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ABSTRACT

Thiol-ene click reactions of pentaerythritol tetrakis(3-mercaptopropionate) with pentaerythritol
tetraacrylate and trimethylolpropane triacrylate were used to prepare polymeric degradable
networks. The structure and properties of these networks were studied using Fourier-transform
infrared and Raman spectroscopy, thermal gravimetric analysis and scanning electron microscopy.
Degradation of these materials was evaluated in different media including phosphate buffer with
and without esterase as well as in oxidative environment with hydrogen peroxide. Exposure of the
samples to these media results in their degradation. Slow hydrolytic degradation was observed in
phosphate buffer and it was not accelerated by the presence of an enzyme. Faster degradation is
observed in solutions of hydrogen peroxide. The mechanisms of this degradation are discussed.
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1. INTRODUCTION

Very efficient chemical reactions of thiol groups with unsaturated molecules containing either
double or triple bonds are known since the early 1900s [1]. However, the last few decades have
witnessed the substantially renewed interest in these reactions, which now fall into the category of
so-called “click” processes, resulting in the products with high yields, excellent selectivity of
bonding, complete absence or ease of byproducts removal, mild conditions to achieve formation
of covalent bonds and many other advantages [2].

Thiol-ene click reactions have now become increasingly important in the synthesis of novel
polymeric materials [3,4] and also as a tool to conjugate polymers or various labels with
biomacromolecules [5,6] or colloids [7-9]. These could proceed through two potential
mechanisms, such us thiol-ene radical or thiol Michael-type addition reactions [2].

Polymeric materials capable of degrading in a biological environment (biodegradation) have
received interest for different medical applications [10]. They could be used as biodegradable
sutures following surgery [11] or as implants capable of releasing active ingredients slowly for a
long period of time [12]. Biodegradation of polymers is often related to hydrolytic reactions or
oxidation-reduction processes in response to various biological molecules present in the human
body. Hydrolytically cleavable synthetic polymers are more commonly used and well researched.
These include polyesters such as poly(lactic-co-glycolic acid) copolymers and polycaprolactone)
[13,14]. Polymers that undergo degradation in response to oxidative conditions (e.g. reactive
oxygen species) are less established and are represented mainly by various polysulfides [15-19].
Potentially, the oxidation-responsive materials could be used for targeting inflammatory reactions.

Previously, we have reported the synthesis of nanoparticles through thiol-ene click reaction
between pentaerythritol tetrakis(3-mercaptopropionate) (PEMP) and pentaerythritol tetraacrylate
(PETA) [20]. Depending on the molar PEMP/PETA ratio these nanoparticles could be formed

either with thiol or acrylate groups on the surface. It was demonstrated that thiolated nanoparticles



exhibited mucoadhesive properties, i.e. the ability to stick to mucosal membranes. This property
could be useful for applications in certain areas of drug delivery.

Taking into consideration that the networks formed as a result of thiol-ene click reactions
between PEMP and PETA will have potentially hydrolytically cleavable ester bonds and
oxidation-responsive thioether bonds it was hypothesized that these materials may exhibit
biodegradable properties. The present work reports the synthesis of polymeric networks through
the thiol-ene reactions of pentaerythritol tetrakis(3-mercaptopropionate) with tri- and tetra-
acrylates, their physicochemical characterisation and studies of biodegradability in various media

in vitro.

2. MATERIALS AND METHODS

2.1. Materials

N,N-dimethylformamide (DMF), pentaerythritol tetraacrylate (PETA), trimethylolpropane
triacrylate (TMPTA), pentaerythritol tetrakis(3-mercaptopropionate) (PEMP), and porcine liver
esterase (PLE) were purchased from Sigma-Aldrich (UK). All other chemicals were of analytical
grade and used without further purification.
2.2. Synthesis

Polymer samples of different ratios and concentrations of initial monomer mixture were
synthesized in the presence of N,N-dimethylformamide (DMF) as described in [20]. DMF used in
this synthesis was used as received without any degassing with inert gas. Initial monomer mixture
was based on pentaerythritol tetraacrylate (PETA) or trimethylolpropane triacrylate (TMPTA) as
“ene” compounds and pentaerythritol tetrakis(3-mercaptopropionate) (PEMP) as thiol-containing
compound. Synthesis was performed at 30°C up to one hour with constant stirring which resulted
in transparent slightly rubbery gels. Synthesized gels were washed in DMF for one hour and then
three times in acetone to remove unreacted monomers. After this procedure they were exposed to

water for some time to wash acetone out and freeze-dried for further characterisation. Each



synthesis was repeated independently at least 3 times and the resulting networks exhibited
reproducible properties.
2.3. Swelling ability

The swelling ability of cross-linked polymers was estimated by measuring the weight of the
dry samples submerged in different solvents at room temperature. The weighed samples were
placed in vials containing the solvent and stored at room temperature for several days. Solvents
that were used are water, ethanol and chloroform. The samples were weighed every 2 days after
removing excess of solvents from their surfaces. The degrees of swelling (DS) were calculated
according to the following equation:

DS = (Mswollen — Mdry)/Mary

where Mswollen and Mqry are the weights of swollen and dry samples, respectively.

The mean values were calculated based on the analysis of samples in triplicates.
2.4. FTIR- and Raman spectroscopy

FTIR analysis was performed on PE Spectrum 100 FTIR spectrometer (Perkin-Elmer, USA)
for the range of 650-4200 cm™. Nicolet NXR 9650 FT Raman spectrometer (Thermo Scientific,
UK) was used to record Raman spectra of the samples.
2.5. Thermogravimetric analysis

Thermal gravimetric analysis of the samples was performed using Q50 TGA analyser (TA
Instruments, UK). The polymer samples were heated from 25 to 600 °C at a heating rate of 10 °C
min~! and a flow of nitrogen at 50 mL-min~!. Samples were approximately 5 mg each.
2.6. Scanning electron microscopy

Morphology and structure of the samples were characterized using SEM with FEI Quanta
600 FEG Environmental Scanning Electron Microscope instrument (FEI UK Ltd., UK) at an
acceleration voltage of 20 kV. The images were taken from both the surface and the fractured part
of the samples. Prior to SEM experiments the samples were sputter-coated with gold. Pore size of

samples was measured by analysing SEM images using ImageJ 1.52a software.



2.7. Biodegradation studies

Biodegradation ability was studied in different media such as phosphate buffered saline
(pH=7.4) with and without addition of esterase and solutions of hydrogen peroxide of different
concentrations. Dry samples of known mass were immersed in 10 mL of different degradation
media for several weeks with a continuous shaking at 37°C. Samples were weighted every day

after carefully wiping out excess of moisture with a tissue paper.

2.8. Preparation of the media for biodegradation studies

Phosphate buffer saline was prepared by dissolving 21.8 g Na,HPOg, 6.4 g NaH2PO4, 180 g
NaCl in 1 L of deionized water. Before use it was diluted 1:20 with deionized water and pH was
adjusted if necessary.

Hydrogen peroxide solutions of different concentrations were prepared by dilution of its 30 %
solution with deionized water. The exact concentrations of these solutions were determined using
permanganate titration. Hydrogen peroxide solution of unknown concentration in a 25 mL
volumetric flask was adjusted to the mark with water and mixed thoroughly. An aliquot of the
analyzed solution with a volume of 2 mL was pipetted into a flask for titration, 2 mL of 1 mol/L
sulfuric acid solution was added, and titrated with a solution of 0.05 mol/L potassium
permanganate until a stable pink color appeared. Titration was carried out at least 5 times until
reproducible results were recorded.

The mass of hydrogen peroxide m;(H,0,) in the analysed solution for each titration was

calculated according to the formula for direct titration of the analyte:

c(Y/< KMnO,) - V;(KMnO,)

a 2Y2

) M(l/z H,0,) - Vf(Hzoz)

where c(1/5KMnO4) is the molar equivalent concentration of potassium permanganate;

V,(KMn0,) is the volume of potassium permanganate used for titration; V,(H,0,) is the aliquot



volume of analysed solution; M(l/2 H,0,) is the molar mass of equivalent and V; (H,0,) is the
volumetric flask volume.
The molar mass of the hydrogen peroxide equivalent is determined based on the half-reaction:
H,0, & 2H* + 0, + 2e

Mass fraction of hydrogen peroxide was calculated as follows:

m.
W(H202)=m L. 100%

weight

where m; is the mass of hydrogen peroxide and m,,,¢;4p, is the mass of initial sample.

3. RESULTS AND DISCUSSION
3.1. Synthesis

Thiol-ene click reaction of PEMP with pentaerythritol tetraacrylate (PETA) and
trimethylolpropane triacrylate (TMPTA) was simply promoted through the use of
dimethylformamide as a solvent, similarly to our previous report [20].

Figure 1 shows the reaction scheme describing the formation of a crosslinked network based
on PETA-PEMP combination. New covalent thioether bonds were formed as a result of this
reaction. Similar reaction was also observed in the case of TMPTA-PEMP. The resulting products

were formed as slightly rubbery transparent materials.
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Figure 1. Proposed scheme describing the reaction between PETA and PEMP resulting in
formation of a cross-linked network. Insert: an exemplary image of a cross-linked network as a

result of this reaction.

It should be noted that formation of a transparent gel was only observed when the reagents were
used in equimolar (1:1 mol/mol) ratios or when the excess of PETA or TMPTA was used to PEMP
(3:1 mol/mol).The mixtures of PETA or TMPTA with PEMP containing the excess of PEMP (1:3)
did not form gels. This is consistent with our previous publication [20] reporting that formation of
gels is observed only at specific component ratios and monomer concentrations in
dimethylformamide.

When these gel samples were immersed in the excess of water they lost their transparency

and turned white. This change of transparency is possibly related to the hydrophobic nature of



these networks, which can swell well in dimethylformamide but contract when this solvent is

replaced with water.

3.2. Swelling of networks in water, ethanol and chloroform

The ability of the samples to swell in water, ethanol and chloroform was evaluated by their
immersion in excess of these solvents for several days. After reaching the swelling equilibrium
within 4 days in a solvent the samples were withdrawn, weighed, dried and re-weighed again to
calculate the degrees of swelling. The swelling results for samples immersed in water and ethanol
are summarized in Table 1. It was not possible to evaluate the degrees of swelling of the network
samples in chloroform because upon immersion in this solvent all gels disintegrated into small

pieces within couple of hours.

Table 1

The network samples immersed in water and ethanol retained their shapes and exhibited very
poor ability to swell. For example, a sample prepared from PETA-PEMP (1:1) absorbed only up
to 0.013+0.005 g of water per 1 g of dry polymer. Similar levels of swelling were observed for all
samples both in water and ethanol; however, the swelling in ethanol was slightly higher in some
cases. This indicates that the nature of these materials is hydrophobic similarly to PLGA [13]. The
hydrophobic nature of these materials is also confirmed by swelling and subsequent disintegration
of these gels in chloroform. The hydrophobic nature of these materials and their poor swelling in
water are desirable attributes for application as body implants as excessive swelling in bodily fluids

could result in unwanted pressure on internal organs.



3.3. Spectral and thermal characterization of dry samples

FTIR spectra for PETA-PEMP and TMPTA-PEMP samples showed a strong band at 1721-
1726 cm™ due to C=0 stretching vibrations (vc=o) (Figure 2). FTIR spectra of monomers used for
the synthesis of these samples are included in Figures S1-S3 (Supporting information). Samples
of 1:1 mol/mol ratio also showed a band at 1286 cm™ due to C-H bend (methylene ~CH,— twisting
and wagging), which is not pronounced well for samples with prevailing acrylic content. The band
at 1634 cm* for samples prepared with 3:1 mol/mol ratio indicates the presence of unreacted C=C
double bond conjugated with C=0. In the samples with 1:1 mol/mol ratio the band at 1634 cm™ is

not present confirming that all C=C bonds reacted with thiol groups of PEMP.
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Figure 2. FTIR (a) and Raman (b) spectra of all synthesised
PETA-PEMP and TMPTA-PEMP networks

In order to confirm the presence of thiol groups Raman-spectroscopy was used, since SH-
groups have a very distinct band typical for these groups. Raman spectra recorded for PETA-
PEMP and TMPTA-PEMP samples, prepared with 1:1 mol/mol ratio, showed strong bands at 2574
cm™ due to S—H stretching (vsn), 673 cm™ due to vc_s and 538 cm™ due to vs_s. Raman spectra of
PETA-PEMP and TMPTA-PEMP gels prepared with excess of PETA did not show any bands
typical for SH groups, but the strong band responsible for C=C stretching was found at 1637 cm’
. All samples of PETA-PEMP and TMPTA-PEMP gels showed the bands at 2929 cm™ due to C—-
H stretching (vcn), 1729 cm™ due to vc-o0, 1417 cm™ and 1282 cm™ due to verz, 938 cm™ due to
vc-o-c, Which is consistent with the results of FTIR spectroscopy and also confirms successful
click reactions leading to the formation of polymeric structures proposed in Figure 1.

The physical properties of materials designed for biomedical applications should be
extensively characterized to evaluate their suitably. One of these important properties is the
thermal stability, which may provide useful information about the possibility of sterilization using
autoclaving. TGA was used to evaluate the thermal stability of the networks (Figure 3). Both
PETA-PEMP and TMPTA-PEMP samples show excellent thermal stability, with decomposition

observed only above 345-360 °C reaching 94-95% of the total weight loss at 500 °C. The thermal



degradation profiles of all four samples are very similar. Samples with excess of PETA or TMPTA

(3:1 mol/mol) show slightly higher thermal stability.
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Figure 3. Thermal gravimetric analysis of all the synthesized PETA-PEMP and TMPTA-

PEMP dry network samples

3.4. Scanning electron microscopy

The morphology of the polymer gel cross-sections and surfaces were studied using scanning
electron microscopy (SEM) (Figure 4). Comparison of PETA-PEMP 1:1 and TMPTA-PEMP 1:1
samples at high magnification (2000x) showed that PETA-containing gels do not have any
significant features on both their surface and cross-sections. On the contrary, the TMPTA-PEMP
sample cross-sections reveal that the TMPTA-PEMP (3:1 mol/mol) material is porous compared
to TMPTA-PEMP (1:1 mol/mol), which is also reflected in the swelling results. The size of pores

on the surface of TMPTA-PEMP (3:1 mol/mol) is around 2 pm.



Figure 4. SEM images of PETA-PEMP (1:1 mol/mol) surface (a) and cross-section (b); TMPTA-
PEMP (3:1 mol/mol) surface (c) and cross-section (d); TMPTA-PEMP (1:1 mol/mol) surface (e)

and cross-section (f).



3.5. Biodegradation studies

Taking the structure of the networks into consideration and the nature of chemical bonds
present within these materials it can be hypothesized that they may undergo biodegradation
through several pathways. First, the presence of ester bonds may imply that these materials may
degrade hydrolytically and this may or may not be facilitated by the presence of an enzyme (e.g.
esterase). Second, the presence of —CH2-S-CH2- bonds indicates the possibility for oxidation-
induced degradation, which could convert these hydrophobic groups into more hydrophilic
sulfoxides and sulfones. Third, our spectral data indicates the presence of disulfide bridges (-S-S-)
in the samples, which resulted from oxidation of thiol groups present in PEMP. These groups may
also undergo degradation in the presence of reducing agents.

The degradation of the networks in aqueous media was evaluated gravimetrically. When
samples are losing weight it means that they undergo degradation and disintegrate or dissolve. An
increase in the sample weight may indicate that the sample becomes more hydrophilic and
undergoes swelling. Figure 5 shows the degradation profiles of the samples in phosphate buffer
saline with and without esterase as well as in solutions containing hydrogen peroxide. In PBS all
samples show an initial degradation with approximately 3-5 % weight loss in the first 7 days. Then
the degradation slows down and the sample weight either remains constant or even shows some
increase. The increase in the sample weight for TMPTA-PEMP 3:1 PLE could be related to their
partial swelling due to more porous structure confirmed by SEM and as a result of the degradation
of some bonds and appearance of more hydrophilic regions due to the presence of carboxylic
groups. It was surprising to see that the degradation of the samples in the presence of esterase
proceeds slower than in the absence of the enzyme. This could be related to the densely cross-
linked and hydrophobic nature of the network and inability of enzyme molecules to approach ester
bonds and cleave them efficiently. Additionally hydrophobic nature of the samples may cause
deposition of enzyme molecules on their surface and their partial immobilization and inactivation.

Overall, hydrolytic degradation of hydrophobic polyesters is a very slow process that may take



several months. For example, the mass loss of materials based on poly(D,L-lactide-co-glycolide)

caused by hydrolysis in aqueous media also proceeds very slowly within several weeks and months

[21, 22].
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Figure 5. Biodegradation studies showing the changes in sample weights in phosphate
buffered saline (pH=7.4) with and without enzyme (a) and in 1.825% H.O solutions (b). All
biodegradation experiments were conducted at 37 °C under continuous shaking. Note that

PETA-PEMP 1:1 sample did disintegrate in the first minutes of experiment.

It is known [23] that inflammation in the human body is accompanied by the release of
reactive oxygen species such as hydrogen peroxide. This prevents the spread of infection and
serves as a signal for attracting white blood cells. The degradation of our samples in the presence

of hydrogen peroxide proceeds more intensively compared to hydrolytic degradation. Initially the



samples show swelling and in some compositions, e.g. TMPTA-PEMP 1:1, this is quite substantial.
Then after initial swelling both 1:1 samples undergo rapid disintegration into smaller irregularly-
shaped pieces and colloidal particles, for which it is not possible to continue gravimetric
measurements. Both 3:1 samples show more gradual degradation profiles: after initial swelling
within the first three days they begin to reduce their weight. It is clear that the samples with 1:1
ratio there is a larger proportion of HS- and —CH>-S-CH>-, which undergo oxidation, which
eventually leads to their disintegration. The samples with 3:1 ratio have excess of acrylate groups
in their structure and fewer bonds that are prone to oxidative cleavage, which results in their more
gradual degradation.

In order to get further insights into the mechanisms of degradation the surfaces of some

selected samples (TMPTA-PEMP 3:1) exposed to degradative environment were examined using

scanning electron microscopy (Figure 6).




Figure 6. Scanning electronic microscopy of TMPTA-PEMP 3:1 sample with surfaces:
before degradation (a), after biodegradation for 16 days in 1.825% H20: (b); and after
biodegradation for 17 days in PBS with PLE (c). All biodegradation experiments were conducted

at 37 °C under continuous shaking.

It is clearly seen that the surface of samples before any degradation is practically non-porous. The
degradation in solutions of H>O- leads to formation of a polydisperse system of pores with the

presence of both small (22+7 um) and larger populations (153+71 um). This is consistent with the

gravimetric measurements, which showed that during the degradation process the samples undergo
initial swelling. This clearly makes its surface more hydrophilic, rough and porous. Subsequent
reduction in the sample weight indicates its gradual degradation and disintegration into smaller
pieces. This is also confirmed visually and especially this disintegration becomes more obvious
for 1:1 samples. The surface of the sample that was degraded in PBS containing esterase also

shows some changes and presence of newly formed small pores of around 8:2 um. This explains

why the hydrolytic degradation of these samples is much less pronounced compared to oxidative
process. Formation of small pores does not allow penetration of enzyme molecules into the bulk
of the sample, which makes this degradation very slow and not efficient. Additionally esterase
may deposit on the surface of the samples and obstruct further penetration.

The mechanism of oxidative degradation of these networks was additionally studied using
FTIR spectroscopy (Figure 7). The exposure of samples to hydrogen peroxide solutions leads to
clear spectral changes and appearance of several new bands. One of these new bands observed at
1047-1050 cm™ is responsible for sulfoxide groups (-SO-); it does overlap with -C-O- stretch
bands (1047-1050 cm™), but the spectra clearly show the shifts in this area. Another very
pronounced new band appeared at 1116 cm™; this could either be associated with S=O stretch or

potentially could be even related to H-O-S bend [24]. These spectral data clearly indicate that the



mechanism of oxidative degradation of these networks is related to oxidation of sulfide bonds with

formation of sulfoxide, sulfone and even sulfonate groups (Figure 8).
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Figure 8. Chemical transformations of sulphide bonds in the networks upon oxidation in

hydrogen peroxide

4. Conclusions
Hydrolytically and oxidation responsive networks were prepared from pentaerythritol tetrakis(3-
mercaptopropionate) and tri/tetra-acrylates using thiol-ene “click” chemistry. The structure and
properties of these materials were characterized using FTIR and Raman spectroscopy, thermal
gravimetric analysis and scanning electron microscopy. Biodegradation of these materials was

studied under different conditions in vitro. It was established that these networks undergo very



slow hydrolytic degradation and this process is not accelerated in the presence of esterase.
Oxidative degradation of these networks proceeds more intensively and in some cases results in a
complete disintegration of networks into small particles. These networks could find potential
applications as biodegradable implants. Future studies in this case should include evaluation of

their biocompatibility in vitro and experiments on implantation and biodegradation in vivo.
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Table 1. Degrees of swelling (DS) of samples in water and ethanol

Composition with molar ratios | DS in water DS in ethanol
PETA-PEMP (3:1) 0.020 + 0.005 0.070 + 0.005
PETA-PEMP (1:1) 0.031 + 0.005 0.032 +0.013
TMPTA-PEMP (3:1) 0.065 + 0.023 0.087 + 0.026
TMPTA-PEMP (1:1) 0.016 £ 0.011 0.041 £ 0.010




