas with DMPA a lag time was not
observed.

3.5. Dual initiation schemes

The addition of a thermal initiator to the above photo-
initiating systems (dual initiation) provides synergistic
advantages. First, polymerization begins at the surface of
the sample (and everywhere the initiating light reaches)

through photoinitiation. As the polymerization proceeds,
heat is evolved which triggers the dissociation of the
thermal initiators. In this manner, the two initiation
mechanisms are coupled and occur on a similar
time scale. Secondly, photopolymerization could be
used to gel the system initially, while a much
slower thermal initiated polymerization could sub-
sequently increase the network conversion over a much
longer time scale. For orthopaedic applications, the poly-
merization may need to reach crevices in a defect that
light may not be able to penetrate. A bene"t of a dual
initiated system is that initiation from the heat generated
in the exposed areas could give rise to radial cure and
network formation in these dark areas. Scranton and
collaborators have investigated this technique for the
polymerization of thick composites for industrial ap-
plications [19].

In this study, both amine and peroxide initiators were
chosen. The amine acts as an accelerator [18], which
increases the decomposition rate of the system. Essential-
ly, this initiation is a type of redox initiation. Redox
initiation allows for a greater variety of initiation temper-
atures than is found with a direct thermal homolysis of
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Fig. 7. Conversion pro"le during the polymerization of MSA initiated
with 1.0 wt% DMPA and 100 mW/cm� ultraviolet light at a depth of
1.0 cm with addition of thermal initiators: no peroxide/amine (solid
line), 1.0 wt% TEOHA/CHP (dotted line), 1.0 wt% TEOHA/TBP (thin
dashed line), and 1.0 wt% TEA/TBP (thick dashed line).

Fig. 8. Conversion pro"le during the polymerization of MSA initiated
with 1.0 wt% DMPA, 1.0 wt% TEA/TBP, and 100 mW/cm� ultraviolet
light at a depth of 1.0 cm for 15 min and then left to cure for 24 and 48 h.

only a peroxide. Additionally, this initiation is spatially
uniform.

Thermal initiators were added during polymerization
of MSA and 1.0 wt% DMPA with 100 mW/cm� ultra-
violet light and the conversion was monitored at a depth
of 1.0 cm. Recall that this system had no measurable
conversion at 1.0 cm depth, and therefore, any increase
in conversion would be attributable to the thermally
initiated polymerization. For comparison, the
thermal initiating systems were examined in a system
with no DMPA and exposed to light at room temper-
ature. No signi"cant conversion was measured on the
time scale of the experiment. Fig. 7 shows the conversion
pro"le with the addition of these thermal initiating sys-
tems.

The solid line shows the lack of any polymerization in
the system without a peroxide or amine present. Approx-
imately 12% conversion was reached after 15 min with
1.0 wt% TEOHA/CHP. This level was increased to
&27% when the peroxide was changed to TBP, and to
&40% when the amine was changed to TEA.

An additional advantage of the peroxide/amine
systems is the possibility of secondary polymerization on
a much longer time scale. This property would be
advantageous when using photopolymerization to quick-
ly gel a network (i.e., "x the 3D shape), but the secondary
polymerization would occur uniformly on a much longer
time scale to insure complete conversion. This ap-
proach was investigated by curing a sample for 15 min,
removing the light source, and monitoring the conver-
sion after both 24 and 48 h. The results for the TEA/TBP
system are shown in Fig. 8. After 24 h, an additional 15%
conversion was obtained. After 48 h, an additional
5% cure was obtained, with a maximum of over 55%
conversion.

4. Conclusions

The conversion and temperature pro"les during
photopolymerization of a dimethacrylated monomer
were measured as a function of the rate of photoinitiation
(i.e., changes in initiator concentration, light intensity,
and type of photoinitiator). Decreasing the initiator con-
centration resulted in a slight decrease in temperature,
but a signi"cant increase in conversion at greater depths.
A lower light intensity produced a much lower temper-
ature rise, but also lower conversions. Finally, a photo-
bleaching initiator was used to provide good depths of
cure. Likewise, dual initiating systems of both thermal
and photoinitiators have potential in situations where
light is not able to penetrate the sample. These results
indicate that the polymerizing system, with regard to
temperature and conversion, is very controllable when
compared to other in situ forming materials. Fewer prob-
lems, such as thermal runaway that may exist for PMMA
bone cements, exist with photoinitiated in situ forming
materials for orthopaedics.
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