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ABSTRACT: Biobased poly(thioether-ester) (PTEe) nanoparticles were synthesized via
thiol—ene miniemulsion polymerization using a sustainable monomer, offering a
biodegradable alternative to fossil-derived polymers. To address intrinsic limitations
such as hydrophobicity and low thermal stability, postpolymerization oxidation with
hydrogen peroxide was employed to convert thioether groups into sulfoxide and sulfone
functionalities. Two oxidation strategies were evaluated: direct latex oxidation and
solution-phase oxidation. Both approaches effectively increased polymer polarity and
thermal stability while preserving nanoparticle morphology. Structural analysis by IR Oxidized Forms
spectroscopy confirmed the formation of sulfoxide and sulfone groups, while '"H NMR { OSSN SN GOSN
indicated complete thiol—ene conversion. Thermal analysis revealed a marked rise in
melting temperature (from 71 °C to 138—148 °C), while contact angle measurements
showed enhanced surface hydrophilicity (6 reduced from 104° to 77—80°). Notably, latex Paly{sulfoxone-cster) ¢
oxidation (L-OXI) significantly improved nanoparticle stability and resistance to

enzymatic degradation by CalB. This enhanced resistance is attributed to the incorporation of sulfoxide/sulfone groups, which
stiffen the polymer matrix and restrict enzyme access to ester bonds.
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1. INTRODUCTION

Polymers derived from biobased monomers obtained from

vegetable oils represent a promising sustainable alternative to : ) . )
. . . o Poly(thioether-ester) nanoparticles are particularly interest-

fossil-based polymers, especially for medical applications when . ) ; o .
ing for biomedical applications, as the ester group, which can

biocompatibility and/or biodegradability are required.'™> To . . . Lo
meet the increasing demand for sustainable materials, significant undergo hydrolysis, potentll ally enables their degradation in a

. . . 9,20 .
efforts have been directed toward synthesizing polymers from P hys%ologlcal.enmronn.lent. Hoyvever, 'ﬂex1b1e sulfide bOIlldS
renewable monomers with tunable fanctionalities.* in thioether linkages hinder the facile achievement of materials

Polymers from fully renewable monomers bearing an ester, with a hlgh gla_ss transition t.emp.eratlzlfezz(Tg) when utlhzl_n &

conventional thiol—ene combinations.”’~~ Furthermore, thio-
ethers are typically regarded as hydrophobic compounds owing
to their remarkably low dipole moment. Nevertheless, the

hydrophobic nature of thioethers can be altered through

uses water as a continuous medium avoiding the use of organic

solvents, and it enables the production of polymeric nano-
. . . - . 16-18

particles with unique characteristics.

ether, or amide group at the polymer backbone have been
successfully synthesized by thiol—ene polymerization.”® More-
over, polymeric nanoparticles have been prepared via one-pot

thiol—ene polymerization in miniemulsion.” The synthesis of
poly(thioether-ester) nanoparticles via thiol—ene miniemulsion
polymerization using plant-oil-derived monomers offers multi-
ple environmentally friendly advantages, including the exclusive
use of renewable feedstocks.® Previous studies have shown that
thioethers can be oxidized to sulfoxides or sulfones or that they
alter the properties of the polymer, including polarity, stiffness,
and mechanical properties.”” "

Thiol—ene polymerizations can be considered as click or
green chemistry reactions because they can be carried out under
mild conditions, usually reach high conversion, and provide a
high atom economy.'”"> Also, miniemulsion polymerization
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oxidation, leading to the formation of sulfoxide and/or sulfone
derivatives with increased dipole moments.”*~>* Consequently,
the heightened polarity attributed to sulfone groups tends to
augment the material’s glass transition temperature and thermal
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stability.”>>**° Additionally, other polymer properties of
thioethers, including flexural strength and optical transparency,
change when they are oxidized to sulfoxides or sulfones.”® Many
organosulfur compounds and their derivatives exhibit different
biological activities, and,”’ for example, the bactericidal activity
can be enhanced by oxidation.”® Also, thioether-containing
macrocycles can act as protein—protein interaction inhibitors,
and the protein interactions can be modulated by tuning the
sulfur oxidation states with hydrogen peroxide (H,0,).7*°

The combination of both thioether and ester bonds within the
polymer backbone could provide nanoparticles that are
potentially sensitive to oxidation and hydrolysis, acting as
dual-stimuli-responsive nanocarriers.”’ Among the different
oxidants and catalysts for thioether oxidation, hydrogen
peroxide stands out as the most versatile, commercially available,
low-cost, and comparably low-toxic and environmentally
friendly option.””** When H,0, is used as an oxidant, thioethers
can be efficiently oxidized to sulfoxides and, with further slow
oxidation, to sulfones.'"**** Moreover, the oxidation of sulfides
using hydrogen peroxide typically proceeds under relatively mild
conditions, often requiring only a slight excess of H,O,,”*****
with water being the only byproduct of the reaction.””*”
Additionally, hydrogen peroxide is suitable for oxidizing
poly(thioether) particles dispersed in aqueous media due to
its solubility in water.””**

In this study, the sulfur atoms in the backbone of
poly(thioether-ester) nanoparticles were oxidized to sulfoxides
and sulfones using a hydrogen peroxide solution. The structural
characterization of the synthesized monomer and of the
nonoxidized poly(thioether-ester) nanoparticles prepared via
thiol—ene polymerization in miniemulsion was performed by
proton nuclear magnetic resonance ('H NMR) spectroscopy.
The samples were also characterized using Raman spectroscopy
and Fourier-transform infrared spectroscopy (FTIR). Thermog-
ravimetric analysis (TGA) and differential scanning calorimetry
(DSC) evaluated the effect of postpolymerization modification
on the thermal properties of the polymers, while changes in
nanoparticle size, morphology, and colloidal stability were
assessed using dynamic light scattering (DLS) and transmission
electron microscopy (TEM). Furthermore, the surface wett-
ability of the materials was investigated through contact angle
measurements, providing further information about the changes
in surface properties caused by oxidation. The enzymatic
degradation assays were performed on the original and on the
oxidized nanoparticle colloidal dispersions, respectively, samples
latex and L-OXI, using Candida antarctica lipase B (CalB) in a
PBS solution, and the degradation products were characterized
by FTIR, TGA, and DLS.

2. EXPERIMENTAL SECTION

2.1. Materials

10-Undecenoic acid (98%, Sigma-Aldrich), 1,3-propanediol (99.6%,
Sigma-Aldrich), p-toluene sulfonic acid monohydrate (98.5%, Sigma-
Aldrich), aluminum oxide (activated, basic, Brockmann I, Sigma-
Aldrich), magnesium sulfate (anhydrous, > 99.5%, Sigma-Aldrich),
sodium dodecyl sulfate — SDS (99%, Sigma-Aldrich), 2,2-azobis(2-
methylpropionitrile) — AIBN (98%, Sigma-Aldrich), 1,4-butanedithiol
(>97%, Sigma-Aldrich), hydrogen peroxide solution (35 wt %, Neon
Comercial), and sodium bicarbonate (99.7%, Vetec) were all used as
received. Toluene (>99.5%, Dinamica), hexane (98.5%, Synth), diethyl
ether (98%, Exodo Clentlﬁca), ‘methanol (>99.8%, Synth), and
chloroform (>99.8%, Exodo Cientifica) were used. Candida antarctica

Lipase B (commercial name: Lipozyme CalB L) was kindly donated by
Novozymes. Distilled water was used in all experiments.

2.2. Synthesis of the Biobased Monomer

The biobased monomer 1,3-propylene diundec-10-enoate was
synthesized as previously described by Cardoso et al. (2018). Briefly,
10-Undecenoic acid (0.27 mol), 1,3-propanediol (0.11 mol), p-
toluenesulfonic acid (0.0157 mol), and toluene (200 mL) were
mixed under magnetic stirring and heated to reflux. During the reaction,
the water formed was collected by using a Dean—Stark apparatus. After
3 h, the reaction was complete and the reaction mixture was cooled. The
purification of the product included toluene removal under reduced
pressure and filtration through a short pad of basic aluminum oxide
using hexane as the eluent. Finally, the solution was dissolved in diethyl
ether (200 mL) and washed twice with water (200 mL) and dried over
anhydrous MgSO,, and the diethyl ether was removed under reduced
pressure. The monomer synthesized was analyzed by 'H NMR
spectroscopy.

2.3. Synthesis of Poly(thioether-ester) Nanoparticles by
Thiol-Ene Miniemulsion Polymerization

Poly(thioether-ester) nanoparticles were synthesized by miniemulsion
polymerization. The aqueous phase was prepared by dissolving the
surfactant SDS (3.5 wt % in relation to the monomer mass) in water
(9.8 g), and the organic phase was prepared by mixing 1,3-propylene
diundec-10-enoate (1.0 g) with the organic-soluble initiator AIBN (1.5
mol % in relation to the monomer). Both phases were magnetically
stirred until complete solubilization of the surfactant and initiator. The
aqueous phase was added to the organic phase and magnetically stirred
(10 min, SO0 rpm) to form a coarse emulsion. Then, 1,4-butanedithiol
(1:1 dithiol-to-diene molar ratio) was added to the coarse emulsion,
and the mixture was stirred (250 rpm) for another S min. Finally, the
emulsion was sonicated for 3 min using a Fisher Scientific Model 500
Sonic Dismembrator (70% amplitude, pulse cycle: 10 s on/10 s off,
70%, using an ice bath). The polymerization was carried out at 80 °C for
4 h without stirring. The polymer obtained was analyzed by FTIR,
TGA, DSC, NMR, DLS, and contact angle measurements.

2.4. Oxidation of Poly(thioether-ester) Nanoparticles

The postpolymerization oxidation process was gerformed following the
experimental procedure previously reported.”” This oxidation was
conducted through two distinct routes: a) directly in the polymeric
latex (Figure 1(a)) and b) in solution, after isolation of the polymer by
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Figure 1. Postpolymerization oxidation process of poly(thioether-
ester) nanoparticles carried out (a) directly in the polymeric latex and
(b) in solution.
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precipitation (Figure 1(b)). One aliquot of the poly(thioether-ester)
latex (L) was directly oxidized in the aqueous medium (L-OXI).
Therefore, 2 g of latex L (ca. 0.2 g of polymer) was mixed with 6 g of an
SDS solution (0.25 wt %) in water, and then 0.6 mL of a hydrogen
peroxide solution (35 wt %) was added dropwise. Another aliquot of
the latex L was precipitated in cold methanol, and the polymer was
oxidized in solution (S-OXI). In this case, 0.2 g of the precipitated
polymer was dissolved in chloroform (20 mL), and then 0.6 mL of
hydrogen peroxide solution (35 wt %) was added. After 3 h of reaction
at 64 °C, the oxidized polymer was precipitated in a methanol—water
mixture (60:40) and then successively washed with sodium bicarbonate
(100 mL), water (100 mL), and methanol (100 mL) before being dried
in a vacuum oven at room temperature.

2.5. Degradation of Poly(thioether-ester) Nanoparticles

Degradation assays of the polymeric nanoparticles (NPs) were
conducted using a ghosphate—buffered saline (PBS) system, as
previously described.*® The PBS buffer (0.2 M, pH 7.4) was prepared
with distilled water, sodium chloride (NaCl), potassium chloride
(KCl), anhydrous sodium phosphate monobasic (NaH,PO,, P.A. 99%,
Vetec), and anhydrous sodium phosphate dibasic (Na,HPO,, P.A.
98%, Vetec). The enzymatic reaction was catalyzed by liquid form
Candida antarctica lipase B (CalB).

The degradation conditions for both nonoxidized latex and oxidized
(L-OXI) versions are summarized in Table 1. For the nonoxidized latex,

Table 1. Formulations of Degradation Reactions

Nonoxidized Latex

Component (Initial) Oxidized Latex (L-OXI)
Latex 2.5 g (227 mg of polymer) 10 g (227 mg of polymer)
SDS solution 75¢ —

(0.25%)
PBS solution 20¢g 20g
CalB agq. solution” 1g lg

“Solid content of 23% (w/w).

2.5 g of the latex from the miniemulsion polymerization was diluted in
7.5 g of 2 0.25% SDS aqueous solution and added to 20 mL of a PBS
solution (0.2 M, pH 7.4) containing 1 g of a free CalB enzyme aqueous
solution (solid content of 23%). For the oxidized latex, 10 g of the
oxidized latex was added to 20 mL of a PBS solution (0.2 M, pH 7.4)
with 1 g of the free CalB enzyme in an aqueous solution. These amounts
were calculated to equalize the polymer concentrations in both latexes,
ensuring that the same mass of polymer was used in the degradation
process. The enzymatic degradation was conducted under enzyme-
excess conditions to ensure that the process was not limited by enzyme
availability, allowing for a direct comparison of the intrinsic degradation
behavior of the polymers. To determine the total solid content of the
commercial CalB enzyme aqueous solution (Lipozyme CalB L),
gravimetric analysis and TGA analyses of the dry CalB enzyme were
performed.

The reactions were carried out in a round-bottom flask under
continuous agitation at 37 °C. Degradation kinetics were monitored
over time intervals of 5, 10, 185, 30, 45, 60, 90, and 180 min to evaluate
the enzymatic hydrolysis in PBS. The use of standardized CalB
concentration in the assays aimed at ensuring consistent and
comparable reaction conditions, enabling a direct evaluation of the
effect of polymer oxidation on enzymatic degradation.

Degradation was evaluated on the basis of changes in particle size, the
appearance of degradation products, and complementary analyses by
TGA and FTIR.

2.6. Effect of pH on the Stability of Poly(thioether-ester)
Nanoparticles

The stability of both nonoxidized (latex) and oxidized (L-OXI)
poly(thioether-ester) nanoparticles under different pH conditions was
evaluated by dynamic light scattering (DLS) and {-potential measure-
ments. All analyses were conducted at the same solid content (23%) to
ensure comparability between samples.

Aliquots of each nanoparticle dispersion (S drops) were diluted in 20
mL of distilled water under gentle magnetic stirring (250 rpm) at room
temperature. The initial pH of the diluted samples was measured
(approximately 7.0). The pH was then adjusted to target values of 3.0,
5.0,7.0,9.0,and 11.0 using 0.1 M hydrochloric acid (HCI) for acidic pH
and 0.1 M sodium hydroxide (NaOH) for basic pH. The pH was
monitored with a calibrated pH meter, and the adjustment was
performed dropwise under continuous stirring to avoid local over-
shooting. After pH adjustment, the samples were incubated at room
temperature (25 °C) for 24 h without agitation. The hydrodynamic
diameter (Z-average), polydispersity index (PdI), and zeta potential
were measured immediately after pH adjustment (t = 0) and after 24 h
of incubation (t = 24 h) using a Zetasizer Nano S instrument (Malvern
Instruments, UK) at 25 °C. All measurements were performed in
triplicate.

2.7. Determination of Enzymatic Activity

The enzymatic activity was determined based on the esterification
reaction between lauric acid and propanol in a 1:1 molar ratio.** To
homogenize the system, the mixture was kept under agitation at 250
rpm and 60 °C for 60 min. Prior to the addition of the enzyme, an
aliquot was collected for blank titration. After this collection, 5% by
mass of enzyme (relative to the substrates) was added. The
esterification reaction proceeded for 60 min, after which a 150 uL
aliquot was collected, diluted in 20 mL of an acetone:ethanol (1:1)
solution, and subjected to titration with 0.04 N NaOH.

Enzymatic activity was defined as the amount of enzyme required to
consume 1 ymol of lauric acid per minute. The calculation performed is
described in eq 1

U _ [(VONaOH) - (VéONaOH)]-N-103
g t-ma (1)

where N is the molarity of the NaOH solution; V°NaOH and V*°NaOH
are the volumes of NaOH consumed (in mL) to titrate, respectively, the
blank (sample at time zero) and the sample (sample at 60 min); ¢ is the
reaction time in min; and ma is the mass of the enzyme used in g.

2.8. Characterization

2.8.1. Structural and Chemical Characterization. The 'H
NMR spectra were recorded on a Bruker Ascend 600 spectrometer
operating at 400 MHz. The samples were dissolved in deuterated
chloroform (CDCly), and the spectra were acquired at 25 °C with 32
scans. Chemical shifts (§) are reported in parts per million (ppm)
relative to the residual solvent peak 7.26 ppm for CDCl; as an internal
reference. The Attenuated Total Reflectance—Fourier Transform
Infrared (ATR-FTIR) spectra of the polymer samples in KBr pellets
were collected on a Shimadzu spectrometer, model IRPrestige-21, in
the wavenumber range of 4000—400 cm ™" by accumulating 32 scans at
a resolution of 4 cm™". Structural characterization and identification of
functional groups of the samples were performed using Raman
Spectroscopy. The analyses were carried out on a Cora 5001 Raman
spectrometer (Anton Paar), equipped with excitation lasers at 532 and
785 nm. Spectra were collected in a wavenumber range from 1400 to
500 cm™".

2.8.2. Thermal Properties. Thermal decomposition was studied
using thermogravimetric analysis — TGA (STA 449 F3 Jupiter,
Netzsch). Approximately 10 mg of the polymeric samples was weighed
in a platinum pan and heated from 25 to 600 °C, at a heating rate of S °C
min~', under a nitrogen flow rate of 20 mL min~'. The melting
temperature (T,,) of NPs was determined by differential scanning
calorimetry — DSC (Mettler Toledo DSC 823 calorimeter). The
samples were heated from —50 to 210 °C at a heating rate of 10 °C
min~". T, was recorded from the second heating ramp.

2.8.3. Particle Properties and Surface Properties. Intensity
average diameters of the polymer particles (Dp) and the dispersity
(PDI) were measured by dynamic light scattering (DLS) using a
Zetasizer Nano S from Malvern Instruments. Latex samples were
diluted before measurement at 25 °C. The morphology of the
nanoparticles was observed by Transmission Electron Microscopy
using a JEM-1400 TEM (Jeol) electron microscope, operated at an
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accelerating voltage of 120 kV. A single droplet of the diluted latex
(0.1% of solid content) was placed on a carbon-coated copper grid. The
grid was dried overnight under room conditions. Different regions were
analyzed to ensure that representative images were obtained. The static
contact angle (0) of the samples was measured using a goniometer
(Ramé-hart Model 250). Polymer films were prepared by placing a
known amount of each sample (Latex, L-OXI, and S-OXI) onto glass
slides and heating them above their respective melting temperatures to
allow film formation. After solidification at room temperature, the films
were carefully detached from the slides, and the surface that had been in
contact with the glass slide was used for contact angle measurements.

A droplet of ultrapure water (S uL) was carefully deposited onto the
polymer film using an automatic pipet. Measurements were performed
at room temperature (25 °C), and at least three independent
measurements were taken at different locations on the sample surface
to ensure representative results.

2.8.4. Molecular Weight and Solubility. The molecular weight
distribution and number and weight-average molecular weights (M,
M,) of the polymer samples were obtained by gel permeation
chromatography (GPC) using high-performance liquid chromatog-
raphy equipment (HPLC, model LC 20-A, Shimadzu) equipped with
an SIL-20A auto sampler, a PL gelMiniMIX precolumn (5 um, 50 X 4
mm) followed by two PL gel MiniMIX columns (S ym, 250 X 4.6 mm)
in series, and an RID-10A refractive index detector in THF as the eluent
at a flow rate of 0.3 mL min~". The analyses were performed at 40 °C,
and the samples (2.5 mg mL™") were filtered through a 0.22 ym PTFE
membrane before injection. A calibration curve was constructed using
polystyrene standards with molecular weight ranging from 580 to
9,225,106 g mol™!, and data processing was carried out using the
software LabSolutions and Origin. The dispersity (D) was calculated as
the ratio M,,/M,,. The insoluble polymer content was determined using
a polymer solution with a known concentration in tetrahydrofuran
(THE), allowing it to dissolve for 48 h. Subsequently, the soluble phase
was filtered using a glass syringe and a 0.45-um nylon filter. The vials
and filters were dried in a forced convection oven at 60 °C for 48 h. The
insoluble polymer content was then calculated based on egs 2 and 3,
where the amount of retained polymer was first calculated (considering
the polymer retained in the vial and filter (eq 2) and then the percentage
of insoluble polymer was calculated (eq 3))

mpp = (myg + mgg) — (my, — my) (2)
P, = 22100
mp (3)

where mpgmpy is the mass of the polymer retained after evaporation of
the volatiles; mysmyg and mpgmpg are, respectively, the masses of the vial
and of the filter after drying with the sample; mymy, and mpmy are the
masses of the empty vial and of the filter; mpmp is the mass of the

polymer used to prepare the solution; and mpmy is the percentage of
insoluble polymer.

3. RESULTS AND DISCUSSION

To synthesize the diene monomer 1,3-propylene diundec-10-
enoate, an esterification reaction was performed between 1,3-
propanediol and 10-undecenoic acid. Poly(thioether-ester)
(PTE) nanoparticles were obtained via thiol—ene miniemulsion
polymerization using the diene monomer and butanedithiol (1,4
BDT). Then, the thioether-linkage moieties of the polymer
chains within the nanoparticles obtained by thiol—ene
miniemulsion polymerization were oxidized to sulfoxide and
sulfone linkages using hydrogen peroxide.

The efficiency of the thiol—ene reaction is confirmed based on
the NMR analysis by the consumption of the C=C double
bonds as shown in the Supporting Information. The most
important evidence, besides the ene consumption, is the
emergence of new signals that confirm the formation of the
thioether (C—S—C) bond. The 'H NMR spectrum of the
formed polymer shows a reduction in the relative intensities of
the two peaks attributed to CH=CH,, 1nd1cat1ng the
consumption of double bonds (5.85—5.76 ppm),*® from the
diene monomer during the thiol—ene polymerization reaction,
suggesting the formation of PTEe.”” New peaks at 2.58—2.44
ppm and 1.74—1.64 ppm were assigned to the polymer
backbone (—CH— and —CH,—), while the aliphatic chain
signals (6§ = 1.31—1.15 ppm) retained their relative integrals,
indicating structural consistency. The 'H NMR spectrum of 1,3-
propylene diundec-10-enoate is consistent with literature data,
conﬁrmlng the expected structure and purity of the synthesized
compound.*’

Monomer

"HNMR (400 MHz, CDCl,, §): 5.83—5.72 (m, 2H,2 X —CH=
CH,), 5.01—4.89 (m, 4H, 2 Xx —-CH=CH,), 4.18 (t,4H,J = 6.1
Hz, 2 X —CH,0CO-), 2.33 (t, 4H, J = 7.3 Hz, CH,COO-),
2.08 (m, 4H, 2 X —CH,—CH=CH,), 2.00—1.90 (m, 2H, ] = 6.1
Hz, CH,CH,0CO-), 1.65—-1.53 (m, 4H, 2 X
CH,CH,CO0-), 1.41-1.33 (m, 4H, 2 X CH,) 1.31-1.15
(br.s, 16H, 2 X [4CH,]) ppm.

Polymer

'H NMR (400 MHz, CDCl,, 6): 4.14 (t, ] = 6.3 Hz, 4H, 2 X—
CH,0CO-),2.60—2.41 (m, 8H, 4 X CH,S),2.29 (,] = 7.3 Hz,
4H,2 x CH,CO-), 1.96 (p,] = 6.3 Hz, 2H), 1.76—1.65 (m, 4H,
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2 X CH,C), 1.63—1.49 (m, 10H, 5 X CH,C), 1.42—1.09 (br.s,
24H, 2 X [12CH,]) ppm.

FTIR spectra of the dried original latex and of the dried
oxidized samples (L-OXI and S-OXI) are presented in Figure 2.
FTIR analysis reveals distinct vibrational signatures correspond-
ing to the oxidation of the polymers.

The ether bonds stretching (—C—O—) are assigned to the
band at 1098 cm™', while the stretching of (—C—O-) and
(—C=0) bonds of the ester groups are observed respectively at
1170 cm™" and 1730 cm™. Additionally, the presence of a C—
S—C stretching vibration can be observed at 720 cm™},
indicating the addition of thiyl radicals across the double
bonds of the diene during polymerization.”® The oxidation of
the polymer resulted in the appearance of two prominent new
bands, the characteristic S=O stretching vibration at 1022—
1030 cm™ confirms sulfoxide (R,S=0) formation, while the
appearance of symmetric (1126 cm™') and asymmetric (1257
cm™') O=S=O stretching modes provides unambiguous
evidence of sulfone (R—SO,—R) groups, indicating progressive
sulfur oxidation.””*”*! According to Infante Teixeira et al.*” the
kinetic analysis revealed that sulfones and sulfoxides coexisted
during the process until complete conversion into polysulfones
was observed, highlighting the importance of developing
selective reaction control methods to obtain pure sulfoxide
products. Certainly, the oxidation of thioether groups to
sulfoxide and sulfone increases the material’s polarity, which
could promote water adsorption and explain the broad band at
3450 cm™.

The structural characterization and identification of the
functional groups of the samples (latex, oxidized versions L-
OXI, and S-OXI) were also performed using Raman spectros-
copy and are shown in Figure 3.

LATEX

Intensity

T T T T
1400 1200 1000 800 600
Raman Shift (cm™)

Figure 3. Raman spectra of the Latex and the oxidized samples L-OXI
and S-OXIL.

Raman spectroscopy is a critical analytical tool for validating
the chemical transformation of the poly(thioether-ester)
nanoparticles.”” This technique identified the appearance of
new vibrational modes associated with the highly polar sulfoxide
and sulfone, which allowed for the clear distinction between the
latex sample and the oxidized ones.

The oxidized versions (L-OXI and S-OXI) display new peaks
at 738 cm™' and 712 cm ™. These peaks are often attributed to
C—S stretching vibrations in the newly formed sulfoxide (R-
S(0)-R’) or, if the oxidation is extensive, the sulfone (R-S(O),-)
structure. Specifically, the conversion of a single C—S—C band

into a doublet or set of peaks suggests different conformations or
local environments of the C—S bond in the oxidized product.
The presence of characteristic peaks at 1124 cm™ and 1025
cm™! confirms the successful oxidation of the thioether groups in
the synthesized polymers. The peak at 1124 cm™ is attributed to
the symmetric stretching vibration of the sulfone (SO,) group,
which forms when thioethers are fully oxidized by hydrogen
peroxide (H,0,). Simultaneously, the peak at 1025 cm™'
corresponds to the sulfoxide (S=O) stretching vibration,
indicating the presence of partially oxidized thioether units.
These results, along with the previous ones, point out that the
oxidation process in the aqueous dispersion was successful.

The thermal degradation of the polymers was evaluated by
thermogravimetry, and the results are displayed in Figure 4A.
The oxidation state of the sulfur atoms influences the thermal
degradation of the polymers,”> and the thermogravimetric
analysis revealed distinct degradation profiles between the
nonoxidized (latex) and oxidized (L-OXI, S-OXI) polymers.

All samples showed negligible mass loss below 100 °C,
confirming the absence of volatile impurities or water."* The
unmodified Latex sample exhibited a gradual mass loss starting
at 220 °C (5%). In contrast, both oxidized variants (L-OXI and
S-OXI) show no significant mass loss below 250 °C, confirming
their enhanced stability in this temperature range due to the
introduction of sulfur—oxygen bonds.

Notably, the nearly overlapping curves of L-OXI and S-OXI
indicate that the oxidation method has enhanced the thermal
stability, emphasizing that the oxidation state of sulfur governs
the degradation behavior. The results align with DSC data
(Figure 4B), where the nonoxidized Latex sample exhibited a
melting temperature (T,,) of 71 °C witha AH,, 0f4.99]/g. After
oxidation, both oxidized samples showed a substantial increase
in T, reaching 138 °C for L-OXI and 148 °C for S-OXI,
indicating that the introduction of polar sulfoxide and sulfone
groups leads to the formation of thermally more stable
crystalline domains. However, the AH,, values decreased to
1.94J/g for L-OXI and 1.59 J/g for S-OXI, reflecting a reduction
in the overall crystallinity degree. Using the nonoxidized Latex
sample as a reference, the relative crystallinity of the oxidized
samples was calculated to be 38.9% for L-OXI and 31.9% for S-
OXI. The broader peaks of the oxidized samples are attributed to
the recrystallization of the different crystalline forms in polar
polymeric materials.”” No clear Tg was observed between —50
and 0 °C for any of the samples. Both oxidation methods,
solution (S-OXI) and latex (L-OXI), presented similar results.

Particle size distribution (PSD) of the poly(thioether-ester)
nanoparticles before (L) and after oxidation (L-OXI), see Figure
S, shows that both the particle size and dispersity of the
polymeric latex were not affected by the oxidation process. The
particle size remained at about 130 nm with PdI values close to
0.1, indicating that the samples have a narrow size distribution,
as shown in Table 2.

Hydrogen peroxide oxidizes nonpolar thioether moieties into
more polar sulfoxide groups, altering the hydrophilic/hydro-
phobic balance.”*® Therefore, the contact angles of the
oxidized versions were evaluated. All samples were washed to
remove excess SDS and residual hydrogen peroxide. The
decrease of the contact angle values of L-OXI and S-OXI in
comparison to those of the latex reveals surface modifications
caused by oxidation. The results are presented in Table 2.

However, the difference between the wetting of L-OXI and
that of S-OXI was limited. The increased hydrophilicity of the
oxidized derivatives was due to dipolar interactions between the

https://doi.org/10.1021/acs.iecr.6c00305
Ind. Eng. Chem. Res. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.iecr.6c00305?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00305?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00305?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.6c00305?fig=fig3&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.6c00305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Industrial & Engineering Chemistry Research

pubs.acs.org/IECR

Weight (%)

T T d T v T v T Y
100 200 300 400 500 600

Temperature (°C)

B

—LATEX

2nd heating n

Endothermic

-50 0 50 100 150
Temperature (°C)

Figure 4. (A) TGA of the poly(thioether-ester) latex (L) and its oxidized forms (L-OXI and S-OXI). (B) DSC of latex (L) and its oxidized forms (L-

OXI and S-OXI).
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Figure S. PSD of the poly(thioether-ester) nanoparticles before

(Latex) and after oxidation (L-OXI).

polymer chains and water and can potentially be harnessed in
the design of biomaterials for in vivo applications. The
postpolymerization oxidation of thioether-containing polymers
into their corresponding sulfoxide or sulfone derivatives
increases the polarity of this polymer.*’

The results of the effect of pH on the stability of the latexes are
presented in Tables S1 and S2 in the Supporting Information
(Section 4.0). The nonoxidized latex sample exhibited drastic
colloidal instability under extreme pH conditions. At pH 3, the
mean diameter increased from approximately 201 nm (t = 0) to
2116 nm (t = 24 h), with a PdI of 1.0, indicating intense particle
aggregation. At pH 11, the diameter increased from 701 to 1458
nm after 24 h, confirming severe destabilization. The {-potential
at pH 3 dropped from —24.1 mV to —12.0 mV, consistent with
loss of electrostatic stabilization.

The oxidized L-OXI sample maintained excellent colloidal
stability across the entire pH range evaluated (3 to 11). After 24
h, the diameters remained between 169—208 nm, with PdI
values below 0.36 and sufficiently negative zeta potential values

Table 2. Intensity Mean Diameter (DP) and Polydispersity Index (PdI) of the Nanoparticles and Static Water Contact Angle
Measurements of the Poly(thioether-ester) before (Latex) and after Oxidation (L-OXI and S-OXI)“

Average Contact

Sample Angle (0) Interpretation Image DP (nm) Pdl
Latex 104.3°+ 7.0 Hydrophobic 133.7+0.2 0.117 £0.005
L-OXI 77.5°+3.2 Hydrophilic 1256 £0.5 0.116 £0.014
S-OXI 80.4° + 2.6 Hydrophilic - -

“+ Mean SD of n = 3 determinations.
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(ranging from —23 mV to —62 mV). Even at pH 3, L-OXI
showed only a modest increase from 205 to 208 nm, with zeta
potential maintained at approximately —23 mV.

DLS results are in fair agreement with the TEM images since
the particle sizes are in the same range. The latex nanoparticles
presented spherical morphology in agreement with literature
reports.”” Furthermore, TEM images of the oxidized latex (L-
OXI), shown in Figure 6, reveal that the spherical morphology is

| [rox

200 NM 200 NM

Figure 6. TEM images of the poly(thioether-ester) nanoparticles
before (Latex) and after oxidation (L-OXI).

preserved after oxidation and the nanoparticles remain
unchanged. To preserve the PTEe particles, TEM imaging was
performed at the lowest possible beam current as they degrade
under intense electron exposure. This resulted in lower
resolution TEM images.

The number and weight-average molecular weights (Mn and
Mw) of the poly(thioether-ester) nanoparticles (Latex)
produced by miniemulsion thiol—ene polymerization using 1
wt % AIBN as the initiator were 16.8 X 10°> g mol™' and 51.8 X
10° g mol ™, respectively.

The nonoxidized poly(thioether-ester) Latex sample showed
negligible insoluble content (<4%), indicating complete
solubility in THF. In contrast, both oxidized samples exhibited
high insolubility in THF at 70 °C, with L-OXI presenting 83 =+
2% and S-OXI presenting 96 + 1% insoluble polymer contents.
Van Den Berg et al.”’ similarly reported that an oxidized
poly(thioether) was no longer soluble in THF but could be
solubilized in chloroform and aromatic solvents such as toluene
and xylene at temperatures above 65 °C. In the present work,
however, the oxidized samples (L-OXI and S-OXI) were
insoluble in all solvents tested, including DMSO, toluene,
xylene, THF, and chloroform, even under constant stirring at 70
°C for 24 h. Although both L-OXI and S-OXI dissolved in N-
Methyl-2-pyrrolidone (NMP) at 60 °C, the solutions turned
turbid upon cooling to room temperature, indicating that
solubility of oxidized polymers in NMP is limited to elevated
temperatures and that the polymers precipitate upon cooling,
suggesting a temperature-dependent solubility behavior. The
ability to dissolve in NMP, albeit only at high temperature,
confirms that the oxidized polymers are not cross-linked.

Nevertheless, GPC characterization of these samples was not
feasible, as the available equipment was incompatible with NMP
at 60 °C as eluent.

To evaluate the polymeric structure’s susceptibility to
biological degradation, enzymatic degradation assays were
performed on Latex and L-OXI samples. CalB is known to
hydrolyze ester bonds in aliphatic polyesters, including poly-
(thioether-ester),”® in aqueous media and has recently been
explored as a strategy to control polymer lifetime.*””" The
thermogravimetric analysis (TGA) profiles of the polymers
following 24 h of enzymatic degradation are presented in Figure
7.
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Figure 7. TGA of Latex and L-OXI original samples (in black) after and
in the presence of CalB for 24 h (in blue) and CalB (in red).

TGA curves of the nonoxidized (Latex) and oxidized (L-OXI)
nanoparticles exhibited a significant change in their thermal
degradation profile when compared to the original polymers.
The results indicate that, at 250 °C, samples degraded by CalB
exhibited a greater mass loss than the untreated ones, supporting
the conclusion that thermal degradation initiates at a lower
temperature. The high residue (up to 20%) at 600 °C in the
degraded Latex and L-OXI samples is likely attributed to
residual, nonvolatile inorganic salts from the Phosphate-
Buffered Saline (PBS) solution. Given the small polymer mass
used relative to the surrounding PBS medium in the degradation
assay, the resulting sample submitted for analysis contains a
substantial concentration of these salts (e.g., phosphates, NaCl).

CalB enzyme itself has a residual mass of 5.7% at 600 °C. This
residue is attributed to noncombustible inorganic components
naturally present in the commercial enzyme, which typically
contains stabilizers and salts from the fermentation and
formulation process.”’ By operating under enzyme-excess
conditions, any differences in degradation behavior between
the nonoxidized (Latex) and oxidized (L-OXI) samples could be
directly attributed to structural and chemical modifications of
the polymer backbone (i.e., the presence of sulfoxide and sulfone
groups) rather than to limitations in enzyme concentration.

The enzymatic activity of the CalB preparation (Lipozyme
CalB L) was determined to be 9.3 U/g under the assay
conditions (esterification of lauric acid and propanol at 60 °C,
60 min). The evolution of the particle size distributions during
the enzymatic degradation essays of the original and of oxidized
poly(thioether-ester) nanoparticles is presented in Figure 8.
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Figure 8. Evolution of the particle size distribution during the degradation of Latex and L-OXI in the presence of 1:1 CalB related to polymer in PBS.

A) Latex nanoparticles; B) L-OXI nanoparticles.

LATEX
° ° C=0 -~
o (]
c c
[} [
?é 30 MIN ’é W/VV\/
n [%2]
c f
© [
= [oomIN = W
24 H 24 H
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 2000 1800 1600 1400 1200 1000 800 600
Wavenumber (cm-") Wavenumber (cm-")
g [s0MIN @ [30MIN
s c
© [
?é' 90 MIN ’g 90 MIN
2 2
S §| c=07
= =
24 H 24 H
T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm-")

Wavenumber (cm-")

Figure 9. FTIR spectra of the Latex and L-OXI. A) Degradation with CalB 1:1 related to the polymer mass for Latex nanoparticles, after 30 min, 90
min, and 24 h. B) Enlarged View from 2000 to 600 cm ™ for Latex nanoparticles. C) Degradation with CalB 1:1 related to the polymer mass for the
oxidized L-OXI version, after 30 min, 90 min, and 24 h. D) Enlarged View from 2000 to 600 cm™" for L-OXI nanoparticles.

The mean particle size of the latex nanoparticles increases
during the first 5 min in the presence of the enzyme CalB. This
increase is attributed to the swelling and/or aggregation of the
nanoparticles. The degradation kinetics are accelerated due to
the more open conformation of the polymer chain, which

facilitates enzyme access for attack. However, this effect is not
observed in the L-OXI samples, where the nanoparticle size
remains constant during the first 3 h. The higher stability toward
degradation of the oxidized nanoparticles compared to that of
the latex nanoparticles may be attributed to the increased rigidity
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and insolubility of the polymer matrix. Such changes are caused
by the formation of sulfoxide and sulfone groups, which in turn
reduce the accessibility of the CalB enzyme to the cleavage sites.
Nevertheless, it is important to mention that it was not possible
to measure the particle size (DLS) of any sample, nonoxidized or
oxidized, after a 24-h exposure to the enzyme CalB. On the other
hand, it was verified that it was still not possible to solubilize the
L-OXI nanoparticles in organic solvents (chloroform, THF, and
DMSO), even after 24 h of degradation with CalB.

Some ester bonds are intrinsically more susceptible to
hydrolysis due to factors such as higher electrophilicity or
accessibility to water.’® In this study, CalB hydrolyzes the
available ester bonds, and an explanation for the observed size
increase in the latex nanoparticles is related to the formation of
acidic degradation products. These products may promote water
uptake into the polymer matrix, inducing swelling.

The degradation rate of polyesters depends not only on the
hydrophilicity of the polymer structure but also on its degree of
crystallinity.*>* Figure 9 illustrates the FTIR analysis of
enzymatic degradation in the presence of a 1:1 CalB-to-polymer
ratio for both the Latex and L-OXI nanoparticles. After
enzymatic degradation, the polymer samples became highly
viscous for both samples and could not be purified by
centrifugation or washing cycles. Consequently, FTIR analysis
was performed directly on the degradation medium, which
contained the remaining polymer, enzyme, salts and degradation
products. FTIR spectra of the mixtures of the Latex and L-OXI
with deactivated CalB (see Figure S6 in the Supporting
Information) demonstrate that the bands of the enzyme overlap
with the spectral regions associated with sulfoxide and sulfone
groups”’, complicating the assignment of these functionalities.
The decrease in C—S—C stretching band intensity (~720 cm™")
observed upon mixing with deactivated CalB suggests that
enzyme loading influences the FTIR signal in this region.
Therefore, this spectral change cannot be used as evidence for
enzymatic cleavage of thioether bonds, consistent with the
reported inability of CalB to cleave C—S—C linkages.*’

Degradation of the PTEe nanoparticles in Latex form
proceeds primarily via ester bond hydrolysis, as CalB selectively
catalyzes the hydrolysis of ester linkages (—C(=0)—0-)
along the polymer backbone. This is evidenced by the
characteristic carbonyl stretching band at 17307', whose
intensity decreased markedly after 30 min of enzymatic
exposure, confirming progressive ester bond cleavage. Taken
together, the full spectral data set provides a coherent picture of
the degradation evolution in these polymers.

4. CONCLUSION

Poly(thioether-ester) nanoparticles produced via thiol—ene
miniemulsion polymerization were successfully modified by
postpolymerization oxidation with a hydrogen peroxide solution
(H,0,), introducing sulfoxide and sulfone groups that
fundamentally altered the material’s properties and degradation
behavior. These structural changes were confirmed by FTIR and
Raman spectroscopies.

Two oxidation routes were successfully developed and
characterized. Direct latex oxidation (L-OXI) is a single-step
aqueous-based process that preserves nanoparticle size,
morphology, and colloidal stability while avoiding organic
solvents, making it attractive for applications where aqueous
dispersions are desirable. Oxidation in solution (S-OXI) is a
multistep process using organic solvents that yields higher purity
and superior thermal stability, making it suitable for high-

temperature processing techniques such as injection molding or
extrusion. The choice of the method depends on the target
application, with L-OXI recommended when colloidal integrity
and process simplicity are priorities and S-OXI preferred when
maximum purity and thermal stability are required.

While regarding colloidal stability, whereas nonoxidized
nanoparticles aggregated severely at pH 3 and pH 11, L-OXI
nanoparticles maintained excellent colloidal stability across the
full pH range tested (3—11), with hydrodynamic average
diameters of 169—208 nm and stable zeta potential values after
24 h. These results support their potential for drug delivery in
physiologically relevant pH environments.

Oxidation process significantly altered the material’s proper-
ties, and a profound shift in surface character was observed, with
the material transitioning from a hydrophobic state, evidenced
by a water contact angle of approximately 104°, to a more
hydrophilic one, with a contact angle in the range of 77—80°.

Enzymatic degradation studies demonstrated that oxidation
significantly enhances nanoparticle stability and imparts a
sustained degradation profile relative to nonoxidized counter-
parts. While the ester bonds in the latex nanoparticles were
rapidly hydrolyzed by CalB within minutes, L-OXI nano-
particles demonstrated remarkable resistance to enzymatic
degradation, with ester bonds remaining largely intact even
after 90 min of exposure. This resistance is attributed to the
introduction of polar sulfoxide and sulfone groups, which
increase polymer rigidity and insolubility, thereby creating a
conformational barrier that physically hinders enzyme access to
the hydrolyzable ester bonds. Taken together, these properties,
tunable degradability through the combination of ester and
thioether functional groups, enhanced colloidal stability, and
controlled enzymatic resistance, position these nanoparticles as
promising candidates for sustained drug release applications.
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