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Abstract

A strategy to construct different stimuli responsive polymers from post polymerization 

modifications of a single polymer scaffold via thiol-disulfide exchange has been developed. Here, 

we report on a random copolymer that enables the design and syntheses of a series of dual or 

multi-stimuli responsive nanoassemblies using a simple post-polymerization modification step. 

The reactive functional group involves a side chain monopyridyl disulfide unit, which rapidly and 

quantitatively reacts with various thiols under mild conditions. Independent and concurrent 

incorporation of physical, chemical or biologically responsive properties have been demonstrated. 

We envision that this strategy may open up opportunities to simplify the synthesis of multi-

functional polymers with broad implications in a variety of biological applications.

TOC image

Driven by the increasing demand for multifunctional materials, stimuli responsive molecules 

or polymers have been intensively developed and used in a wide range of areas such as 

catalysis, drug delivery and sensing.1–6 Among various stimuli responsive systems, 

supramolecular assemblies that are capable of responding to two or more environmental 
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changes have attracted particular attentions for two reasons: (i) the multi-responsive feature 

can be elicited concurrently or sequentially by more than one stimulus, providing better 

spatiotemporal control;7,8 (ii) since behavioral changes in biological systems are often a 

result of a combination of environmental changes rather than a single factor, multi-

responsive materials offer an ideal artificial platform to mimic biological processes in 

nature.9–12 Considering the implications, there is a pressing need for simple synthetic 

methods to obtain multi-stimuli responsive materials with precise control over their 

architecture and functionality.

Random copolymer based assemblies have recently attracted attention, mainly due to their 

synthetic simplicity.13 On the other hand, post-polymerization modification (PPM) has 

emerged as a powerful tool for building functional polymer structures.14–17 PPM 

circumvents problems associated with direct polymerizations such as the susceptibility or 

incompatibility of monomers with reaction conditions, since there is no need to optimize the 

polymerization conditions for all the functional monomers within a polymer. As a result, 

PPM enables the synthesis of polymeric systems, which are difficult or impossible to 

produce with direct polymerization.14 PPM has also allowed systematic variations in 

structures based on a same reactive scaffold, without variables commonly created from the 

polymerization of individual monomers (e.g., molecular weight and dispersity). This has 

allowed for a robust development of structure-property correlations.16,17 Thiol-disulfide 

exchange is of growing interest among several PPM methods,18–26 because: (i) thiol 

moieties can be conveniently incorporated onto molecules; (ii) thiol-disulfide exchange 

reactions can occur under mild conditions with quantitative or near quantitative yields; (iii) 
the resultant disulfide linkage itself provides a moiety that is potentially sensitive to redox 

environments. Inspired by these advantages, we envisaged building a facile reactive scaffold 

in which a variety of stimuli responses can be systematically introduced via minimal steps to 

prepare well-defined dual or multi stimuli-responsive polymeric structures. We demonstrate 

this possibility by introducing different combinations of physical, chemical or biological 

stimuli on to a singular polymer scaffold.

The basic scaffold is a methacrylate-based random copolymer backbone that contains 

modifiable pyridyl disulfide (PDS) and hydrophilic polyethylene glycol (PEG) moieties 

randomly distributed as side chain functionalities. The polymer, which contains 7:3 ratio of 

PDS to PEG units, was prepared by reversible addition–fragmentation chain-transfer 

(RAFT) polymerization. This random copolymer forms an amphiphilic nanoassembly, when 

distributed in the aqueous phase.27–29 PDS functionality provides a convenient handle for 

reliably introducing stimuli-responsive groups through thiol-disulfide exchange, because the 

pyridothione byproduct is not reactive.

To test whether this polymer can be simply used to introduce an orthogonally responsive 

functional group, we first attempted the reaction of o-nitrobenzyl thiol with the PDS-PEG 

polymer to synthesize polymer P1 (Figure 1a). o-Nitrobenzyl group has been widely used to 

construct photo-responsive vehicles for remotely controlled release.30–34 After the addition 

of o-nitrobenzyl thiol, the solution gradually became yellow as a result of the pyridothione 

by-product formation. The PDS units were fully converted to o-nitrobenzyl groups, as 

discerned by the absorption spectrum that measures the pyridothione formation and by 1H 
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NMR (Figure S1). Molecular weights of the polymers, before and after addition of o-

nitrobenzyl thiol, were determined by gel permeation chromatography (GPC) and were 

found to be about 8500 and 9500 g·mol−1 respectively (Figure S5). The Ð of the PDS-PEG 

polymer and P1 were also found to be similar (1.23 and 1.17, respectively). Most notably, 

this simple thiol-disulfide exchange method avoids using any additional molecules or harsh 

reaction conditions to execute the reaction. Also, the product can be purified from the small 

molecule reactant and the byproduct simply by either precipitation or dialysis, presenting a 

convenient approach to the functionalization of polymers.

Since P1 has both hydrophilic PEG and hydrophobic o-nitrobenzyl moieties, it is likely to 

self-assemble in aqueous solution. Once the hydrophobic moieties are cleaved upon the 

introduction of stimuli, leading to the shift of hydrophilic-hydrophobic balance, the size of 

the P1 aggregate changes. To investigate the self-assembly features and stimuli-responsive 

properties, we evaluated the hydrodynamic diameter of P1 in aqueous solution by dynamic 

light scattering (DLS) (Figure 1b). P1 showed an aggregate size of ~100 nm, which 

decreased to ~37 nm upon UV irradiation. This change was also verified by absorption 

spectroscopy, in which the absorbance at 360 nm increased over time due to the cleavage of 

o-nitrobenzyl group and the concomitant generation of the by-product, o-

nitrosobenzaldehyde (Figure S6a). To test the dual-responsive features of P1, this polymer 

was also treated with glutathione (GSH). A size change was also observed here, which is 

attributed to the cleavage of the disulfide bond. This change was also found to be 

concentration-dependent. P1 did not form well-assembled aggregates after the treatment of 

10 mM GSH, while only a slight change was observed in the presence of 10 μM GSH. 

Although not the focus of this work, these concentrations were chosen to demonstrate the 

ultimate biological relevance of these responsive features; the mM and μM concentrations of 

GSH were chosen to mimic the cytosolic and extracellular GSH conditions, respectively.
35–37

If the observed changes in the size of the assemblies in response to the redox and light 

stimuli were indicators of the expected reactions, it is likely that the guest encapsulation 

capabilities of these amphiphilic assemblies would significantly change. This is anticipated, 

because the nitroaromatic unit is released in both these reactions, which should cause the 

assembly to lose significant hydrophobicity associated with the assembly. To explore the 

guest encapsulation and the triggered release possibilities in P1 assembly, Nile red was used 

as a fluorescence probe. As the o-nitrobenzyl moieties act as the hydrophobic site, P1 
provides a hydrophobic pocket to host water-insoluble guest molecules, such as Nile red. If 

this dye molecule were to be released from the assembly’s hydrophobic pocket, it 

precipitates in water and therefore the solution should lose its fluorescence. To test whether 

the light- or redox-induced cleavage of the hydrophobic units would indeed cause a 

molecular release, we first monitored the temporal evolution of the emission intensity of 

Nile red upon irradiation at 365 nm. More than 65% of the dye was released within just 30 

minutes (Figure 1c), which was also confirmed by monitoring the absorbance of the solution 

(Figure S6b). Similar phenomenon was observed when the solution of P1 was treated with 

10 mM GSH (Figure 1d). A loss of fluorescence intensity was also observed and 60% of 

release was achieved within 24 hours, while there was no discernible release at a GSH 
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concentration of 10 μM GSH during the same time scale. These observations indicate that 

P1 is responsive to both light and redox changes in its environment.

Using the same PDS-PEG precursor polymer, we also constructed an amphiphilic polymer 

that is concurrently responsive to pH and redox variations. In this case, ketal groups were 

conjugated to the polymer backbone by the reaction of (2,2-dimethyl-1,3-dioxolan-4-

yl)methanethiol with PDS-PEG polymer to form polymer P2. Complete conversion of PDS 

to the ketal-containing side chain was supported by 1H NMR, where the characteristic peaks 

of pyridine ring disappeared and two diastereotopic methyl peaks appeared at 1.37 ppm and 

1.44 ppm (Figure S2). The hydrophobic part of P2 consists of an acid-hydrolyzable ketal 

functionality, which is sensitive to acidic conditions.38–40 Acid-induced cleavage of ketal 

groups would transform the hydrophobic ketal units to a more hydrophilic dihydroxyl 

moiety. Consequently, we envisaged that the hydrophilic-lipophilic balance of the polymer 

would change, leading to the disruption of micelles (Figure 2a).

To examine the acidic sensitivity of P2, we first examined the assembly formed by the 

amphiphilic polymer in aqueous phase. The polymer formed a 20 nm assembly, the size of 

which was monitored over time (Figure 2b). At pH 5, the size of these micellar aggregates 

gradually swelled from 20 nm to over 1000 nm over the initial 24 h. The aggregate size 

decreased over time after this period, and final size of the aggregates was found to be less 

than 10 nm with relatively poor correlation after 72 h. In the control experiment, little 

change in size was observed over the same time period at neutral pH. These results were 

taken to suggest a slow disassembly of the amphiphilic aggregate under acidic conditions. 

This assertion is further supported by guest release profiles. Nile red-loaded P2 micelles in 

buffers of different pH were evaluated by fluorescence spectroscopy over three days. As 

shown in Figure 2c, the dye release was negligible at neutral pH. At pH 5 however, a 

significant dye release was observed over 72 h time period. In detail, ~10% of loss in 

fluorescence intensity was found within the first 24 hours. The release was accelerated 

afterwards and 35% and 50% of dye was released at 48 hours and 72 hours, respectively. 

When the pH was even lower (pH = 4), the dye released faster with a higher percentage. The 

polymer was also observed to be sensitive to redox environment, resulting from the disulfide 

linkage. As shown in Figure 2d, over 70% of Nile red was released from P2 micelles within 

48 h in the presence of 10 mM GSH, with minimal release observed in the presence of 10 

μM GSH. Even though the responsiveness of P2 to pH and redox potential has been 

demonstrated independently, we were interested in investigating the effect of combining the 

two stimuli upon the molecular release. Accordingly, when P2 was incubated in the presence 

of 10 mM GSH at pH of 5, less guest molecules was released compared with which in 

neutral pH. Although surprising at first, this observation is consistent with the fact that GSH 

is considered to be more active at neutral pH.41

Light is a physical stimulus, while pH is a chemical stimulus. Next, we were interested in 

exploring the possibility of introducing sensitivity to a biological stimulus in combination 

with redox sensitivity. Biological imbalances, i.e. variations in specific protein concentration 

or enzymatic activity, are considered to be primary indicators of pathology, as they are 

relevant to most biological pathways.42–46 Here, we chose carbonic anhydrase as the model 

protein, because of its disease relevance.47,48 The specific binding of carbonic anhydrase to 
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sulfonamide moiety is well-established and utilized in binding-induced disassembly.49,50 

Therefore, we hypothesized that the introduction of sulfonamide ligand to the polymer 

would disassemble in the presence of carbonic anhydrase, while maintaining the GSH-

responsive features. In this case, we converted part of PDS groups to sulfonamide ligands 

using the PPM method to obtain polymer P3 (Figure 3a). The ratio of PEG, PDS and 

sulfonamide in P3 was about 0.3:0.49:0.21. The remaining PDS acts as the hydrophobic part 

and sulfonamide is the specific ligand to bind with carbonic anhydrase. Specifically, bovine 

carbonic anhydrase II (bCA-II), with a molecular weight of 30 kD, was used for this study.

To investigate the specific interaction of between the sulfonamide group in P3 and 

complementary protein, 0.5 mg of P3 was dissolved in water and treated with 60 μM of 

bCA-II. In aqueous solution, P3 formed an assembly of about 25 nm. After incubating with 

bCA-II, the size reduced to ~5 nm, which is close to the size of bCA-II by itself (Figure 3b). 

In the control experiment, no size change was observed in the P3 assembly in the absence of 

the protein. To further study the protein binding-induced disassembly, a Nile red-

encapsulated P3 assembly was treated with bCA-II. A gradual decrease of fluorescence 

intensity was observed (~60% release over 24 h), while no discernible emission differences 

were observed in the absence of protein (Figure 3c). To further validate that the guest 

molecule was released due to specific protein binding, two more control experiments were 

carried out. First, the P3 assembly was treated with 60 μM bovine serum albumin (BSA), 

which has no specific interaction with sulfonamide ligands. Second, 60 μM of bCA-II was 

incubated with the PDS-PEG polymer which has no sulfonamide ligands on the backbone. 

No significant release of guest molecules was observed in both control experiments (Figure 

3c). These data demonstrate that the observed guest release is indeed due to the specific 

ligand-protein interactions. Similar to P1 and P2, P3 was also found to be sensitive to 10 

mM GSH, suggesting that P3 has stimuli responses to both specific protein and redox 

environment. Note that the GSH-induced release saturates at about 40%, which is lower than 

the observed guest release in P1 and P2. This is attributed to the possibility that since the 

hydrophobic groups in this case are the remaining PDS units, the assembly is first 

crosslinked due to the initially added GSH.29 This possibility is supported by the fact that 

the size of the assembly is retained in the presence of GSH (Figure 3b).

Finally, we were interested in using the PDS-PEG polymer to introduce concurrent 

sensitivity to three different stimuli, viz. physical, chemical, and biological stimuli. To this 

end, we converted majority of the PDS units to o-nitrobenzyl groups and a smaller 

percentage of the PDS units to sulfonamide ligands via sequential reactions of the PDS-PEG 

polymer with the respective thiols. The molar ratio of PEG, o-nitrobenzyl and sulfonamide 

moieties in this polymer (P4) was found to be 0.3:0.5:0.2 from 1H NMR, which is close to 

the feed ratio of the two thiols. As shown by DLS, P4 assembled in water to form 

nanoassemblies with a size of ~30 nm (Figure 4b). Since P4 contains light sensitive o-

nitrobenzyl moieties, redox-sensitive disulfide linkages and protein-binding ligands, these 

stimuli would hopefully affect the hydrophobicity-hydrophilicity ratio of P4 and thus induce 

the disassembly. Indeed, the sizes of P4 solutions all decreased when light, GSH or bCA was 

applied as a single stimulus, indicating the dissociation of micelles (Figure 4b). In addition, 

all three stimuli caused significant release of guest molecules on different time scales, as 
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ascertained by Nile red release profiles (Figure 4c–e). These studies for P4 indicate that 

physical, chemical and biological stimuli responses can be collectively introduced by this 

PPM strategy to construct multi stimuli-responsive polymers.

Apart from single stimulus response, we have also evaluated the disassembly, when 

triggered by multiple stimuli. It is noteworthy that the size of P4 slightly increased when 

GSH and light were utilized simultaneously, however, the autocorrelation function for 

reliable DLS measurements could not be obtained, indicating the disruption of most 

spherical micellar structures (Figure 5a). Effects of the combination of stimuli on guest 

release are shown in Figure 5b. After treatment of UV light in the presence of 60 μM bCA, 

the release profile has no obvious difference compared with applying light as a single 

stimulus. Since light triggered release is much faster than bCA, protein-binding induced 

disassembly may have little time to be realized before micelle dissociation by light. 

Interestingly, there is a huge promotion on guest release when light is applied along with 10 

mM GSH. This may be due to the continuous reversible exchange/cleavage of disulfide 

bonds under UV irradiation, which activates disulfide bonds.51,52 In addition, the cleavage 

of nitrobenzyl group under UV light may loosen the micellar structures, so the water-soluble 

GSH has more access to disulfide linkages.

In summary, we have designed and synthesized a random copolymer PDS-PEG, the 

hydrophobic part of which provides opportunities to introduce different functional groups by 

post-polymerization modification through a simple thiol-disulfide exchange reaction. This 

method allows the ease of preparation and purification of different “smart” materials. We 

have engineering this polymer to achieve light/redox, pH/redox and protein/redox dual 

stimuli-responsive polymers, by simply varying the thiols that react with the PDS units in 

the precursor polymer. All of these polymers self-assemble in aqueous media to form 

nanoassemblies, stably encapsulate hydrophobic molecules, and release these guest 

molecules in response to the specific presence of either of the two stimuli. Additionally, we 

have utilized this strategy to construct a multi stimuli-responsive polymer, which is sensitive 

to light/protein/redox environment by sequential replacement of PDS moieties. Since the 

functionalities of thiols can be altered, we envisage that this approach could have broad 

applicability or even provide a simple framework for conveniently accessing intelligent 

materials.
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Figure 1. 
(a) Schematic presentation of P1 preparation by thiol-disulfide exchange and corresponding 

by-product generation of P1 under different stimuli conditions; (b) DLS profiles of P1 
micelle (0.5 mg/mL) in the presence of different stimuli; (c) Variation of emission spectra of 

Nile Red encapsulated in the P1 micelle (0.5 mg/mL) under UV irradiation with different 

time; (d) Variation of emission spectra of Nile Red encapsulated in the P1 micelle (0.5 

mg/mL) in the presence of 10 mM GSH.
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Figure 2. 
(a) Chemical structure of P2; (b) DLS measurements of P2 micelle solution (0.5 mg/mL) in 

different pH buffers over time; (c) Nile Red release profiles of P2 (0.5 mg/mL) in different 

pH (4, 5 and 7.4); (d) Nile Red release profiles of P2 (0.5 mg/mL) in the presence of 

different concentration of GSH in neutral pH and in the presence of the combination of GSH 

(10 mM) and low pH.
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Figure 3. 
(a) Chemical structure of P3; (b) DLS results of P3 micelle solution (0.5 mg/mL), bCA-II 

solution (60 μM) and size change of P3 micelle (0.5 mg/mL) in the presence of 60 μM bCA-

II or 10 mM GSH after 30 h; (c) Nile Red release profiles of P3 and control polymer PDS-

PEG under different circumstances.
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Figure 4. 
(a) Chemical structure of P4; (b) DLS results of P4 micelle solution (0.5 mg/mL) under 

different stimuli; Nile Red release profiles of P4 (c) under UV irradiation at 365 nm; (d) in 

the presence of 60 μM bCA-II and (e) in the presence of 10 mM and 10 μM GSH.
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Figure 5. 
(a) DLS results of P4 micelle solution (0.5 mg/mL) under single stimulus or a combination 

of different stimuli; (b) Nile Red release profiles of P4 under UV light, the combination of 

light and bCA or GSH.
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