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Abstract: Photopolymerization kinetics of doxycycline hyclate (DOX)-imprinted hydrogels were monitored by real-time
Fourier transform infrared spectroscopy and differential photocalorimetry. 2-Hydroxyethyl methacrylate-based hydrogels
were synthesized by using ethylene glycol dimethacrylate as a cross-linker, acrylic acid (AA) as a functional monomer, and
2,2-dimethyl-2-hydroxy acetophenone as a photoinitiator. For imprinting DOX in hydrogels, the molar ratio of template
to functional monomer (DOX:AA) was chosen as 1:8 and 1:16. The polymerization was achieved at two different initiator
concentrations. The conversion and reaction rate were calculated as a function of the molar ratio of template, and the
results were compared to those of nonimprinted ones. In order to reveal the effect of DOX on the photoinduced radical
polymerization, thermal polymerization was also performed for imprinted and nonimprinted hydrogels by using 2,2’-
azobis(2,4-dimethyl-pentanenitrile) as a thermal initiator. All results showed that there is a significant effect of DOX
concentration on the conversion and reaction rate of the photopolymerization reaction. The conversion and reaction rate

decreased during photopolymerization when the template concentration increased in the monomer mixture.
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1. Introduction
Molecular imprinting is a technique used to recognize molecules with special binding sites, and thus it allows

to develop new materials for separation processes, ! 2

controlled release drug delivery systems,“ recognition of
molecules,? selective adsorbents,* solid-phase extraction,® and chemical sensors® The main factors for designing
imprinted polymers are polymerization methods (UV or heat),” structures of template molecules, functional

8-12 reaction temperature,!3

monomers and cross-linkers, molar ratio of template to functional monomer,
pressure,* and stochiometry!® Functional groups such as -C = O and ~OH coming from the monomer are
involved in intermolecular hydrogen bonding in the presence of proton acceptors, i.e. oxygen and nitrogen from
the template molecule.® The formation of a stable complex between the template and functional monomer can be
achieved by adjusting the reaction conditions.” Previous studies showed that if thermal initiation is applied for
free radical polymerization, the temperature should be as low as possible for a successful imprinting performance.
For this reason, photopolymerization is widely preferred in molecular imprinting processes. However, properties
of the template molecule should be considered with priority when the reaction type and/or initiator is chosen.

There are numerous studies about preparation of molecular imprinting polymers and a few studies are about

*Correspondence: gunersQitu.edu.tr
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investigation of the effect of the template concentration on the polymerization kinetics for molecular imprinted
polymers. 1617 These studies explained the influence of template-monomer interactions on monomer conversion
and reaction rate for imprinted polymers. Our research is related to the effect of template concentration on the
reactivity of the initiator, conversion, and overall reaction rate for imprinted hydrogels.

2-Hydroxy-2-methyl-1-phenyl-propan-1-one is widely used as a photoinitiator to initiate acrylates in
combination with other monomers (mono- or multifunctional).®=2% After excitation with light, the excited
initiator creates radicals to initiate polymerization reaction. The efficiency of an initiator depends on a number
of factors.?! One factor that influences radical generation is a good association between the absorption spectrum
of the initiator and the emission spectrum of the light source for high absorptivity.2%23 The second factor that
has an important effect on radical generation is initiator concentration. Studies showed that there is an upper
limit for initiator concentration. Above this concentration, the final conversion is not enhanced by increasing
initiator concentration. Besides these factors, competitive cases can deactivate radical generation; radical
formation is restricted by oxygen, additives, or monomer.?42°

In this study, doxycycline was chosen as a template molecule for preparation of imprinted hydrogels. It
is a synthetic broad-spectrum antibacterial tetracycline (TC) derivative antibiotic (Figure 1) and doxycycline
hyclate is the most widely used form for several purposes.2® In the literature, TC-based imprinted polymers

were also prepared for chromatographic evaluations,?” solid-phase extractions,?® and affinity membranes. 2’

Phenolic diketone  Tricarbonylamide

pKaz =7.07 NH; pKy, = 3.50

Dimethylamine pK,,=9.13

Figure 1. Chemical structure of the doxycycline.

Although there are many benefits of doxycycline, a significant problem for doxycycline usage for med-
ical purposes is its photosensitivity.?® The photolysis of doxycycline under UVC light (100-280 nm) was
investigated by Bolobajev et al. It was reported that degradation of doxycycline occurred under various
conditions.?' Although many studies about skin irritation by doxycycline under sunlight have been presented in
the literature, 303233 there is no scientific study investigating the effect of doxycycline degradation on initiator
reactivity, reaction rate, and conversion during UV-initiated free radical polymerization.

Our aim is to prepare doxycycline hyclate (DOX)-imprinted hydrogel films for treatment of corneal neo-
vascularization. There are two alternative approaches for the synthesis of imprinted hydrogels: thermal poly-
merization and photopolymerization. While there are no studies clarifying the effect of template molecules on
initiator reactivity, conversion, and reaction rate related to the polymerization method, we designed preliminary
studies for choosing an alternative reaction method. The conversion and reaction rate in the photopolymer-
ization reaction of imprinted hydrogels were determined in various doxycycline moieties at a constant ratio of
functional monomer to cross-linker. The polymerization reaction was initiated with either a photo- or thermal
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initiator, and the results were compared. The isothermal reaction kinetic was studied by Fourier transform
infrared (FTIR) spectroscopy and differential photocalorimetry (DPC). The obtained data will be used for a

further study that targets the preparation of contact lenses from doxycycline-imprinted hydrogels for treatment
of corneal neovascularization.

2. Results and discussion

The effects of the template amount on the conversion and reaction rate were investigated for the doxycycline-
imprinted hydrogels. It was reported in the literature that there is no significant degradation of doxycycline
molecules at 40 °C over a period of 30 days,?* so the thermal polymerization occurred at 45 °C in an oven.
For the UV-initiated reaction, in order to obtain maximum conversion, the reaction mixture was placed into an
oven at 40 °C for 16 h for post curing. The conversions were calculated for both nonimprinted and imprinted
hydrogels for each UV- and thermal-initiated reactions.

2.1. Determination of monomer conversion by real-time FTIR

The conversion of monomers was determined by real-time FTIR. The FTIR spectra for the synthesis of
nonimprinted hydrogels are given in Figure 2 as an example.
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Figure 2. FTIR spectra of the reaction mixture of NIP-I-P coded hydrogel at different time intervals during the
photopolymerization.

The height of the peak at about 1635 cm ~! decreased with reaction time. The reaction was completed
in 10-20 min for low initiator concentrations and 2—-10 min for high initiator concentrations. The conversion

calculated from FTIR data can be seen in Figures 3 and 4. Eq. (1) was used to calculate the conversion:

A ~1/A _

Conversion (%) _ (1 _ hydrogel 1635 cm 1/ hydrogel 1719 cm—1 > « 1007 (1)
Amonomer 1635 cm—l/Amonomer 1719 ecm—1

where A is the height of the peak at 1635 or 1719 cm ! for the reaction mixture.

Table 1 shows the overall results for conversion of imprinted and nonimprinted hydrogels prepared by

photopolymerization in relatively low (1) and high (h) initiator concentration at 25 °C.

In general, it is expected that increasing the concentration of initiator in a hydrogel increases the rate
of polymerization and the overall monomer conversion. According to our results, the highest conversion was
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Figure 3. Conversion of double bonds as a function of Figure 4. Conversion of double bonds as a function of
time from FTIR data for low initiator ratio. time from FTIR data for high initiator ratio.
g

Table 1. Conversions calculated from FTIR data.

Conversion (%)

Code TV(ih) | UV(3h) | UV(3h) + Thermal(i6h) | Thermal
NPP [ 688 | 743 | 820

MIP-ILP | 682 | 721 | 749 §
MIP2LP | 538 | 615 | 69.6 (70.1%) :

NIP-h-P 98.8 - - -
MIP-1-h-P | 91.3 - - -
MIP-2-h-P | 85.6 - - -
NIP-1-T - - - 86.4

MIP-1-1-T | - - - 88.1
MIP-2-1-T | - - - 84.5

*After 60 h (3 h under UV light + 57 h in oven).

achieved in a high initiator concentration in the absence of doxycycline (NIP-h-P). The MIP-2-1-P coded sample,
which has the highest amount of doxycycline in the reaction mixture in the series of low initiator concentrations,
gave the lowest conversion. The conversion of MIP-1-1-P was slightly lower than that of NIP-I-P, but the
difference was not significant. Even though photopolymerization continued for 3 h at 365 nm and each hydrogel
was placed in an oven at 40 °C for 16 h, the conversion of both MIP-1-1-P and MIP-2-1-P could not reach the
same value as NIP-I-P. To promote conversion for MIP-2-1-P, the reaction mixture was also kept for 57 h at 40
°C in the oven, but no higher monomer conversion was obtained. Similar results were obtained for the high
initiator concentration for the UV-initiated system. On the other hand, the conversion was almost the same for
thermal polymerization performed in both the absence and presence of doxycycline. This can be attributed to
the fact that DOX influences the UV-initiated polymerization negatively.

2.2. Determination of reaction rate by real-time FTIR and DPC
The rate of polymerization reaction was determined by two methods: FTIR and DPC. In Figures 5 and 6, the

polymerization rate (R,,) for each hydrogel synthesized by photopolymerization is plotted as a function of time

for high and low initiator concentrations. R, is the overall reaction rate, calculated from FTIR data using Eq.

(2):
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where Ajg is the ratio of the peak heights at 1635 cm~! to 1719 cm ! at the beginning of the reaction, A; is
the height of the peak at t;, Ao is the height of the peak at t5, and M, is initial molar concentration of all

monomers in the reaction mixture.
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Figure 5. Polymerization rate as a function of time from  Figure 6. Polymerization rate as a function of time from

FTIR data in low initiator ratio. FTIR data for high initiator ratio.

The heat flow of the reaction mixture for NIP-1-P, MIP-1-1-P, and MIP-2-1-P was obtained by DPC and

the polymerization rate calculated from Eq. (3) is presented in Figure 7.

Here, R, is the polymerization rate (s='), H is the heat flow (mW), W is the weight of the monomer mixture
(g), and AH is the enthalpy of the material (J/g).16
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Figure 7. Polymerization rate as a function of time from DPC data for low initiator ratio.
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The rates of polymerization reactions obtained from both FTIR and DPC data for MIP-coded samples
were calculated to be lower than those of NIP-coded samples for each series. When the amount of DOX
increased from 1.33 x 1075 to 2.66 x 10~° mol, the polymerization rate decreased for both high and low
initiator concentrations. Additionally, the induction time shifted to a longer time with increasing amounts of
DOX in the reaction mixture due to a higher deactivation effect of DOX with higher molar ratios (Figures 5-7).

The obtained results for conversion and overall reaction rate can be explained by the chemical structure
and sensitivity of the DOX against UV radiation. It can be clearly seen that DOX has an influence on the
polymerization system. For each specific hydrogel composition, the conversions of imprinted and nonimprinted
systems had significantly different values. The effect of the DOX on initiator reactivity can also be seen more
specifically from overall reaction rate results. Unexpectedly, the reaction rate and the conversion of the imprinted
hydrogels did not reach the values of the nonimprinted ones. In the literature, the effect of template-monomer
interaction on polymerization reaction has been reported by a few researchers. 636 These studies indicated that
template-monomer interactions cause an initial decrease for imprinted hydrogel polymerization; at the end of
the polymerization, both conversion and reaction rate are similar for all hydrogels. We thus realized that there
are some different factors that affect the polymerization reaction in the presence of DOX.

A reaction pathway is proposed for restriction of radical generation in Scheme 1. DOX absorbs UV
radiation at a higher wavelength than the photoinitiator; therefore, the excitation of the initiator cannot occur
alone.?* While the initiator has Amaee at 322 nm, the Apayx for DOX appears at 345 nm. However, Amax
values for these components were not at same wavelengths; they were adjacent molecules in the ground state.
It was proposed that DOX was likely to be hindering radical generation by the photoinitiator and therefore the
overall conversion and the reaction rate decreased. DOX acted as a UV absorber against the photoinitiator. As
reported in the literature it is indicated that some additives such as pigments in a composition damage the light
absorption of the initiator.3"3® DOX molecules absorb UV energy at a higher wavelength than the initiator; it
causes the blocking of generation of active radicals to form RM., to decrease the radical generation rate with
absorbing UV light. Restriction of the initiator at ground state is an unfavorable situation due to hindering the
generation of monomeric radicals, RM., reducing initiator efficiency. The number of active radicals produced

per photon of light absorbed is restricted by absorbing UV light.3®

¥ — Re —— > RM*

I
Light
DOX DOX*
DOX+heat DOX+chemical reactions
Keto-enol tautomerism Photolysis products

Scheme 1. Schematic representation of the reaction mechanism for the photoinitiator and DOX structure.
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It is explained in the literature that exposure to the light causes the photoactivation of drugs that have
chromophore groups (a radiation-absorbing substance). Most commonly, wavelengths within the UVA spectrum
(320400 nm) cause drug-induced photosensitivity reactions. Mostly, they have at least one resonating double
bond or an aromatic ring that can absorb UV energy. In many examples, photoactivation of a chemical ensues
with the excitation of electrons from the stable singlet state to an excited triplet state. The excited state
converts into a more stable state with two different pathways for DOX.37-38

The excess energy disappears as heat. DOX has a conjugated phenolic diketone group at position 10—
12, which causes keto-enol tautomerization.3%4% When DOX absorbs the UV light, it is possible to dissipate
the absorbed energy as heat via an exited state keto-enol tautomerism like a UV absorber (Scheme 2).4! Tt
is obvious that different tautomeric species are present in the reaction mixture with different moieties. All
tautomers in their different conformations interact with the functional monomer during polymerization. The

template-monomer interactions are destroyed due to tautomeric conversions.

OH O OH 0o o OH 0o OH o ©H
OH OH
_— = _
OH heat OH
OH OH

NH* NH*
N N

Scheme 2. Keto-enol tautomerism of DOX.

Chemical reaction(s) may occur depending upon the chemical structure of the molecule. The molecule
uses the energy of excitation to undergo a chemical reaction. Photolysis is the most substantial process in the
degradation of the antibiotic and induced by solar irritation. Degradation with photolysis can be realized in
two ways: direct and indirect. In direct degradation which is our case, the UV radiation is absorbed by the
drug molecule and byproducts are produced. In the case of indirect degradation, strong oxidizing radicals are
generated by natural components and these radicals react with drug molecules.? Jiao et al. indicated that the
positively charged tetracycline (TC ™) form of TC molecules substantially inhibited photolysis and, contrary to
this, the TC? form encouraged photolysis.*® Protonation states of the TC give information about the stability
of the structure in media with different pH values. It was also demonstrated that T'C had low stability at high
pH values. Negatively charged drug molecules tend to interact with active radicals; therefore, strong electrical
density of the ring structure causes photodegradation of TCs.*? In our study the reaction medium was at about
pH 3. In this condition, DOX is present in the monomer mixture in the DOXH; form, so it is estimated that
the DOX degradation rate is low even though UV energy absorption occurs during the molecular imprinting

photopolymerization at 365 nm (Eqgs. (4)—(6), adapted from Jiao et al.43).

DOXHjy + DOXHS3(pK, = 3.50) (4)
DOXHS <+ DOXH ™ (pKao = 7.07) (5)
DOXH™ <+ DOX* (pK,3 = 9.13) (6)
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In our study, DOX molecules are excited in association with the initiator. In light of the explanations
summarized above, it is assumed that photolysis reactions occur during polymerization. It is expected in
our study that the DOX degradation rate is low even though UV energy absorption occurs during the molecular
imprinting photopolymerization at 365 nm.

Finally, we concluded that for preparation of DOX-imprinted hydrogels, thermal-induced polymerization

is a more suitable method than the UV-initiated one.
For morphological characterization, first the imprinted hydrogels were washed with a mixture of oxalic

acid : methanol : acetonitrile (65:15:20, v/v) solution for 24 h and then with methanol for 24 h to ensure
the complete removal of template molecules. Scanning electron microscope (SEM) images of NIPs and MIPs
are shown in Figures 8a—8d as an example. The cavities created by the template molecule via the molecular
imprinting technique are seen clearly from the SEM images. The images help to provide a general idea about
the morphology of hydrogels and to identify the structural differences between MIPs (Figures 8a and 8c) and
NIPs (Figures 8b and 8d) in detail.

MIP NIP

X3,000 5um 0000 .09 30 SEI

X3,000 5um 0000 15 30 SEI ¢ 7. SK\®  X2,000 10pm 0000 13 30 SEI

Figure 8. Representative SEM images of MIPs and NIPs prepared by thermal induced polymerization from surface (a

and b) and cross-sectional area (¢ and d).
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2.3. Conclusions

The aim of this study was to investigate the effect of template concentration on the conversion and rate of
polymerization reaction for the preparation of DOX-imprinted hydrogels. In the study two measurement
methods were used: real-time FTIR spectroscopy and DPC. The obtained data showed that the conversion
and the overall reaction rate decreased when the template concentration increased in the reaction mixture. The
highest conversion and reaction rates were obtained for the mixture of nonimprinted hydrogel. Additionally, the
induction period of the polymerization shifted to a longer time with increasing concentrations of the DOX in the
reaction mixture. On the other hand, the conversion and the reaction rate of the thermal polymerization were
found almost the same for imprinted and nonimprinted hydrogels. These results can be taken as clarification
that DOX was excited during polymerization. Tautomeric species and photolysis products of DOX may occur

in the reaction medium because of its photosensitivity.

3. Experimental

3.1. Materials

Commercially available 2-hydroxyethyl methacrylate (HEMA) was purchased from Sigma Aldrich. Ethylene
glycol dimethacrylate (EGDMA, Sigma Aldrich) was used as a cross-linker, acrylic acid (AA, Sigma Aldrich)
as a functional monomer, 2-hydroxyl-2-methyl-1-phenyl-propan-1-one (Sigma-Aldrich) as a photoinitiator, and
2,2’ -azobis(2,4-dimethylvaleronitrile) (DuPont) as a thermal initiator. DOX, used as the template molecule,
was gifted by Deva (istanbul, Turkey). Sodium chloride was purchased from Merck for preparing pellets and it

was used after drying in an oven for one night at 120 °C. All other chemicals were used as received.

3.2. Synthesis of imprinted and nonimprinted hydrogels
3.2.1. Photoinduced polymerization

Molecular imprinted hydrogels (MIPs) were synthesized via free radical photopolymerization. In the imprinted
polymer synthesis, 2 mL of HEMA and 14.6 pL of AA were mixed. DOX was added into the HEMA-AA
mixture with two different molar ratios (1.33 x 107> or 2.66 x 10~° mol) at two different amounts of initiator
(8.74 x 107 or 4.23 x 10~% mol). The backbone monomer, HEMA, is liquid, so no additional solvent was
used. After addition of the initiator, the mixture was sonicated for 5 min and was purged with Ny for 15 min
to prevent O4 inhibition of the initiator. Then the solution was transferred into a mold and the polymerization

was initiated at 365 nm light source at room temperature.

3.2.2. Thermally induced polymerization

Similar procedures were followed for UV- and thermal-initiated polymerization reactions, but after transfer into
the mold, the polymer solution was kept at 45 °C for 24 h.

Nonimprinted hydrogels (NIPs) were prepared in the absence of DOX by photo and thermal polymeriza-
tion methods as comparison samples. The compositions and codes of the polymers are given in Table 2, and

the schematic representation of the reaction is shown in Scheme 3.
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Table 2. Molar ratios used for polymerization in the presence and absence of template molecule.

Code Initiation type | HEMA (mL) | AA (pL) | EGDMA (pL) | Initiator (mol) | DOX (mol) | DOX : AA
NIP-1-P Photo 2 14.6 64.3 8.74 x 10~° - -
MIP-1-1-P | Photo 2 14.6 64.3 8.74 x 107° 1.33 x 107° | 1:16
MIP-2-1-P | Photo 2 14.6 64.3 8.74 x 107° 2.66 x 107° | 1:8
NIP-h-P Photo 2 14.6 64.3 423 x 1071 - -
MIP-1-h-P | Photo 2 14.6 64.3 423 x 1077 1.33 x 107° | 1:16
MIP-2-h-P | Photo 2 14.6 64.3 423 x 1072 2.66 x 107° | 1:8
NIP-1-T Thermal 2 14.6 64.3 8.74 x 107° - -
MIP-1-1-T | Thermal 2 14.6 64.3 8.74 x 107° 1.33 x 107° | 1:16
MIP-2-1-T | Thermal 2 14.6 64.3 8.74 x 107° 2.66 x 107° | 1:8
% —§, Self
. assembly Polymerization
7 ,-%4

&

\’é‘e
Functional '\Q’(Q \06\(\%
monomers and free (éo/ Bindin
template \ /’@ cavit ;
<°\’b4’<>\ ’
/\e@@o

~ Binding cavity o

Scheme 3. Schematic representation of DOX imprinting procedure.

3.3. Monitoring of polymerization reaction
3.3.1. Fourier transform infrared spectroscopy

The polymerization reaction was monitored by real-time FTIR spectroscopy (PerkinElmer Spectrum One). In
order to prevent the inhibiting effect of oxygen, the FTIR cell was purged with Ny for 30 min before each
measurement. The monomer mixture was placed between two transparent NaCl pellets and exposed to UV
light.
by measuring the peak height at about 1635 cm

The spectral changes were recorded for a maximum of 3 h at intervals. The reaction was monitored

-1

assigned to the C = C stretching vibration. The peak

corresponding to the ~-C = O carbonyl bond at approximately 1719 cm~! was used as an internal standard.
The light intensity was 20 mW /cm?.

completion of the curing reaction and then the conversion was calculated.

After the end of irradiation, the pellets were annealed at 40 °C to

3.3.2. Differential photocalorimetry

The heat flow of the reaction was recorded as a function of time during the polymerization under isothermal

conditions by using a Pyris Diamond differential scanning calorimeter equipped with an EXFO Omni-Cure 2000
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photo-DSC accessory (DPC, PerkinElmer). The temperature was held constant at 25 °C and Ny was purged
in order to eliminate the oxygen from the DPC cell. Both the aluminum pan filled with 8-12 mg of reaction
mixture and the empty reference aluminum pan were covered with quartz covers. After stabilization of the test
conditions, the light was turned on for 25 min. The area under the endothermic peak of the DPC curve was
used to calculate the total heat of the reaction.

3.4. Characterization of the NIPs and MIPs by SEM

Washed and dried samples (NIPs and MIPs) were adhered to double-sided tape. The tape strips were attached
to the platform of the SEM (JEOL, JSM-6390LV). Images were obtained using platinum-coated samples.
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