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SUMMARY

The redox balance in tumor and diseased cells often leads to the
production of reactive oxygen species (ROS). Many ROS-responsive
materials based on sulfur oxidation have been reported with the
goal of achieving controlled delivery at the tumor. However, these
materials often lack responsiveness to low ROS concentrations
present in the tumor environment. To address this, we use organo-
catalysis to achieve an enhanced response of thioether-based nano-
carriers triggered by low concentrations of ROS. Using block copol-
ymer micelles that can disassemble through thioether oxidation
followed by ester hydrolysis, this work shows how an in-situ-formed
imine oxidation catalyst can enhance disassembly kinetics at low
millimolar hydrogen peroxide concentrations. The results show
that with organocatalysis, Nile Red-loaded micelles release their
cargo twice as fast compared to uncatalyzed conditions. This study
highlights the potential of organocatalysis as a valuable strategy
to enhance the responsiveness of biomarker-triggered delivery
systems.

INTRODUCTION

Oxidative stress is an imbalance of the reactive oxygen species (ROS) generated in

metabolic pathways.1–5 Such imbalance can be found in inflamed tissue and the tu-

mor microenvironment. There is a great interest in materials able to respond to

oxidative species such as H2O2, to target therapeutics to these tissues. Based on

this concept, several examples of ROS-responsive materials have been reported, us-

ing redox-sensitive elements ranging from sulfur or selenium to boron.6–12 Building

on the work of Hubbel and co-workers on the use of polythioether-based nanocar-

riers for targeted drug delivery in 2004,10 the conversion of hydrophobic thioethers

to hydrophilic sulfoxide upon reaction with H2O2 has been employed extensively to

trigger the disassembly of polymeric structures.13–15 Most of the thioether-bearing

systems that have been tested with submillimolar concentrations of H2O2 show

response times of many days and even weeks to achieve thioether oxidation and

nanocarrier destruction, which limits their applicability in biologically relevant condi-

tions (50–100 mM).16–19 Due to the slow oxidation kinetics of thioethers with H2O2,

even slightly reducing these timescales, while maintaining material stability and

encapsulation efficiency, can be very challenging. Cells commonly use enzymes

and enzymatic cascades to amplify these signals by catalytic turnover. Such strate-

gies can be useful to couple targeted drug delivery to the presence of biomarker sig-

nals.20–23 Low-molecular-weight organocatalysts could prove highly useful for this

purpose, as they are generally easy to make and use and are often far less toxic

than their transition-metal-based counterparts.24 Still, outside the realm of (enantio-

selective) synthesis of small-molecule targets, organocatalysis is only sparingly

applied, for instance to promote bond formation in polymer synthesis25–28 or in
Cell Reports Physical Science 4, 101547, September 20, 2023 ª 2023 The Authors.
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Figure 1. General concept of in situ imine formation used to catalyze the oxidation of PM16 micelles with H2O2

The conversion of thioether moieties to sulfoxides triggers the hydrolysis of the hydrophobic domain of the amphiphilic polymer, leading to

disassembly of the micelles.
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dynamic covalent networks.29,30 Here, we propose the use of organocatalysis to in-

crease the sensitivity of nanocarriers to ROS, enabling sulfur functionalized surfac-

tants to respond to low concentrations of H2O2 at reduced timescales.31,32 Despite

many successful examples of organocatalysis to accelerate the oxidation of small-

molecule thioethers with H2O2,
33–37 application of organocatalysis to augment

nanocarrier response has been greatly overlooked.

We recently reported block copolymer micelles that are able to degrade in the pres-

ence of H2O2 through the oxidation-triggered hydrolysis of their thioanisole-ester-

based micellar core.38 The conversion of a thioether into a more electron-with-

drawing group such as a sulfoxide triggers the hydrolysis of the adjacent ester,

unmasking the acrylate anion on the polymer backbone (Figure 1). This solubility

change in aqueous environment leads to the disassembly of the micelles. This logic

gate behavior enables the use of these micelles as nanocarriers for targeted delivery

and release systems. In this oxidation-hydrolysis cascade, the slow oxidation39 is the

rate-limiting step. For this reason, high concentrations of H2O2 are needed to

achieve a material response on an hour timescale.40 We found that these micelles

fully disintegrate within 2 h when elevated concentrations of H2O2 (600 mM) were

used. This timescale extended to 168 h for 2 mM H2O2 (2.2 equiv relative to the esti-

mated thioether units on the polymer). Similar to other thioether-based nanocarrier

systems, such high concentrations of H2O2 have limited clinical relevance, posing an

incentive to develop methods that will allow the acceleration of thioether oxidation

at lower concentration.

In the context of enhancing the response of ROS-triggered nanocarriers, we found

the prospect of using a simple organocatalyst highly appealing. For this purpose,

we had to develop an organocatalyst for the oxidation of thioethers with hydrogen

peroxide. In the 1950s, Emmons studied the synthesis and stability of oxaziridines as
2 Cell Reports Physical Science 4, 101547, September 20, 2023
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an alternative to organic peroxides,41 and subsequently, many other researchers

started to employ this oxidant as a catalyst in sulfoxidations.42–45 In 1994, the

Page group reported the oxidation of alkyl aryl sulfides, using a stoichiometric

amount of imine to activate H2O2.
46 The need of extra activating agents or bases

for in situ generation of oxaziridine in these methods discouraged its application

for oxidation under mild conditions.47 Still, based on previous work from our

group,48 we chose to investigate a synthetic two-component imine catalyst that

spontaneously forms from a mixture of PhCOCF3 and primary amines. PhCOCF3
can form an imine by reaction with amines, activating H2O2, likely through an oxazir-

idine-like intermediate. This species is more electrophilic than H2O2 alone due to the

electron-withdrawing ketone, and it is effective even in neutral conditions, which will

be important for use in biological environments. We considered the use of water-sol-

uble amines to increase the solubility of the hydrophobic PhCOCF3. The latter was

found to be the most promising ketone for the imine formation due to the strongly

electron-withdrawing CF3 group. We included -tBu functionalized amines in our

study considering that the presence of tert-butyl groups adjacent to the nitrogen

was shown to be important to ensure heterocycle stability.41

Based on these considerations, we here present a cooperative ketone/amine catal-

ysis to oxidize the thioether-based hydrophobic block of block copolymer surfac-

tants in the presence of H2O2 (Figure 1), leading to improved micelle disassembly

rates. This approach constitutes a step forward to obtain oxidation-triggered

drug-delivery and -release systems able to respond to H2O2 levels approaching

the concentrations produced in tumors and diseased tissue.
RESULTS AND DISCUSSION

Screening of ketone/amine catalysis for the oxidation of thioether ester

molecular model

Based on its efficient a-hydroxylation of b-ketocarbonyls,48 we investigated com-

bined ketone/amine catalysis to activate H2O2 for thioether oxidation.We first chose

4-(methylthio)phenyl acetate 1 (Figure 2A) as a molecular model of the ROS-respon-

sive moiety of the thioanisole-ester-based block copolymer micelles. We then

screened conditions for the oxidation of 1 with 1.5 equiv H2O2 using different cata-

lysts and solvents (Figure 2C). PhCOCF3 (3) was selected as ketone catalyst because

of its strongly electrophilic carbonyl group and its proven catalytic activity toward

thioether oxidation.49 Our experiments showed that ketone 3 was indeed funda-

mental to achieve the oxidation of 1 into the corresponding sulfoxide 2 (Figure 2C,

entries 2 and 3). When 3 was used with amine A1 as the catalytic system in the oxida-

tion of 1 with H2O2 in tert-butanol (tBuOH), we obtained 85% yield of 2 in 3 h (Fig-

ure 2C, entry 1). Under the same conditions, substituting A1 with A2 or A3 led to

yields of 65% (Figure 2C, entry 6) and 71% (Figure 2C, entry 7), respectively. Entries

8–11 report a decrease in the yields of 2 when the oxidation of 1 with H2O2 in the

presence of 3/A1 was carried in other solvents. The effect of the solvent can indeed

be decisive in sulfoxidation reactions,50 and tBuOH provided the best outcome in

our case. The use of 2 equiv H2O2 in the standard conditions afforded only 47% yield

of 2, caused by substantial overoxidation to the corresponding sulfone. The

oxidation to sulfone of the thioether units on the block copolymer would possibly

accelerate the hydrolysis of the ester and, consequently, the ROS-triggered micellar

disassembly. However, our ultimate objective is to achieve a response of thioani-

sole-ester-based micelles to very low H2O2 concentrations; therefore, increasing

the ratio of H2O2 to thioether was considered counterproductive to the aim of

this work.
Cell Reports Physical Science 4, 101547, September 20, 2023 3



Figure 2. Screening of ketone/amine catalysis for the oxidation of a thioether ester model

substrate

(A) Left: scheme of the standard reaction conditions used to test ketone/amine catalysis on the

oxidation of 4-(methylthio)phenyl acetate 1. Right: additional amino catalysts used in the study.

(B) Kinetic order plots for: standard condition (orange :), standard condition with the addition of

0.5 mL buffer (0.1 M PBS [pH = 6.95]) (blue d), and standard condition without the addition of 3

(red -).

(C) Obtained yield of 2 varying the standard condition.
aReactions were performed with 1 (0.2 mmol), A1 (20 mol %), 3 (20 mol %), and H2O2 (30 wt %,

0.3 mmol) in 0.5 mL tBuOH at room temperature in air for 3 h.
bThe yield was determined by GC analysis using n-dodecane as an internal standard (n.r., no

reaction).
cThe reactions were performed in toluene/dichloroethane (v/v 1:1).
dThe reaction was conducted for 8 h.
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Once we confirmed that the standard conditions provide the best performance for

the oxidation of 1, we pursued following the consumption of 1 by gas chromatog-

raphy (GC) (Figure 2B, orange) over time. We found that the reaction reached

completion after 5 h. This result was similar when 0.5 mL buffer (0.1 M phosphate-

buffered saline [PBS] [pH = 6.95]) was added (Figure 2B, blue), demonstrating that

the presence of aqueous buffer does affect the oxidation kinetics. In contrast, the

absence of 3 drastically decreased the rate of sulfoxidation (Figure 2B, red), meaning

that the presence of the ketone was fundamental to our system.

Despite the superior results obtained for the sulfoxidation of 1 using A1 as amino

catalyst, the acute toxicity of p-anisidine A1 discouraged us from employing it for

drug-delivery purposes. Therefore, in the investigation of H2O2-induced degrada-

tion of block copolymer micelles in the presence of the ketone/amine catalysts,

we mainly focused on the use of A2 and A3.

Synthesis and characterization of PM16 micelles

The block copolymer p(DMA130-b-MTPA16), abbreviated as PM16, was synthesized

via light-initiated reversible addition fragmentation chain transfer (RAFT) polymeri-

zation as we previously described.38 With 4-(methylthio) phenyl acrylate (MTPA)

as hydrophobic monomer and N,N-dimethylacrylamide (DMA) as hydrophilic

monomer, this amphiphilic polymer formed micelles in sodium phosphate buffer

(1 mg/mL in 100 mM PB [pH = 7.4]) with an average hydrodynamic diameter (DH)
4 Cell Reports Physical Science 4, 101547, September 20, 2023



Scheme 1. Ketone/amine catalysis of PM16 block copolymer micelle (6.7 mM thioether units)

oxidation by H2O2, followed by ester hydrolysis
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of 31.6 G 0.5 nm (Table S1), measured by dynamic light scattering (DLS). A polymer

concentration of 8 mg/mL afforded a DH of 27.3 G 0.3 nm (Table S1). This slight

decrease in PM16 micelle size for higher polymer concentrations is possibly caused

by multi-scattering registered by DLS in the presence of a higher number of

micelles.51

Ketone/amine-catalyzed H2O2-induced oxidation and hydrolysis of PM16

micelles

With themicelles and the optimized catalytic conditions in hand, the next step was to

study the impact of catalysis on the H2O2-induced oxidation and hydrolysis of the

thioether ester moieties on PM16. In neutral aqueous media, the formation of the

imine catalyst is disfavored over the separate ketone and amine components.24

Premixing PhCOCF3 and the amine was fundamental to ensure catalytic activity in

PM16 oxidation. The solution of 3/amine using either A2 or A3 (0.2, 0.3, and 1 equiv

compared to the estimated number of thioether functionalities) was added to PM16

(6.8 mg/mL) in PB/D2O 9:1 (Scheme 1). After the addition of 10 mM H2O2, the reac-

tion was followed at 37�C by 1H nuclear magnetic resonance (NMR) spectroscopy

over time. We analyzed process progression through the integration of the sharp ar-

omatic peaks of phenol 4 (Scheme 1; spectra section in the supplemental informa-

tion), which is the degradation product obtained from the polymer hydrolysis after

oxidation.38

The addition of 10 mM H2O2 to the micelles, in the absence of a catalyst, led to the

formation of 94% of 4 in 123 h (Figure 3A). A similar conversion was obtained when

0.2 equiv 3/A3 was added with H2O2 to the micelles, but now the conversion to 4

reached 50% (T1/2) within 25 h against the 39 h necessary without a catalyst present

(Figure 3B). Increasing the amount of 3/A3 catalyst to 0.3 equiv further reduced

the half-life time to 19 h. Using A2 together with 3 as catalysts in the H2O2-

triggered oxidation of the micelles led to T1/2 of �17 and 11 h when 0.2 and 0.3

equiv were used, respectively. Interestingly, for these catalytic conditions, we

observed sigmoidal profiles of the formation of 4, meaning that the degradation

mechanismmainly follows autocatalytic sulfoxidation and hydrolysis of the PM16mi-

celles.38,52,53 The dramatic improvement in the rate of PM16 oxidation and hydroly-

sis with higher amounts of 3/A2 brought us to push the system using 1 equiv of the

catalyst mixture. In this case, 96% of 4 formed in 24 h, reaching T1/2 in under 7 h (Fig-

ure 3B). Thus, with equal H2O2 concentrations, PM16 micelles degraded 5.5 times

faster with catalysis than in catalyst-free conditions. For all experiments with

0.2–0.3 equiv catalysts, the 1H NMR spectra at t = 0 showed substantially diminished

aromatic peaks of 3 (Figures S1 and S2), reaching an estimated integration corre-

sponding to less than 0.1 equiv even when the conversion to 4 was close to 100%

at t = 120 h. This observation suggests that 3 is first partially encapsulated in

PM16 micelles and then in the residual clusters of the hydrolyzed polymer chains.38

In contrast, the signals of the A2 were clearly visible in all the 1H NMR spectra
Cell Reports Physical Science 4, 101547, September 20, 2023 5



Figure 3. 1HNMR study of ketone/amine catalysis for the oxidation and hydrolysis of thioanisole-

ester-based micelles

(A) Conversion measured through 1H NMR spectroscopy of 4 after addition of 10 mM H2O2 to PM16

micellar solutions (6.8 mg/mL) in PB (100 mM [pH = 7.4])/D2O 9:1 at 37�C.
(B) Evaluation of the use of different ketone/amino catalyst conditions based on T1/2 of

1H NMR

conversion of 4.

(C) Comparison of the 1H NMR conversion of 4 in presence of 1 and 0.2 equiv 3/A2 with 1 and 0.2

equiv 3 in PM16 micelle degradation with 10 mM H2O2.

(D) Comparison of the 1H NMR conversion of 4 between the use of 0.2 equiv 3 with an excess of A2

versus an excess of A4 (10 equiv with respect to 3) in PM16 micelle degradation with 10 mM H2O2.

All curves are drawn as a guide for the eye. Error bars are the standard deviation of duplicate

experiments.

See also Figures S1–S4.
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(Figures S2 and S4), confirming that L-tert-leucine is well solubilized in the aqueous

phase. These observations suggest that the ketone and the amine continuously form

enough imine catalyst at the interface of the core and the corona of PM16micelles to

activate the H2O2 that surrounds the micelles.

To further investigate the role of the different catalysts into the PM16 micelle oxida-

tion and hydrolysis, we also studied the catalytic effect of having only 3 present (Fig-

ure 3C). After the addition of 10 mM H2O2 to the micellar dispersions, the T1/2 was

�7 and 17 h for, respectively, 1 and 0.2 equiv 3. Surprisingly, these results were

similar to those obtained when mixtures of 3 and A2 were used as catalyst. However,

at roughly around t = T1/2, the average conversion decreased compared to the com-

bined use of 3/A2, and large variance was observed for all data close to 90% conver-

sion of 4. Our interpretation here is that the kinetic profile would be heavily influ-

enced by the scarce solubility of 3 when the micelles gradually disassembled.
6 Cell Reports Physical Science 4, 101547, September 20, 2023
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H2O2 activation by 3 is well known,49,54,55 but in neutral conditions, the formation of

the corresponding dioxirane is considered unfavorable.55–57 Possibly, PhCOCF3 ac-

tivates H2O2 by forming the corresponding perhydrate. However, this perhydrate is

a metastable compound that continuously reverts to PhCOCF3 and H2O2.
58 When at

t = T1/2 more than 0.5 equiv H2O2 was consumed, the formation of the perhydrate

became progressively less favored. In addition, the first part of the kinetic profile

in the presence of 0.2 equiv 3 compares well with that in the presence of 0.3 equiv

3/A3 (Figure S3). However, after 24 h, the conversion to 4 slowed down, aligning

with the profile obtained with 0.2 equiv 3/A3. For 3/A3, we noticed that the 1H

NMR signal at 0.97 ppm (the tert-butyl group of A3) completely disappeared after

18 h (Figure S1). This observation suggests that A3 was not present in the system af-

ter that time point, resulting in 3 remaining as the only catalytic species. Likely, the

nucleophilic secondary amine group of A3 substituted compound 4 on the ester

moiety of the polymer, leading to a decrease of [A3] available for catalysis. This un-

desired effect is prevented by using A2 because the primary amine is not nucleo-

philic enough to attack the carbonyl moiety of the ester in neutral conditions.59 In

fact, [A2] appeared to be constant over time (Figure S2) under the applied condi-

tions. These observations explain the catalytic superiority of A2 over A3 and also

the improved control and reproducibility compared to the exclusive use of 3.

To confirm that A2 does not act as a phase-transfer catalyst, we synthesized N,N-

dimethyl tert-leucine A4, a tertiary amine that is not able to form the imine with 3

but may have influence on the solubility of the ketone. In the micellar degradation

studies, we chose to have the amine 10 times in excess compared with the ketone

to push the imine formation. We conducted these experiments with 0.2 equiv 3 to

have the conversion profile of 4 with only 0.2 equiv ketone as reference and, at

the same time, to avoid an extreme excess of charged species (both A2 and A4)

that could destabilize the micellar system. In Figure 3D, we show how the use of

1:10 3/A4 produced a profile in line with that obtained in the presence of only 0.2

equiv 3. Here, the use of A4 led to lower variance in the data. This effect confirms

the assumption that once most of the micelles are disassembled, the catalytic activ-

ity of the ketone is influenced by its solubility in solution. The oxidation catalyzed by

1:10 3/A2 compared with that in the presence of 0.2 equiv 3 and of 1:10 3/A4

showed almost 2-fold faster formation of 4 as well as higher conversion (98% against

90%–94%). Moreover, with only 0.2 equiv 3 but a large excess of A2, we obtained a

conversion profile similar to the one with 0.3 equiv 1:1 3/A2. This dependency on the

ratio 3/A2 confirms the formation of the imine. Here, despite the fact that the imine

formation is disfavored in aqueous environment, an excess of the amine can pro-

mote this equilibrium and then activate H2O2, likely through an oxaziridine interme-

diate (Scheme 2).

Morphological study of ketone/amine-catalyzed H2O2-induced oxidation and

hydrolysis of PM16 micelles

After demonstrating that the cooperative catalysis between the ketone and the

amine of H2O2 can enhance PM16 micelle oxidation and subsequent hydrolysis,

we then pursued studying how this catalytic system would influence morphological

change at the material level. To PM16 (6.7 mM thioether units at 6.8 mg/mL polymer

concentration) in PB, 0.2 equiv premixed catalyst 3/A2 or 3/A3 was added. Then,

similarly to 1H NMR experiments, 10 mM H2O2 was added, and the micelles were

analyzed by DLS, following Z-average diameter (Figures S5A, top, and S6, top)

and scatter count (Figures S5A, bottom, and S6, bottom) at different time points.

In the presence of 3/A2 as catalyst, the scatter count of PM16 micelles dropped

from 12 to 1.6 Mcps in 48 h, reaching an equilibrium. The Z-average diameter of
Cell Reports Physical Science 4, 101547, September 20, 2023 7



Scheme 2. Proposed catalyst intermediates in ketone/amine-catalyzed oxidation of thioanisole-

ester-based block copolymer

Ketone 3 and amine A2 or A3 form the imine intermediate I as suggested from the results in

Figure 3D. The addition of H2O2 leads to the formation of the hydroperoxyamine II (from Page

et al.46), which can form the oxaziridine III owing to the presence of the strong electron-withdrawing

group CF3 and the stabilization provided by the tert-butyl group present in both A2 and A3 (from

Emmons41 and Cai et al.48).
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micelles remained constant during this time but from 48 h onward increased from 31

to 53 nm at 120 h (Figure S5A, : blue line). When 3/A3 was employed as catalyst,

the minimum scatter count was 2.9 Mcps, and the Z-average diameter increased

to 49 nm in 72 h, reaching 78 nm at 120 h (Figure S5A, - red line). These results

show that the employed catalysis accelerated the H2O2-induced PM16micelle disas-

sembly compared with the control in which no catalyst was used (Figure S5A, d black

line). Interestingly, at the same concentrations of polymer and reactants in the pres-

ence of 3/A2, the minimum value in scatter count and the 90% conversion of 4 found

in the 1H NMR study were reached at the same time point (44 h) (Figure 4A, : blue

line). A similar outcome can be noted for the control experiments at 120 h. This effect

confirms that the morphological change in the micellar structure is directly depen-

dent on the ester cleavage into 4 and the acrylate anion. In the DLS data of the

micelle degradation in the presence of 3/A3, the fast increase of the Z-average diam-

eter together with the slow decrease in scatter count (Figure S5A, - red line) sug-

gests the formation of new amphiphilic structures. This result is in line with 1H

NMR evidence and supports our previous hypothesis about the reaction of A3

with the polymer acrylate esters. In view of this outcome, we chose to use A2 instead

of A3 as the amine in our catalytic system.

Subsequently, we wanted to test organocatalysis at polymer and H2O2 concentra-

tions that are more relevant for drug delivery. We followed the Z-average diameter

and scatter count of PM16 micelles at a polymer concentration of 0.9 mg/mL in the

presence of 1.3 mM H2O2 (1.5 equiv relative to the 0.9 mM thioether units). We

observed a 40% decrease of the normalized scatter count under these conditions

after 120 h, against the 40 h necessary to achieve the same result for the 8 times

more concentrated sample. The Z-average diameter increased from 30 to 43 nm

for PM16 micelles at a polymer concentration of 6.8 mg/mL and from 33 to

39 nm for PM16 micelles at a polymer concentration of 0.9 mg/mL at 120 h,

showing a minor change in micellar size for both dilution conditions. (Figure S5B).

These results demonstrate that 8-fold dilution causes a 3 times decrease in the

disintegration kinetics of 1:1.5 PM16/H2O2 but a negligible morphological change

of the micelles. Knowing this, we pursued applying the optimized catalytic system

constituting 1 equiv of 3/A2 (Figure 3B) in the diluted conditions. Immediately after

adding H2O2, the Z-average diameter of PM16 micelles in the presence of the
8 Cell Reports Physical Science 4, 101547, September 20, 2023



Figure 4. Morphological and cargo release studies of the optimized organocatalytic conditions for the oxidation and hydrolysis of thioanisole-ester-

based micelles

(A) Conversion to 4 (%) measured by 1H NMR (top) and normalized scatter count (bottom) measured by DLS of PM16 micelles (6.8 mg/mL) with 0.2 equiv

3/A2 against the control (without any catalyst) after addition of 10 mM H2O2 at 37
�C. The catalyzed samples reached 90% conversion of 4 and a scatter

count plateau value at 44 h (vertical dashed line).

(B) Z-average diameter (top) and scatter count (bottom) of PM16 micelles (0.9 mg/mL) after addition of 1.3 mM H2O2 with 1 equiv 3/A2 (A purple line)

and without catalyst (d gray line). Z-average diameter (top) and scatter count (bottom) of PM16 micelles (0.9 mg/mL) measured by DLS at 37�C
(- orange line).

(C) Nile Red release from PM16 micelles (0.9 mg/mL) after addition of 1.3 mM H2O2 with 1 equiv 3/A2 (A purple line) and without catalyst (d gray line).

Nile Red release from PM16 micelles (0.9 mg/mL) with 1 equiv 3/A2 (; blue line) and without catalyst (◄ red line) after continuous addition of 0.5 mM

H2O2 (24 mL) per day. Nile Red release from PM16 micelles (0.9 mg/mL) after continuous addition of 24 mL PB per day (- orange line).

The curves are drawn as a guide for the eye. Error bars are the standard deviation of duplicate experiments.

See also Figure S5.
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catalyst was 41 G 1.3 against 33.4 G 2.9 nm in the absence of catalyst (Figure 4B,

top). This size increase of the micelles may be caused by the partial encapsulation

of 3, as anticipated from 1H NMR data. Despite the different starting Z-average

diameter, the micellar size change in time showed a similar trend for both cata-

lyzed and non-catalyzed conditions over 140 h (Figure 4B, top). PM16 micelles

showed stable values for both Z-average diameter and scatter count in the

absence of catalyst and oxidant (Figure 4B, - orange line). In the presence of 1

equiv 3/A2 and 1.3 mM H2O2, the normalized scatter count showed a more than

40% decrease after about 72 h, while it decreased by barely 20% in the absence

of catalyst (Figure 4B, bottom). Therefore, the dissociation of PM16 micelles after

H2O2 addition proceed two times faster when 1 equiv 3/A2 was employed in

diluted conditions. Here, the effect of organocatalysis on the oxidation of thioether

moieties of low-concentration PM16 micelles with H2O2 is smaller than the 5.5

times increase in rate obtained for the 1H NMR experiment concentrations. Still,

despite this dilution-induced effect, the data show that organocatalysis can be

applied to increase the rate of nanocarrier disassembly even at very low oxidant

concentrations.

Cargo release studies

To study the role of the organocatalytic 3/A2 system for oxidation-triggered release

of cargo from PM16 micelles, we loaded PM16 micelles (1 mg/mL) with the hydro-

phobic dye Nile Red (Figure S7) as previously reported.38 Then, similarly to the sam-

ples measured by DLS, we added 1 equiv 3/A2 and 1.3 mM H2O2 to the Nile Red-

loaded micelles, and we followed the Nile Red fluorescence over time. Figure 4C

shows 80% dye release within 72 h in the presence of organocatalysis against the
Cell Reports Physical Science 4, 101547, September 20, 2023 9
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168 h necessary in non-catalyzed conditions. In line with the DLS data (Figure 4B),

cargo release is approximately twice as fast under catalytic conditions compared

with the uncatalyzed scenario.

Finally, we tested the organocatalyzed system under tumor-mimicking conditions,

where submillimolar concentrations of oxidant are continuously produced.32 We

used syringe pumps for the addition of 0.5 mM H2O2 (24 mL) per day to Nile Red-

loaded PM16 micelles (1 mg/mL) with 1 equiv 3/A2. After only 15% release after

72 h, the release reached 90% over the subsequent 90 h (Figure 4C, ;blue line),

similar to the sample in which 1.3 mM H2O2 was added directly from the start. The

initial delay in release may be due to the initial absence of the catalytically active spe-

cies, which requires a reaction between the ketone/amine precatalyst and an equiv-

alent of hydrogen peroxide to form (Scheme 2). On the other hand, in the absence of

catalyst, the continuous addition of 0.5 mM H2O2 (24 mL) per day led to only 55%

release at 168 h. When the same volume of PB (- orange line) was continuously

added instead of the H2O2 solution, the release profile remained relatively stable

over time, reaching less than 20% release after 180 h. This minor passive leakage

of Nile Red from PM16 micelles was already noted in our previous work,38 and it

may be slightly increased by the progressive dilution of the micellar dispersions.

In the end, in the presence of 3/A2, PM16 micelles showed an about two times faster

response to low H2O2 concentrations such as 0.5 mM per day compared with the un-

catalyzed case and showed good stability in non-oxidative conditions for more than

7 days. Overall, when submillimolar concentrations of H2O2 are used, the 2-fold

decrease of degradation time for PM16 micelles coupled with the organocatalyst

translate to saving several days to achieve the complete cargo release.

In view of these promising results, we performed cytotoxicity assay on PM16micelles

with 1 equiv 3/A2 to investigate the potential of this system for biomedical applica-

tions. PM16 micelles already showed high cell viability in our previous study,38 and

we found here good cytocompatibility also in the presence of the organocatalyst un-

der the conditions employed for the cargo release experiments (Figure S8).

In this study, we present organocatalytic enhancement of oxidation-triggered disas-

sembly and release from block copolymer micelles, even at very low oxidant concen-

trations. We applied an in-situ-formed imine to catalyze the oxidation of thioether-

phenyl-ester-based polymer surfactants in the presence of H2O2. Micelles assembled

from these surfactants are able to disrupt following a logic gate response in which,

after the oxidation of the thioether, the adjacent ester bond cleaves through hydro-

lysis. The micellar system was doped with the ketone PhCOCF3 3 and the unnatural

amino acid L-tert-leucine A2. The in-situ-formed imine is able to catalytically activate

H2O2 in aqueous buffer at pH 7.4. The use of organocatalysis on PM16 micelles

showed a 5.5-fold acceleration compared with non-catalyzed conditions, at low milli-

molar concentrations of H2O2. In 8 times diluted conditions, Nile Red-loadedmicelles

in the presence of 3/A2 show 80% release more than two times faster than in absence

of catalyst. In addition, the same system is able to reach an almost complete release

over 7 days when only 0.5 mM H2O2 is supplied per day. At the same time, these

PM16 micelles show only dilution-induced release over the same time frame in a

non-oxidative environment. In addition, the satisfactory cytocompatibility found for

this micelle/catalyst systemmakes 3/A2 a promising tool to further enhance the sensi-

tivity of thioether-based platforms that have already an optimized design for biomed-

ical applications.13 The concept of using organocatalysis for oxidant activation opens

the possibility of using the low oxidant concentrations present in living tissues as trig-

gers for bond-breaking reactions and controlled release materials.
10 Cell Reports Physical Science 4, 101547, September 20, 2023
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

the lead contact, Rienk Eelkema (R.Eelkema@tudelft.nl).

Materials availability

All unique/stable reagents generated in this study are available from the lead con-

tact without restriction.

Data and code availability
1H-NMR, DLS, and fluorescence spectroscopy data have been deposited at 4TU.R-

esearchData :https://doi.org/10.4121/3302580d-ade4-43ce-

9d64-61c9583572f4 and are publicly available as of the date of publication.
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35. Minidis, A.B.E., and Bäckvall, J.-E. (2001). Mild
and Efficient Flavin-Catalyzed H2O2

Oxidations. Chem. Eur J. 7, 297–302. https://
doi.org/10.1002/1521-3765(20010105)
7:1<297::AID-CHEM297>3.0.CO;2-6.
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