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Abstract

Oxidation-sensitive drug delivery systems (DDS) have attracted attention due to the potential to 

improve efficacy and safety of chemotherapeutics. These systems are designed to release the 

payload in response to oxidative stress conditions, which are associated with many types of 

cancer. Despite extensive research on the development of oxidation-sensitive DDS, the lack of 

selectivity towards cancer cells over healthy cells remains a challenge. Here, we report the design 

and characterization of polymeric micelles containing thioether groups with varying oxidation 

sensitivities within the micellar core, which become hydrophilic upon thioether oxidation leading 

to destabilization of the micellar structure. We first used the thioether model compounds, 3-

methylthiopropylamide (TPAM), thiomorpholine amide (TMAM), and 4-(methylthio)benzylamide 

(TPhAM), to investigate the effect of the chemical structures of the thioethers on the oxidation by 

hydrogen peroxide H2O2 . TPAM shows the fastest oxidation followed by TMAM and TPhAM, 

showing that the oxidation reaction of thioethers can be modulated by changing the substituent 

groups bound to the sulfur atom. We next prepared micelles containing these different thioether 

groups within the core (TP, TM and TPh micelles). The micelles containing the thioether groups 

with a higher oxidation sensitivity were destabilized by H2O2 at lower concentration. Micelle 

destabilization was also tested in human liver cancer (HepG2) cells and human umbilical vein 
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endothelial cells (HUVECs). The TP micelles having the highest oxidation sensitivity were 

destabilized in both HepG2 cells and HUVECs while the TPh micelles, which showed the 

lowest reactivity towards H2O2, were stable in those cell lines. The TM micelles possessing a 

moderate oxidation sensitivity were destabilized in HepG2 cells but were stable in HUVECs. 

Furthermore, the micelles were loaded with doxorubicin (Dox) to evaluate their potential in 

drug delivery applications. Among the micelles, the TM micelles loaded with Dox showed the 

enhanced relative toxicity in HepG2 cells over HUVECs. Therefore, our approach to fine-tune the 

oxidation sensitivity of the micelles has potential for improving therapeutic efficacy and safety of 

drugs in cancer treatment.

Graphical Abstract

Keywords

Oxidation sensitive; polymeric micelles; thioether; cancer; drug delivery

INTRODUCTION

Elevated levels of reactive oxygen species (ROS) such as hydrogen peroxide H2O2 , 

superoxide anion radical (O2ꞏ−), singlet oxygen (1O2), and the hydroxyl radical (ꞏOH) 

are commonly observed in different types of cancer.1–2 These species are produced 

during mitochondrial electron transport in aerobic respiration as well as by the action of 

nicotinamide adenine dinucleotide phosphate oxidases to cause oxidative cellular damage 

including lipid peroxidation, DNA cleavage and protein modification.3 While ROS are 

maintained at basal levels in normal cells, many cancer cells exhibit increased rates of ROS 

production due to high metabolic activity and impaired antioxidant systems.4–6 This redox 

imbalance in cancer cells contributes to the characteristic tumor microenvironment, which 

stimulates tumor growth, invasion, and metastasis.

In the field of drug delivery, this oxidative tumor microenvironment has attracted attention 

as one of the hallmarks of cancer that provide a unique opportunity for cancer-specific 

drug delivery. Recently, many types of oxidation-sensitive drug carriers that release drugs 

in response to ROS have been developed with the goal to enhance drug accumulation in 

cancer tissues. These drug carriers, including polymeric micelles, polymersomes and other 
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polymeric nanoparticles, are composed of amphiphilic polymers containing an oxidation-

sensitive building block that alters its water solubility or degrades upon oxidation by 

ROS. Examples of such building blocks are polymers containing thioether,7–9 arylboronate 

ester10–11 and thioketal moieties12–13.

Thioether-containing polymers are among the most widely used building blocks to confer 

oxidation sensitivity to drug carriers. Thioethers are known to be oxidized by ROS, 

analogous to the oxidation of methionine residues of proteins under oxidative stress.14 

Along with this oxidation reaction, thioethers, which have low dipolar moments, are 

converted to polar sulfoxides and, in part, sulfones. Therefore, thioether-containing polymers 

undergo a hydrophobic-hydrophilic phase transition upon oxidation. Hubbell and colleagues 

were the first to report oxidation-sensitive polymersomes and polymeric micelles prepared 

from amphiphilic block copolymers consisting of a hydrophobic poly(propylene sulfide) 

(PPS) block and a hydrophilic poly(ethylene glycol) (PEG) block. These nanostructures 

were destabilized in the presence of H2O2 under physiological conditions8, 15 and improved 

delivery of a wide variety of drugs, such as siRNA,16 cyclosporin A17 and ovalbumin18 

to cancer and dendritic cells. Following these reports, other types of thioether-containing 

polymers such as poly(methionine)19–20 and poly(N-acryloyl thiomorpholine)9 have been 

developed. Recently, poly(ester-thioether)s have been reported as biodegradable and 

oxidation-sensitive polymers.21 The oxidation of these polymers can be slowed down by 

increasing the hydrophobicity of the polymer backbone structures.

Despite the promising results of oxidation-sensitive drug carriers, their selectivity towards 

cancer remains questionable. Thus far, most studies have focused on improving the ROS 

sensitivity of drug carriers. For example, sulfur in thioether-containing polymers has been 

replaced with selenium or tellurium to increase their susceptibility to oxidation.22–23 

However, drug carriers with a high ROS sensitivity may also respond to ROS at basal 

levels in healthy tissue (~1–10% of ROS levels in cancer)6 leading to non-specific drug 

release. Indeed, according to the report by Gupta et al., while drug release from PPS-based 

polymeric micelles was enhanced in murine macrophages that overproduce ROS in response 

to lipopolysaccharide activation, a significant amount of drug release was also observed 

for non-activated macrophages.24 This indicates that PPS-based drug carriers can also be 

destabilized in healthy tissues which have low levels of ROS. Therefore, fine-tuning of the 

ROS sensitivity is needed to develop drug carriers that are stable in healthy tissues, but 

release payloads in tumor tissues associated with elevated ROS production.6

Here, we present thioether-containing polymeric micelles having different oxidation 

sensitivities (Figure 1). Since the oxidation of the thioether groups are expected to be 

dependent on the electronic and steric effects of the substituent groups attached to the 

sulfur atom, we hypothesize that the oxidation sensitivity of polymeric micelles can be 

controlled by designing amphiphilic block copolymers with different thioether pendant 

groups. We prepared polymeric micelles having different thioether groups and investigated 

their destabilization in the presence of H2O2 as well as in cancer and normal cells. 

Furthermore, these micelles were loaded with doxorubicin (Dox) to evaluate cytotoxicity 

of these micelles to demonstrate the potential applications in chemotherapy.
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EXPERIMENTAL SECTION

Determination of the oxidation rate of the thioether model compounds by H2O2 using the 

iodide oxidation assay.

The thioether model compound (1–3) were dissolved in 2.16 mL of 10% DMF/PBS (pH7.4) 

and mixed with 0.27 mL of H2O2 in PBS (pH7.4) to give final concentrations of 10 mM 

of the model compound and 0.003 wt% H2O2. The solution was kept at 20°C and at the 

indicated time points, 0.2 mL of the solution was withdrawn and mixed with 0.2 mL of a 

1000 mM NaI solution in 10% DMF/Phosphate buffered saline (PBS, pH7.4). After reacting 

for 15 min, the samples were transferred to a quartz cuvette and the absorbance at 350 nm 

due to the I3
−  anion formed by oxidation of the I− anion by remaining H2O2 was measured. 

The amount of unreacted H2O2 % remaining H2O2  was calculated as follows:

% Remaining H2O2 = Abs of sample
Abs of nontreated sample × 100 (Eq. 1)

After collecting the last data points, the thioether model compound/H2O2 solutions (2.7 mL) 

were lyophilized and the residue was extracted with CHCl3 (4 mL total). After removing 

solvent in a flow of air and drying under vacuum at 40°C, the residue was dissolved in 

deuterated chloroform to measure 1H NMR (Figure S1). 1H NMR spectra were in agreement 

with those of the oxidized model compounds (4-6).

Molecular Modeling.

Density functional theory (DFT) calculations were performed using the Vienna ab 

initio simulation package (VASP).25 The generalized gradient approximation GGA-PBE26 

functional was used to account for electron exchange-correlation effects. The projector 

augmented wave (PAW) method27 was used to represent the ionic cores. All the calculations 

were spin polarized. The energy cutoff for the plane wave function was 400 eV. The break 

condition for self-consistent interaction is 1 × 10−6. Ionic relaxation was stopped when the 

forces on all atoms were smaller than −0.02 eV/Å. The Γ k-point was employed throughout 

entire DFT calculations.

TPAM (1), TMAM (2), and TPhAM (3) and their corresponding oxidized products (4–6) 

were placed in a large box of 25×25×25 Å3 for geometry optimization as shown in Figure 

S2. The vibrational frequencies were obtained based on the simple harmonic approximation 

of the optimized molecular structures. The S-O bond stretching modes were corroborated 

by FT-IR spectroscopy. Bader charge analysis28 of the S atom in Compounds 1–3 was also 

performed to evaluate their nucleophilicity.

Polymer synthesis Poly(pentafluorophenyl acrylate) homopolymer (PPFPA, 7).

PPFPA polymer (7) was synthesized by RAFT polymerization of pentafluorophenyl 

acrylate (PFPA) using azobisisobutyronitrile (AIBN) as the initiator and 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid as the chain transfer agent (CTA). 

PFPA (914.4 mg, 3.84 mmol), CTA (28.0 mg, 0.0768 mmol), and AIBN (1.26 mg, 0.00768 
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mmol) were dissolved in 1,4-dioxane (Total volume: 3.8 mL). The clear yellow solution 

was deoxygenated by five freeze-pump-thaw cycles under an inert atmosphere of argon and 

placed in an oil bath at 60°C. After 24 h, the reaction was stopped by cooling in liquid 

nitrogen and exposing to air. The clear yellow solution was added dropwise to 80 mL of 

EtOH to precipitate the polymer. The polymer was collected by filtration, washed with 

EtOH (3 x 25 mL) and dried under reduced pressure to yield a yellow solid (677.7 mg, 

72%). The polymer was characterized by 1H NMR (Figures S3) and GPC. The degree of 

polymerization was calculated to be 52 by 1H NMR.

Poly(N-acryloyl morpholine)-PPFPA diblock copolymer (PAM-PPFPA, 8).

PAM-PPFPA polymer (8) was synthesized by RAFT polymerization of N-acryloyl 

morpholine (AM) using AIBN as the initiator and PPFPA polymer (7) as the macro CTA. 

AM (282.3 mg, 2 mmol), Polymer 7 (253.5 mg, 0.02 mmol) and AIBN (0.328 mg, 0.002 

mmol) were dissolved in 1,4-dioxane (Total volume: 2 mL). The clear yellow solution was 

deoxygenated by five freeze-pump-thaw cycles under an inert atmosphere of argon and 

placed in an oil bath at 60°C. After 24 h, the reaction was stopped by cooling in liquid 

nitrogen and exposing to air. The clear yellow solution was added dropwise to 40 mL of 

Et2O to precipitate the polymer. The polymer was collected by filtration, washed with Et2O 

(3 x 15 mL) and dried under reduced pressure to yield a yellow solid (449.9 mg, 84%). The 

polymer was characterized by 1H NMR (Figure S4), 19F NMR (Figure 4) and GPC. The 

degree of polymerization was calculated to be 97 by 1H NMR.

CTA end group removal from PAM-PPFPA via radical-induced reduction (Polymer 9).

The CTA end group was removed by radical-induced reduction.29 Polymer 8 (393 mg, 

0.0146 mmol), tris(trimethylsilyl)silane (18.1 mg, 22.3 μL, 0.0728 mmol) and AIBN (4.8 

mg, 0.0291 mmol) were dissolved in 1.5 mL of 1,4-dioxane. The clear yellow solution 

was deoxygenated by five freeze-pump-thaw cycles under an inert atmosphere of argon and 

placed in an oil bath at 70°C. After 24 h, the reaction was stopped by cooling in liquid 

nitrogen and exposing to air. The colorless solution was added dropwise to 30 mL of Et2O to 

precipitate the polymer. The polymer was collected by filtration, washed with Et2O (3 x 10 

mL) and dried under reduced pressure to yield a white solid (346.7 mg, 88%). The polymer 

was characterized by 1H NMR (Figure S5) and GPC. Polymers 10–12. A typical procedure 

to prepare TP polymer (10) is as follow: Polymer 9 (41.4 mg, 82.5 μmol of PFPA groups) 

was dried at 40 °C under vacuum for 5 h in a reaction vial with a septum cap and dissolved 

in 2 mL anhydrous DMF followed by the addition of TP-NH2 (43 mg, 46 μL, 412 μmol). 

After three evacuate-purge cycles under inert atmosphere of argon, the solution was placed 

at 50 °C for 24 h. The solution was cooled to room temperature and added dropwise to 40 

mL of Et2O to precipitate the polymer. The polymer was collected by filtration, washed with 

Et2O (3 x 10 mL) and dried under reduced pressure. The crude product was dissolved in 1 

mL THF and kept at −20°C for 24 h. The pentafluorophenol (PFP)-amine salt, which had 

precipitated out from the solution, was removed by filtering through a plug of glasswool. 

The clear solution was added dropwise to 10 mL Et2O to precipitate the polymer. The 

polymer was collected by filtration and dried under reduced pressure. For synthesis of TPh 

polymer (12), 1 eq. of TEA relative to TPhꞏHCl was added to deprotonate the amino 
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group. The polymers were characterized by 1H NMR (Figures S6–8), 19F NMR (Figure 4) 

and FT-IR.

Polymers 13–15.

Polymer 9 was dried at 40 °C under vacuum for 24 h. Polymer 9 was dissolved in anhydrous 

DMF at 15 mg/mL, followed by the addition of FITC-NH2ꞏTFA (16) (0.05 eq. relative 

to PFPA group) and TEA (1 eq. relative to 16). After three evacuate-purge cycles under 

inert atmosphere of argon, the solution was placed at 50 °C. After 24 h, thioether amines (2 

eq. relative to PFPA groups) were added to the reaction mixture under argon. For synthesis 

of TPh/FITC polymer (15), 1 eq. of TEA relative to TPhꞏHCl was added to deprotonate 

the amino group. After three evacuate-purge cycles under inert atmosphere of argon, the 

solution was placed at 50 °C for 24 h. The polymer was isolated from unreacted FITC-

NH2, thioether amines and the PFP-amine salt by Sephadex LH-20 size exclusion column 

chromatography (column diameter: 13 mm, length: 250 mm) using DMF as the eluent. The 

absorbance at 280 nm of each fraction was measured. The fractions containing polymer were 

combined, diluted 2x with distilled water and dialyzed (RC membrane, MWCO 3.5kDa) 

against 1 L of distilled water for 2 d, with regularly replacing the water. Polymers were 

recovered by lyophilization.

Micelle preparation.

Polymers 10–15 were dissolved in NMP at 50 mg/mL and added dropwise to distilled 

water under stirring (Volume fraction (v/v) of NMP=10%. Final concentration of polymer: 

5 mg/mL). After stirring for 1 d at room temperature, the solution was dialyzed (Dialysis 

cassette, MWCO 2kDa) against 1 L of distilled water for 2 d. The dialysis water was 

replaced regularly. The micelles were characterized by DLS, GPC-MALLS (Eluent: PBS, 

pH7.4) and cryoTEM. To determine the micelle concentrations after dialysis, 0.5 mL of the 

micelle solution was lyophilized and the amount of polymer was determined gravimetrically.

Change in size distribution of the micelles in the presence of H2O2.

The micelles 10-12 were mixed with H2O2 in PBS and incubated at 37°C for 24 h. The size 

distribution of the micelles was measured by DLS.

Fluorescence recovery measurement of the micelles containing self-quenched 
fluorophores in the presence of H2O2.

The micelle solutions (13-15) were mixed with H2O2 in PBS (100 mM, pH 7.4) containing 

10 mM EDTA in a 96 well plate (Micelle concentration: 0.05 mg/mL). The plate was 

sealed with a plate sealer and incubated at 37°C in the dark. At the indicated time points, 

fluorescence intensities (FI) (λex = 490 nm, λem = 520 nm) of the samples were measured using 

a microplate reader. The percent increase in FI of the micelles was calculated as follows:

% Flurosecence recovery =
FI of H2O2 treated − FI of nontreated  × 100

Max . FI of H2O2 treated at 100 mM − FI of nontreated 
(Eq. 2)
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Cell Culture.

Human liver cancer HepG2 cells were cultured in MEM supplemented with 10% fetal 

bovine serum and 100 U/mL penicillin- 100 μg/mL streptomycin (P/S, 100 U/mL - 100 

μg/mL) in a 5% CO2 incubator at 37 °C. Human umbilical vein endothelial cells (HUVECs) 

were cultured in Medium 200 supplemented with LSGS and P/S (10 U/mL penicillin - 10 

μg/mL) in a 5 % CO2 incubator at 37 °C.

Fluorescence recovery of the micelles containing self-quenched fluorophores in cells.

HepG2 cells and HUVECs were seeded in quadruple well glass-bottom dishes (HepG2: 1.0 

x 104 cells/well, HUVEC: 5.0 x 103 cells/well). For HUVEC, the glass bottom dish was 

coated with 5% GFR Matrigel/Dulbecco’s PBS for 30 min at 37°C and washed with PBS 

prior to cell seeding. After culturing for 1 d, the medium was replaced with 100 μL/well of 

fresh culture medium (phenol-red free) containing the micelles 13-15 at 0.5 mg/mL. After 

culturing for 1 d, the medium was replaced with 100 μL/well of fresh medium containing 

the Hoechst 33342 dye (HepG2: 8 μM, HUVEC: 0.8 μM). Cells were incubated for 5 min 

at room temperature and observed by CLSFM. The images were analyzed using Image 

J software to evaluate the increase of the fluorescence intensity within cells. The mean 

fluorescence intensity was calculated by subtracting the mean fluorescence intensity of the 

background (non-cell area).

Preparation of Dox-loaded micelles.

DoxꞏHCl was dissolved in DMSO at 10 mM and 100 μL of this solution was mixed with 

10 μL of 100 mM TEA/DMSO to deprotonate Dox. This solution (38.5 μL) was mixed 

with 5 μL of 100 mg/mL Polymer 10-12 /NMP solution and 6.5 μL of DMSO, and added 

dropwise to 450 μL of distilled water under stirring. After stirring in the dark for 1 d at room 

temperature, the solution was transferred to a dialysis cassette (MWCO 2kDa) and dialyzed 

against 1 L of distilled water for 2 d. The dialysis water was replaced regularly. The solution 

was centrifuged to remove dark red aggregates. The supernatant was collected and stored at 

−20°C.

Determination of Dox concentration.

The Dox-loaded micelle solution (10 μL) was lyophilized and redissolved in 10 μL of 

DMSO. The absorbance at 500 nm was measured (n=3). The concentration of Dox in the 

micelle solutions was determined using a standard curve of Dox, which was prepared by 

dissolving deprotonated Dox (DoxꞏHCl mixed with 1 equivalent of TEA) in DMSO at 

different concentrations.

Cytotoxicity of Dox-loaded micelles.

HepG2 cells and HUVECs were seeded in a 96-well plate (HepG2: 5.0 x 103 cells/well, 

HUVEC: 3.0 x 103 cells/well) and cultured for 1 d. After the medium was replaced with 

50 μL/well of fresh medium containing the Dox-loaded micelle solution (10 vol%) or 

DoxꞏHCl/DMSO (1 vol%), the cells were cultured for 3 d in a CO2 incubator. The medium 

was replaced with 100 μL of 0.5 mg/ml of MTT in medium. The cells were cultured for 5 

h and the formazan crystals were dissolved in 100 μL/well of 100 mg/mL sodium dodecyl 
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sulfate (SDS) solution in 0.01 M HCl (aq). The absorbance at 570 nm was measured using 

a microplate reader and metabolic activity was expressed as % of the absorbance of the 

nontreated samples. The half maximal inhibitory concentration IC50  was determined using a 

two-parameter logistic regression model:

% Metabolic activity = 100
1 + C

IC50

n (Eq. 3)

where C is the Dox concentration and n is the Hill coefficient.

RESULTS AND DISCUSSION

Effect of chemical structure on oxidation of thioether model compounds.

Thioethers are known to be oxidized by biologically relevant oxidants such as hydrogen 

peroxide H2O2 . The proposed mechanism of thioether oxidation by H2O2 involves the 

transfer of oxygen by nucleophilic attack of the sulfur atom onto H2O2.30 Therefore, it is 

expected that the oxidation sensitivity of thioethers depends on the nucleophilicity of the 

sulfur atom, which can be fine-tuned by changing the substituent groups.

To test this hypothesis, we prepared three different thioether amide compounds, 

3-methylthiopropylamide (TPAM, 1), thiomorpholine amide (TMAM, 2), and 4-

(methylthio)benzylamide (TPhAM, 3) (Scheme 1, see experimental details in the supporting 

information), and investigated their oxidation by H2O2. We first confirmed the formation of 

the corresponding oxidized product(s) after reacting the model compounds with H2O2 for 28 

h for 1 and 2 and 7 d for 3 at 25°C. As shown by 1H NMR (Figures 2a and d), 1 was 

oxidized to the sulfoxide and partially the sulfone (TPAM-SO, 4) by H2O2. Similarly, the 

formation of the sulfoxide and sulfone (TMAM-SO, 5) was observed for 2 (Figures 2b and 

e). In the case of 3, only the sulfoxide (TPhAM-SO, 6) was detected (Figures 2c and f). 

Furthermore, FT-IR analysis showed the sulfoxide S=O stretching vibration at 1000–1050 

cm−1 for 4-6 as well as the sulfone S=O stretching vibration at 1100–1150 cm−1 for 4 and 5 
indicating that the thioethers were oxidized to sulfoxides and, in part, sulfone (Figures 2g–i). 

According to DFT calculations, the vibrational frequencies for the S=O stretching in the 

sulfoxide species 4-6 are 1066 cm−1, 1049 cm−1, and 1072 cm−1, respectively. These values 

agree rather well with values determined experimentally by FT-IR, and thus confirming the 

formation of sulfoxides.

The oxidation reaction of 1-3 was followed by measuring the remaining H2O2 at the indicated 

time points using the iodide oxidation assay.31 In the presence of 1, H2O2was consumed 

completely within 20 h (Figure 3). The oxidation of 3 was much slower and 40% of H2O2

was remaining after 48 h. This might be due to the electron withdrawing effect of the phenyl 

group, which decreases electron density on the sulfur atom and lower its nucleophilicity 

thereby slowing down the oxidation by H2O2. On the other hand, 2 showed intermediate 

reactivity with 10% of H2O2 remaining after 48 h. Since the nucleophilicity of the sulfur 

atom is expected to be similar for 1 and 2, the slower oxidation of 2 seems to be related 

to the steric effect of the ring structure. Furthermore, 1H NMR of the samples after 48 
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h showed the formation of the corresponding oxidized species under this experimental 

condition (Figure S1).

To evaluate the contribution of the nucleophilicity of thioethers to the oxidation sensitivity, 

we performed Bader charge analysis on the sulfur atom of these model compounds (Table 

1). As for the linear thioether compounds (1 and 3), the thioether compound with a more 

negatively charged sulfur atom of 1 accelerates oxidation (Figure 3), which is in agreement 

with the mechanism proposed for thioether oxidation, where nucleophilic attack of the sulfur 

atom on an oxygen atom of H2O2 leads to the formation of sulfoxide.30 On the other hand, 

while the charge on the sulfur atom in 2 was higher than that of 1, the oxidation of 2 was 

slower than that of 1. This unexpected result may relate to its cyclic structure. It has been 

reported that one of the key steps of thioether oxidation is the formation of a thioether-H2O2

adduct, which is affected by both electronic and steric effects of the substituent groups.32 

Considering the ring strain of 2, it is possible that the formation of this intermediate is 

less favored compared to 1, thereby slowing down its oxidation. In addition, accessibility 

of these hydrophobic thioethers in an aqueous environment may also play a role in the 

observed oxidation sensitivity. Estimated logP values, a measure of the hydrophobicity of a 

compound, for the model compounds supports this hypothesis.

Synthesis of thioether-conjugated diblock copolymers.

Encouraged by the model compound results, we designed amphiphilic diblock 

copolymers consisting of a hydrophilic poly(N-acryloyl morpholine) (PAM) block 

and a hydrophobic block having different thioether groups as shown in Scheme 

2. We first synthesized a poly(pentafluorophenyl acrylate) polymer (PPFPA, 7) 

by reversible addition-fragmentation chain transfer (RAFT) polymerization using 2-

(dodecylthiocarbonothioylthio)-2-methylpropionic acid as the chain transfer agent (CTA). 

Polymer 7 was used as the macro CTA to synthesize the PAM-PPFPA diblock copolymer 

8. The obtained polymers had narrow size distributions with Mw/Mn below 1.02 (Table 2, 

Figure S9). The trithiocarbonate end group of 8 was removed by radical-induced reduction 

to yield Polymer 9. Successful removal of the end group was confirmed by the absence of 

the peak due to the CTA group in the 1H NMR spectrum (Figure S5) and the absorbance 

at 310 nm in the GPC elution profile (Figure S9f). Polymer 9 was modified with amine-

containing thioether compounds by substituting the pentafluorophenyl ester group to form 

amides,33–34 yielding TP (10), TM (11) and TPh (12) polymers. Successful conjugation 

of the thioether amines was confirmed by the absence of C-F stretching vibration (1000 

cm−1), C=C stretching vibration of the aromatic ring (1510 cm−1), and C=O stretching 

vibration of activated ester group (1780 cm−1) in the FT-IR spectra and the absence of the 

pentafluorphenyl ester peaks in the 19F spectra (Figure 4). The degree of the thioether group 

conjugation was determined by 1H NMR (Figure S6–8).

Preparation of the thioether-containing micelles.

The micelles were prepared from the thioether-conjugated diblock copolymers (10-12) by 

self-assembly in water. The size distributions of the self-assembled structures were measured 

by DLS and GPC-MALLS (Table 3, Figure S10). TP (10) polymer formed two populations 

(about 10 and 100 nm) as shown by DLS. Contrary, TM and TPh polymers (11 and 12) 
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formed monodisperse micelles with diameters (Dh) of 25 and 35 nm, respectively. GPC-

MALLS analysis revealed that TM and TPh micelles are composed of 67 and 99 polymers. 

As for TP micelles, we observed two peaks at around 6 and 10 min as shown in Figure S10a. 

The weakly aggregating behavior of TP micelles may be related to the less hydrophobic 

nature of TP as suggested by the calculated logP values for the model compounds (Table 

1). Due to the heterogeneous size distribution of TP micelles, we were unable to determine 

the molar mass by MALLS and estimated the molecular weight of the peak maxima (Mp) 

using the protein standard (Figure S10a and d). Furthermore, we examined the morphology 

of the micelles by vitrifying solutions prior to cryoTEM imaging, which confirmed the 

formation of monodisperse spherical structures from TM and TPh polymers (Figure 5b, c). 

TP polymers, on the other hand, show heterogeneous aggregates (Figure 5a).

Destabilization of the micelles via thioether oxidation by H2O2.

We tested whether the oxidation of the thioether groups leads to destabilization of the 

micelles. The micelles were incubated with H2O2 in PBS at 37°C for 1 d and measured 

by DLS (Figure 6). The intensity of the scattered light of TP micelles decreased when 

treated with H2O2 at as low as 0.0003 wt%, showing dissociation of the micelles in the 

presence of H2O2. As for TM micelles, while no clear change was observed at 0.0003 wt% 

of H2O2, the scattered light intensity significantly decreased at > 0.03 wt% of H2O2. In 

addition to the decrease in the scattered light intensity, the formation of large structures of 

sub micrometer was observed, which seems to be due to the aggregation of the partially 

oxidized/destabilized micelles. TPh micelles were more stable than TM micelles and the 

effect of H2O2 was only observed at 0.3 wt% or higher. Similar to TM micelles, TPh micelles 

also formed larger aggregates upon the addition of H2O2. Furthermore, to show that micelle 

dissociation was induced by the oxidation of the thioether groups, the presence of the 

corresponding sulfoxide/sufone was confirmed by FT-IR. As shown in Figure 7, the S=O 

vibrations of the oxidized species were observed for TP, TM, and TPh micelles treated with 

3 wt% H2O2 for 24 h.

Destabilization of thioether-containing micelles in cells.

To monitor the destabilization of the micelles under physiologically relevant conditions, 

we synthesized Polymer 13-15 (Figure 8a) and prepared micelles containing self-quenched 

fluorescein isothiocyanate (FITC) fluorophores in the micelle core. The intact micelles are 

expected to be non-fluorescent due to self-quenching of FITC, whereas dissociation of the 

micelles will cause a recovery of fluorescence.35

The micelles were incubated in 0.3 wt% H2O2 at 37°C, and the fluorescence recovery of the 

micelles was monitored (Figure 8b). A rapid increase of fluorescence intensity was observed 

for the TP/FITC micelles, which reached a plateau after 2 h. The TM/FITC micelles showed 

a slower fluorescence increase compared to the TP/FITC micelles and complete dissociation 

was observed after 9 h. Furthermore, much slower fluorescence recovery was observed for 

the TPh/FITC micelles, which required 50 h for complete dissociation. These results are 

in good agreement with the reactivity trend of the thioether model compounds towards 

H2O2 oxidation (Figure 3). We also repeated the same experiment using H2O2 at lower 
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concentrations. As shown in Figures 8c and S11, the fluorescence recovery of the micelles 

was slowed down significantly by lowering the H2O2 concentrations. At all concentrations, 

TP micelles showed the fastest fluorescence recovery followed by TM and TPh micelles.

We next evaluated the destabilization of the thioether/FITC-containing micelles in human 

liver cancer cells (HepG2) and human umbilical vein endothelial cells (HUVECs). It is 

known that the ROS production is upregulated in cancer cells compared to normal cells.38–41 

Therefore, we hypothesized that the micelles would be destabilized in the presence of 

HepG2 cells but be more stable in the presence of HUVECs.

Cells were treated with the thioether/FITC-containing micelles and observed by CLSFM at 

different time points (Figure 9a–h). The fluorescence intensity within cells was quantified 

using Image J software (Figure 9i, j). The bright fluorescence spots due to the destabilized 

micelles were observed in both HepG2 cells and HUVECs treated with TP/FITC micelles. 

This result indicates that TP/FITC micelles are destabilized in both cancer and normal 

cells. On the other hand, TM/FITC micelles, fluorescence was clearly observed in HepG2 

cells but not in HUVECs showing the cancer cell-specific destabilization of these micelles. 

Furthermore, the increase in fluorescence intensity was not observed in both cell lines 

treated with TPh/FITC micelles, which aligns with the low oxidation sensitivity of TPh 

micelles.

Cytotoxicity of the Dox loaded micelles.

To explore the potential application of the micelles for drug delivery applications, we 

encapsulated the anticancer drug doxorubicin (Dox) in the micelles to evaluate their 

functions as drug carriers. Dox and the Polymers 10-12 (1:5 by weight) were mixed in 

N-methyl pyrrolidone (NMP) and added dropwise to water to prepare Dox-loaded micelles. 

After unencapsulated Dox was removed by dialysis, the amount of Dox loaded in the 

micelles was quantified by UV-Vis spectroscopy. The weight fraction of Dox in the Dox-

loaded micelles was 8.5 –10.8 wt% as shown in Table S1.

The cytotoxicity of the Dox-loaded micelles was evaluated in HepG2 cells and HUVECs 

by MTT assay and the IC50 values were determined (Figure 10 and Table 4). At the 

concentrations tested micelles alone did not affect cell viability as shown in Figure 

S12. To evaluate the relative cytotoxicity in HepG2 cells over HUVECs, the IC50 ratios 

IC50 HUVEC /IC50 HepG2 , where a higher IC50 ratio means enhanced toxicity in HepG2 cells and/or 

reduced toxicity in HUVECs, were calculated. The Dox-loaded TP micelles showed a 

similar IC50 ratio with Dox alone, indicating that encapsulation of the Dox does not improve 

selectivity towards cancer cells. On the other hand, the IC50 ratio of the Dox-loaded TM 

micelles was much higher than that of Dox alone showing that TM micelles enhances 

toxicity of Dox in HepG2 cells relative to HUVECs. Furthermore, the Dox-loaded TPh 

micelles showed a low IC50 ratio, which might be due to the high stability of TPh micelles 

that prevents release of a sufficient amount of Dox to HepG2 cells. These results clearly 

show that TM micelles, which exhibit moderate ROS sensitivity, seems to be the most 

promising drug carrier to expand the therapeutic window of Dox.
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CONCLUSION

We herein report thioether-containing polymeric micelles with different oxidation 

sensitivities. The effect of substituent groups on the H2O2 oxidation of thioether was first 

investigated using different thioether model compounds, 3-methylthiopropylamide (TPAM), 

thiomorpholine amide (TMAM), and 4-(methylthio)benzylamide (TPhAM). TPAM showed 

much faster oxidation than TPhAM, which contains a less nucleophilic sulfur atom, 

according to Bader charge analysis. On the other hand, the cyclic thioether TMAM with 

a slightly higher charge density than TPAM exhibited slower oxidation than TPAM, but 

faster than TPhAM. These results indicate that both electronic and steric effects contribute 

to the oxidation rate of thioethers. A similar trend was observed for the polymeric micelles 

containing these thioether groups (TP, TM, and TPh micelles). The effect of the oxidation of 

thioether groups on the micellar structures was confirmed both in the presence of H2O2 and 

human liver cancer HepG2 cells, which produce elevated levels of ROS. The destabilization 

rate in response to H2O2 was fastest for TP micelles followed in order by TM and TPh 

micelles. Furthermore, cytotoxicity of the Dox-loaded thioether-containing micelles was 

investigated to explore the potential applications in chemotherapy. Among the micelles, TM 

micelles significantly increased toxicity of Dox in HepG2 cells but protected normal cells 

(HUVECs) from Dox cytotoxicity. These results clearly show that fine-tuning oxidation 

sensitivities of the thioether groups is a promising approach for rationally designing cancer-

targeted drug delivery systems that release drugs in cancer tissues under oxidative stress but 

remain stable in healthy tissues.
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ABBREVIATIONS

PAM poly(N-acryloyl morpholine)

PPFPA poly(pentafluorophenyl acrylate)

TPAM 3-methylthiopropylamide
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TMAM thiomorpholine amide

TPhAM 4-(methylthio)benzylamide

ROS reactive oxygen species
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Figure 1. 
Oxidation-sensitive polymeric micelles based on thioether groups with fine-tuned oxidation 

sensitivities for site-specific drug release in cancer tissues that exhibit elevated reactive 

oxygen species (ROS) levels.
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Figure 2. 
Characterization of the thioether model compounds and their oxidized product(s). The 

model compounds (1-3) were incubated with H2O2 (1 equiv.) at 25°C for 28 h for TPAM 

and TMAM and 7 d for TPhAM to yield the corresponding oxidized species (4-6). 1H NMR 

spectra of (a) TPAM 1, (b)TMAM 2, (c) TPhAM 3, (d) TPAM-SO 4, (e) TMAM-SO 5, and 

(f) TPhAM-SO 6. *: signals due to the sulfone. #: signals from unreacted 3. FT-IR spectra of 

(g) 1 and 4, (h) 2 and 5, and (i) 3 and 6.
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Figure 3. 
Oxidation rate of the thioether model compounds (1-3). H2O2 consumption upon the addition 

of the model compounds was monitored in 100 mM PBS (pH 7.4) at 20°C by the iodide 

oxidation assay. Model compounds: 10 mM. H2O2: 0.003 wt%. n=3.
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Figure 4. 
(a) FT-IR spectra and (b) 19F NMR of Polymers 7, 8, 10, 11 and 12.
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Figure 5. 
Cryo-TEM image of the micelles. (a) TP, (b) TM, (c) TPh. Scale bars: 100 nm.
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Figure 6. 
Change in size distribution of the thioether-containing micelles upon oxidation. The micelles 

were incubated with H2O2 at different concentrations in PBS at 37°C for 24 h and the size 

distribution of the micelles was measured by DLS. (a) TP, (b) TM, (c) TPh micelles.
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Figure 7. 
FT-IR spectra of thioether-containing micelles before (blue) and after H2O2 treatment (red). 

The micelles were incubated with 3 wt% H2O2 at 25°C for 24 h. (a) TP, (b) TM, and (c) TPh 

micelles.
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Figure 8. 
Destabilization of the micelles in the presence of H2O2 as detected by the fluorescence 

recovery assay. (a) Chemical structure of the thioether/FITC-conjugated polymers 13-15. 

The micelles prepared from these polymers contain self-quenched FITC groups within the 

core. The fluorescence of the FITC groups is recovered upon the destabilization of the 

micellar structure. (b) Fluorescence recovery of self-quenched FITC fluorophores caused 

by the destabilization of the micellar structures. The TP/FITC, TM/FITC and TPh/FITC 

micelles were incubated with 0.3 wt% H2O2 in PBS at 37°C and the fluorescence intensity 

(λex = 490 nm, λem = 520 nm) was measured at different time points. TP/FITC: triangles, TM/

FITC: diamonds, TPh/FITC: squares. n=3. (c) Time required for 30% fluorescence recovery 

of the micelles in the presence of H2O2 at different concentrations.
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Figure 9. 
Destabilization of the thioether/FITC-containing micelles in (a-d) HepG2 cells and (e-h) 

HUVECs. Cells were treated with the micelles for 24 h and the increase in the fluorescence 

intensity of the micelles due to dissociation was observed by CLSFM. (a, e) No treatment, 

(b, f) TP/FITC, (c, g) TM/FITC, (d, h) TPh/FITC micelles Left panel: DIC, Right panel: 

Hoechst 33342 (nucleus, blue) and FITC (yellow), Scale bars: 50 μm. (i, j) Intracellular 

fluorescence intensity in (i) HepG2 cells and (j) HUVECs after 1.5, 6, 24 and 48 h. The 

mean fluorescence intensity inside the cells was determined using Image J software. n=5.

van der Vlies et al. Page 24

Biomacromolecules. Author manuscript; available in PMC 2023 May 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 10. 
Cytotoxicity of the Dox-loaded micelles in (a) HepG2 cells and (b) HUVECs. Cells were 

cultured in the presence of Dox·HCl and Dox-loaded micelles for 3 d. Cell viability was 

measured by MTT assay. n=3.
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Scheme 1. 
Thioether oxidation. (a) Oxidation of thioethers to sulfoxides and sulfones by H2O2. (b) 

Chemical structures of the thioether model compounds.
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Scheme 2. 
Synthesis scheme of the thioether-conjugated block copolymers. (a) AIBN, 1,4-dioxane, 

60 °C, 24 h, (b) AIBN, 1,4-dioxane, 60 °C, 24 h, (c) tris(trimethylsilyl)silane, AIBN, 

1,4-dioxane, 70 °C, 24 h, (d) DMF, thioether amine, 50 °C, 24 h.
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Table 1.

Bader charge analysis on the sulfur atom and the estimated log P values of the model compounds.

Charge on S atom [e] LogP valuea

1 − 0.010 0.273

2 − 0.042 0.554

3 + 0.074 1.436

a
Calculated using Advanced Chemistry Development (ACD/Labs) Software V11.02
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Table 2.

Characterization of the thioether-containing block copolymers.

Entry n a m a Mn 
(NMR) 
[g/mol]

Mn (GPC) 
b 

[g/mol]

Mw (GPC) 
b 

[g/mol]

Mw /Mn b

PPFPA (7) 52 - 1.27 x 104 8.69 x 103 8.73 x 103 1.01

PAM-PPFPA (8) 52 97 2.64 x 104 2.34 x 104 2.38 x 104 1.02

a
Determined by 1H NMR.

b
Determined by GPC-MALLS (Eluent: THF)
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Table 3.

Characterization of the micelles prepared from thioether-conjugated polymers.

Entry x a Dh b

[nm]
PDI c Molar mass e

[g/mol of micelles]
Nagg g

TP (10) 38 10±4, 95±66 d - 7.6 x 104, 9.1 x 105 f 4, 44

TM (11) 36 25 0.15 1.4 x 106 67

TPh (12) 37 35 0.14 2.2 x 106 99

a
x: number of thioether groups per polymer as determined by 1H NMR.

b
Dh: Hydrodynamic diameter as determined from the cumulant fit (DLS).

c
PDI: Polydispersity index as determined from the cumulant fit (DLS).

d
Sample contains two populations. The hydrodynamic diameters of these populations were determined using the CONTIN analysis.

e
Molar mass (Mn) of the micelles as determined by GPC-MALLS (Eluent: PBS, pH7.4)

f
Molar mass of the peak maxima (Mp) was estimated based on the BEH200 SEC Protein Standard (see Figure S10).

g
Nagg: Aggregation number = Molar mass of micelles/Molecular weight of polymer.
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Table 4.

IC50 values of Dox and the Dox-loaded micelles in HepG2 cells and HUVECs as determined by MTT Assay.

Entry
IC50 μM

IC50 HUVEC /IC50 HepG2
HepG2 HUVEC

Dox 0.30 0.031 0.10

Dox/TP 0.087 0.0088 0.10

Dox/TM 0.024 0.012 0.49

Dox/TPh 0.51 0.035 0.069
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