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Currently, personalized implants are becoming increasingly interesting topic,
with additive manufacturing being one of the most effective solutions. Numerous
research papers focus on enhancing mechanical properties while maintaining
biocompatibility. A frequently utilized polymer in implant printing is polyethylene
glycol diacrylate (PEGDA), which is additionally employed as a scaffold for anti-
biotics to prevent oral consumption and reduce the negative side effects of antibiotics
on the human body. One of the most common photoinitiators used to polymerize
the PEGDA is trimethylbenzoyl diphenylphosphine oxide (TPO), which is hazardous.
This study aims to explore a technique for the selective removal of TPO from an
implant to reduce the potential hazard, ensuring that the antibiotic remains intact.
Two solvents were utilized: saline and a 96% ethanol solution. Consequently, ethanol
demonstrated improved extraction efficiency of TPO from the polymer matrix,
while maintaining the antibiotic content. This demonstrates that the TPO can be
selectively extracted from the implant, thereby minimizing potential risks.
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Introduction. The application of 3D printed orthopedic implants has attracted
interest due to their possibilities in personalized medicine. Bioceramics [1],
bioglasses [2, 3], metal alloys [4], polymers [5], and their composites [6-8] are
used to create implants for bone regeneration. Biocompatibility, hydrophilicity,
bioactivity, osteoconductivity, and osteoinductivity are factors that influence the
success of the implants [9].

It must also possess mechanical properties that closely align with those of
natural bone to ensure the implant can endure the stresses and strains it will withstand
[10]. Polyethylene glycol diacrylate (PEGDA) is one such material that has been
widely used in the production of 3D-printed orthopedic implants [11]. PEGDA is a
biocompatible and hydrophilic polymer that can be readily processed using 3D
printing techniques. It possesses a distinctive combination of characteristics that
make it an ideal material for orthopedic applications. Firstly, PEGDA is biocom-
patible, indicating that it is non-toxic and does not trigger any harmful immune
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reactions when inserted into the body. Secondly, PEGDA is hydrophilic, allowing
the implant to be hydrated, which can improve its mechanical properties and enhance
comfort for the patient [12-14]. The mechanical characteristics of PEGDA can be
modified by altering the degree of polymerization and crosslinking [15].

Another way to improve the mechanical characteristics and bioactivity of
PEDGA is through its combination with hydroxyapatite (HA). HA acts as a
reinforcing agent, increasing the compressive modulus, while reducing the swelling
degree and degradation rate, thereby enhancing structural stability. Rheologically,
HA increases viscosity and shear-thinning behavior. Biologically, HA enhances
cell adhesion and osteogenic differentiation by promoting alkaline phosphatase
activity and calcium deposition, though excessive HA can slightly reduce cell
viability due to ion release. Thus, HA incorporation optimizes PEGDA for
bone tissue engineering, balancing mechanical integrity, bioactivity, and printability
[16-18].

Nevertheless, the polymerization of PEGDA necessitates a photoinitiator.
One of the most frequently utilized photoinitiators is TPO. Despite its effectiveness,
TPO is toxic, and any unreacted TPO must be removed from the final product to
ensure its safety for use [19].

TPO belongs to a group of compounds called photoinitiators, which are
materials that react to light exposure, generating reactive species capable of initiating
the polymerization process [20]. Photoinitiators like TPO are crucial in light-induced
polymerization processes. They allow for the controlled initiation of the poly-
merization process, enabling the formation of polymers with desired properties.
Although they play an essential role in the polymerization process, photoinitiators
such as TPO have their limitations. A primary issue related to the use of TPO is its
toxicity, which can result in a variety of adverse effects, ranging from mild irritation
to serious health problems [21, 22]. It helps to initiate the polymerization process
and allows for the adjustment of the properties of polymers.

The study examined the polymerization dynamics and the efficiency of TPO
extraction in PEGDA-based systems using 96% ethanol and saline, with and without
the incorporation of HA, through Raman spectroscopy and extraction analysis.

Materials and Methods. PEGDA oligomer (M, = 575 g/mol, MDL Number:
MFCDO00081876, “Sigma Aldrich”, Germany), TPO (97%, MDL Number:
MFCDO00192110, “Sigma Aldrich”), and HA (= 90%, “Sigma Aldrich”) were used
as raw materials. The effect of photoinitiator concentration on the polymerization of
PEGDA was investigated using five different weight ratios of TPO to PEGDA
monomer: 0.05%, 0.1%, 0.2%, 0.3%, and 0.4%. To ensure complete dissolution of
the photoinitiator, the PEGDA monomer and TPO were mixed at a controlled
temperature of 35°C using a magnetic stirrer at 700 rpm for 30 min. Each mixture
was then transferred into small cuvettes measuring 15 mm x 20 mm x 20 mm, which
essentially acted as molds for shaping the final polymer. Subsequently, the
cuvettes were placed inside a UV curing chamber (Form Cure, Formlabs) with a
specified emission power of 9 W. These chambers utilize light sources emitting a
wavelength of 405 nm, which efficiently triggers the initiation process (TPO
degradation [22]). The curing process was carried out at 35°C to minimize potential



TOROSYAN M. S. 97

thermal degradation of the PEGDA monomer [15]. The irradiation time was varied
across four durations: 5, 10, 20, and 30 min.

The HA composite was synthesized using a procedure very similar to that of
the pure polymer, with the addition of an HA incorporation step. HA powder was
meticulously introduced into the TPO-PEGDA mixture in portions while stirring
with a magnetic stirrer set at 1 000 rpm for 30 min. The amount of HA constituted
37 wt.% of the entire mixture. This specific weight ratio was chosen based on
preliminary studies that balanced the desired mechanical properties [23]. Saline and
96% ethanol were chosen for the extraction of residual unreacted TPO and monomer.
Ethanol is a well-established solvent for unreacted PEGDA monomers and residual
or potentially unreacted TPO molecules. Saline was included in the extraction
solution to mimic physiological conditions. The cuvettes containing the polymer/
composite were submerged in 15 mL of the solvent solution within a chamber
maintained at 40°C. The extraction process continued for a total of six days with
constant stirring at 100 rpm. To maximize extraction efficiency and remove the
majority of unreacted TPO molecules, the solvent was replaced every 24 h.

After the extraction step, the remaining polymer and composite were
subjected to various analytical techniques to assess their properties. The extracted
solutions were analyzed using a T60UV-Visible spectrophotometer to quantify the
amount of TPO removed during the extraction process. Raman spectroscopy was
performed using a HORIBA XploRA™ PLUS Raman spectrometer to characterize
the polymerization degree of the polymer. This non-destructive technique provides
valuable information about the presence of specific functional groups within the
material [24].

Results and Discussion. Following the photopolymerization process, a thin
layer of viscous liquid was observed on the polymer surface. Raman spectroscopy
analysis (Fig. 1) revealed that this was a layer of partially polymerized PEGDA
monomer. Characteristic peaks in the spectrum confirmed this, with the peaks at
1634 cm™ and 1729 cm™ corresponding to the carbon-carbon double bond (C=C)
and the carbon-oxygen double bond (C=0) of the acrylate group within the PEGDA
monomer, respectively.

These observations suggest incomplete polymerization at the material’s
surface, a phenomenon known as surface termination in radical chain reactions [25].
During radical photopolymerization, a series of reactions leads to polymer chain
propagation. However, when the reaction occurs at the surface, the photoinitiator can
react not only with the desired PEGDA monomers but also with surrounding materials
like the cuvette mold or oxygen from the air. These unintended reactions can quench
the propagating radicals, effectively halting polymerization at the very surface.

The presence of strong peaks corresponding to the C=C double bond in the
Raman spectrum of the unreacted monomer layer supports this conclusion. As the
sampling spot was moved deeper into the polymerized material, the peak intensity
gradually decreased, eventually disappearing around 100-200 um depth.

The peak height of the C=C bond serves as an indicator of the degree of
polymerization. A lower peak intensity signifies a higher degree of polymerization
(Fig. 1). It was observed that the peak height of the C=C bond is inversely
proportional to the TPO concentration. The literature describes the relationship
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between the conversion of the monomer and the concentration of the photoinitiator.
This suggests that a higher TPO concentration, which leads to a faster initial reaction
rate, may not necessarily result in a more extensively polymerized product at the
surface due to the potential dominance of unintended termination reactions [23].
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The band corresponding to the C=0 stretching vibration experiences a shift of
10 cm™ in the polymer compared to the monomer. This can be attributed to the loss
of conjugation. In the monomer, the C=C bond is conjugated with C=0, spreading
two z electron clouds across four carbon atoms. This increases the stability of the
molecule but weakens the C=0 and C=C bonds. During polymerization, the C=C
bond enters the reaction, leading to a loss of conjugation. As a result, the C=0 bond
strengthens, which is why a shift of the C=0 band to the higher wavenumber
(energy) region by 10 cm can be observed. The C=C band does not shift as we only
observe peaks from the monomer. Additionally, the C=0 band broadens in the
polymer spectrum, indicating the presence of the C=0 peak originating from
the monomer.

Effect of TPO Concentration and Curing Time. The curing time appears to
have a more significant impact on the volume of polymerized material rather than
the overall degree of polymerization within the reacted regions. As shown in Fig. 2
for the HA composite, after only 5 min of curing, the polymerization process
appeared to be stopped at a certain depth. Conversely, with a 30-minute curing time,
the entire volume of the mixture had reacted.

As can be seen from Fig. 2, the propagation and termination reactions rates
differ for various photoinitiator concentrations. At lower concentrations the
polymerized mass wall thickness is thicker (Fig. 2, a and b), which indicates that
the propagation reaction is more dominant compared to higher concentrations.
At higher concentrations the walls are thinner (Fig. 2, ¢ and d). This phenomenon
can be observed also at the molecular level which was investigated with Raman
spectrometer [24].
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~ Fig. 2. The images of polymerized samples
% using various curing time and concentration
| of TPO in PEGDA/HA composite:

a) 0.1% — 5 min; b) 0.1% — 30 min;
c) 0.4% — 5 min; d) 0.4% — 30 min.

The degree of conversion (DOC) can be assessed by analyzing the peak
intensities of the C=C and C=0 bonds in the Raman spectra. Equation illustrates the
relationship between DOC and peak intensities [23, 26]. Future studies could explore
this approach to determine the optimal curing time and TPO concentration for
achieving a well-defined and controlled polymerization profile across the material.
Calculation of degree of conversion:

Icc=c)/Ic=
DOC = 1 — —(€=97(€=0)
Ircc=cy/IL(c=0)

Here, lic=c) and lc=0) are intensities of the polymer; Il c=cy and l =0y are

intensities of monomer. Using this equation has been plotted the dependency of
curing time and DOC (Fig. 3).
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The DOC values differ depending on the curing time when TPO concentration
is 0.05% and 0.1% (Fig. 3). At a TPO concentration of 0.2%, the DOC reaches its
highest value for both 5- and 30-minutes curing. With increasing TPO concentration
(over 0.2%), the DOC does not change significantly with the curing duration.
The decrease in DOC at higher TPO concentrations is caused by kinetics of different
steps of the polymerization reaction: particularly the propagation and termination
reactions steps. Increasing the concentration of TPO leads to the formation of higher
number of growing chains, which results in an elevated rate of termination reactions.
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Consequently, the forming chains are shorter and the concentration of C=C is higher.
The curing time also influences the DOC at low TPO concentration. This can be
explained by change in the diffusion rate. As the polymerization reaction leads to an
increase in viscosity, the monomer molecules need more time to reach the growing
chain. After a certain concentration, the probability to meet growing chain is much
more difficult, so additional curing time will not lead to an increase in DOC, as can
be observed on the graph.

Extraction of TPO. The efficiency of TPO extraction from the final polymer
was investigated using two solvents: saline and 96% ethanol solution. A series of
experiments were conducted to evaluate the extraction efficiency from the PEGDA
matrix. Firstly, the changes in UV spectra were investigated for TPO (Fig. 4).
As it can be seen from the Fig. 4, the peaks at 266 nm and 275 nm are not changed
after curing and are selected as TPO specific peaks for further analysis.
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Fig. 4. The UV spectra of TPO before and after curing.

The samples obtained using different quantities of TPO (0.05%, 0.1%, 0.2%,
0.3%, 0.4%) and cured for 5 min and 30 min were immersed in ethanol and saline.
Both solvents containing extracted TPO were eliminated from the vessels, and new
solutions were added. The concentration of extracted TPO in the solutions was
studied for 6 days. Fig. 5 illustrates the intensity of the specific peak of extracted
TPO of samples cured for 5 min and 30 min using 0.1 % TPO. Samples containing
0.2%, 0.3% and 0.4% TPO have the same behavior in the solvents.

As illustrated in Fig. 5, the concentration of TPO in the solvents declines
according to a logarithmic function. On the sixth day, the concentration approaches
minimal levels. The R?is around 0.97 and 0.98 for both samples extracted in ethanol,
which verifies the validity of the method. The R? for saline is lower because of the
low concentration of TPO extracted. Hence the signal-to-noise ratio in this case is
not big. This proves that the extraction efficiency for the saline and 96% ethanol
solution is drastically different from each other, as the solubility of TPO and its by-
products is much higher in ethanol than in saline. It should be noted that the samples
cured for 5 min.
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The intensity of TPO extracted in ethanol is somewhat elevated for samples
cured for 5 min. This is due to the impact of curing time, which was previously
mentioned: the duration of curing has a minimal effect on the polymerization
degree.

Conclusion. Raman analysis revealed that the DOC was predominantly
influenced by TPO concentration rather than curing time. On the other hand, high
concentrations of TPO led to a higher number of growing chains, which elevated the
rate of termination reactions. Consequently, the forming chains were shorter. On the
surface, incomplete polymerization was observed due to environmental factors,
including oxygen interference, which caused radical chain termination.

The incorporation of HA significantly affected the polymerization behavior.
In these systems, irradiation time became more critical than TPO concentration.
HA restricted the diffusion of radicals, leading to localized termination reactions
at higher TPO concentrations. Conversely, lower concentrations of TPO allowed
radicals sufficient time to diffuse and propagate, resulting in improved polymerization.

The study of TPO extraction efficiency highlighted superior performance of
ethanol solutions compared to saline. The higher solubility of TPO and its by-
products in ethanol ensured more efficient extraction. Additionally, polymers
subjected to 5 min of UV irradiation exhibited a slightly higher TPO concentrations
in the extracted solution than those irradiated for 30 min. This minor difference
was attributed to the marginally higher number of reactions occurring with
prolonged irradiation, although the effect was minimal. In future work, the
integration of antibiotics into the system will be explored. Since these antibiotics will
likely be in the form of HCI salts, they will be soluble in water but not in ethanol.
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This means that after printing, implants can first be cleaned with ethanol to
effectively remove TPO.
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wmwhu, np htwpuynp £ TPO-@ htinwgbtnt pdyubnhg phunpnnupup,
tJuqugnytih huugiitng htupuynp nhultinp:

M. C. TOPOCSH

WN3BJIEYEHUE TPUMETWIBEH3OWIUO®EHNIIOOCONHOKCUIA
N3 OTBEPXIEHHOI'O KOCTHOI'O TPAHCIIUTAHTATA
PEGDA-TUAPOKCHUAIIATUTA

B Hacrosiiee BpeMsi iepCOHATM3UPOBAHHBIE MMILIAHTATHl CTAHOBSITCS BCE
Oojyiee WHTEpEeCHOW TEMOW, a aJJAUTUBHOE MPOU3BOJACTBO SBISETCA OJHUM W3
HaunOosee 3(PeKTUBHBIX perieHni. MHOTOUnCIIEHHbBIE UCCIIEI0BATENbCKIE PAa0OTHI
MOCBSIIEHB! YIYYIICHUI0O MEXaHUYECKUX CBOWCTB MPU COXPaHEHHMH OMOCOBMECTH-
MocTH. YacTo HMCHONB3yeMbIM IOJUMEPOM sl MeYaTH WMILIAHTATOB SBIISETCS
nonvdTHNeHTIMKonbanakpwiar (PEGDA), koTopbelii Takke HWCHONb3yeTcs B
Ka4ecTBE OCHOBBI JJIi aHTMOMOTHKOB, MPEIOTBpAIlas WX MEepOpabHBI HNpUEM H
CHIDKas MX HETaTHBHOE BO3JICHCTBUE Ha Opranu3M yenoBeka. OHUM W3 Haubolee
pacrpocTpaHeHHbIX (OTOMHHIIMATOPOB, HCIIONB3YyEMBIX JIJISI  TOJMMEPH3AIUN
PEGDA, sBusercs tpumerunoenszonnnupenmipochunokcuy (TPO), xoropsiit
ABJISIeTCSl OnacHbIM. Llenbio HaHHOTrO HMCCienoBaHMS SIBIAETCS M3y4Y€HHE METOAa
cellekTUBHOTO ynanenus PO W3 WMIDIaHTaTa Ui CHWXKEHHs MOTEHIHaIbHOM
OMAacHOCTH M COXPAHEHHsl COJAep)KaHUs aHTUOMOTHKA. BpUiM McHomb30BaHBI ABa
pacTBOpHUTENs: PU3HOIOrHIecKuil pacTBop u 96% pacTBop 3TaHONA. B pesymnbrate
9TaHOJI JIEMOHCTPHPOBAJI Oosiee BBICOKYIO 3ddexkTuBHOCTh dKkcTpakuuu TPO u3
MOJIMMEPHOM MaTpHIIbl TP COXPAaHEHHWU COJCPXKaHHs aHTUOMOTHKA. JTO CBHUJIE-
TEJILCTBYET O BO3MOKHOCTH CEJIEKTHBHOW 3KcTpakuuu PO M3 MMIUTaHTara, 4ro
MUHHMHU3UPYET NOTEHIINAIBLHBIE PUCKH.



