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ABSTRACT: The need for smart materials in the area of
biotechnology has fueled the development of numerous
stimuli-responsive polymers. Many of these polymers are
responsive to pH, light, temperature, or oxidative stress, and
yet very few are responsive toward multiple stimuli. Here we
report on the synthesis of a novel dual-stimuli-responsive
poly(ethylene glycol)-based polymer capable of changing its
hydrophilic properties upon treatment with UV light
(exogenous stimulus) and markers of oxidative stress
(endogenous stimulus). From this polymer, smart micro-
particles and fibers were fabricated and their responses to
either stimulus separately and in conjunction were examined. Comparison of the degradation kinetics demonstrated that the
polymer became water-soluble only after both oxidation and irradiation with UV light, which resulted in selective degradation of
the corresponding particles. Furthermore, in vitro experiments demonstrated successful uptake of these particles by Raw 264.7
cells. Such dual-stimuli-responsive particles could have potential applications in drug delivery, imaging, and tissue engineering.
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■ INTRODUCTION

Materials capable of changing their properties in a controlled
and reversible manner in response to changes in their
environment or a specific trigger, such as light, are often
referred to as smart materials.1 Such stimuli-responsive
materials have been designed in various forms including
switchable surfaces,1−4 responsive hydrogels,5 or anisotropic
particles.1,6,7 Compared to many known triggers, switching
triggered by light can be performed in mild conditions and in a
more specific manner due to exogenous control over light
intensity and wavelength.8 For this reason, a wide range of
photoresponsive systems has been developed thus far.5,9,10 For
example, azobenzene derivatives and spiropyrans were
successfully used for fabrication of photoresponsive surfaces.4

In the field of drug delivery, photocleavable protecting groups
are used to switch the solubility of carrier polymers. For
example, amphiphilic block copolymers with a hydrophobic
block bearing photosensitive groups, which render the block
hydrophilic upon light exposure and consequently make the
copolymer completely water-soluble, have been used for
generation of photodegradable micelles.11 Similarly, light-
induced degradation of polyester particles has been shown to
be useful for controlled release of material.12 In principle, a
variety of photolabile protecting groups are available for
different functionalities.13,14 In particular, o-nitrobenzyl (NB)

groups have found a range of different applications.15 Originally
designed for use in organic synthesis,16 these groups were
successfully applied to biochemistry.12 When they are
incorporated into a copolymer, the photocleavage of the NB
groups takes place readily upon illumination with UV light,
releasing alcohol or acid and a nitroso derivative.15

Besides light, potential triggers for stimuli-responsive
materials include changes in temperature, pH, salt content,
presence of specific molecules, and electrical or magnetic
fields.9,10,17 Most stimuli-responsive materials for controlled
release applications rely on the abnormally low pH of
endosomes or tumor tissues.17,18 In comparison, there exist
many fewer examples of stimuli-responsive materials triggered
by changes in the local oxidative environment, as it is
commonly observed in inflammatory tissues.17 However, the
local change in the redox environment of a cell due to oxidative
stress can be an important indicator of many diseases including
cancer,19 atherosclerosis,20 neurodegenerative diseases such as
Parkinson’s disease and Alzheimer’s disease,21 or heart failure.22

Oxidative stress may originate from the overproduction of
reactive oxygen and nitrogen species. The latter are generated
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as byproducts of aerobic metabolic cell processes involving
reduction of oxygen to superoxide anions followed by
formation of hydrogen peroxide, hydroxyl radicals, hypochlor-
ite, peroxynitrite, and other molecules.23,24 At low oxidant
concentrations in cells, a range of enzymes can act as
antioxidants and maintain a tight redox balance. In fact,
oxidants even play a positive role, because they work as cellular
messengers in different signaling pathways and are used by the
immune system to kill pathogens.25 However, at higher
dosages, oxidants can cause significant damage to proteins,
lipids, and DNA and finally lead to cell death. Therefore, the
presence of oxidants can be used as a marker for inflamed
tissues and can activate a specific action of a biomaterial, such as
drug release.26 For example, a natural polymer for drug delivery
triggered by oxidative stress was published by Frechet and co-
workers.27 The authors prepared nanoparticles from dextran
modified with arylboronic ester in order to render the polymer
water insoluble. In an oxidative environment, the arylboronic
ester groups were cleaved, thus allowing for fast release of the
drug due to the resorption of the particles. An alternative route
was pursued by Hubbell and co-workers,28−31 who used
poly(propylene sulfide) (PPS) as the base polymer material.
Thioethers are known to undergo facile oxidation to sulfoxides
or sulfones upon exposure to hydrogen peroxide.25 Due to the
difference in hydrophilic properties of PPS and its oxidation

products (polysulfoxides), PPS can be used for fabrication of
drug delivery systems triggered by oxidative stress. Similarly,
Mahmoud et al.32 prepared nanoparticles from a polymer that
combined redox-active thioether groups and pH-sensitive
moieties. The authors argued that dissolution of the particles
due to the oxidation of polysufide was followed by degradation
of the polymer to ensure rapid and complete release.
Here, we report the synthesis of a new multifunctional

poly(ethylene glycol) (PEG) -based polymer particle that
contains both redox-responsive thioether moieties and light-
sensitive NB groups. Specifically, this design takes advantage of
the cooperative effects of hydrogen peroxide-reactive moieties
(endogenous stimulus) and photoresponsive groups (exoge-
nous stimulus).

■ RESULTS AND DISCUSSION

We used electrohydrodynamic (EHD) cojetting to formulate
anisotropic microparticles containing a dual-stimuli-responsive
polymer in one compartment. Oxidation of the thioether into
sulfoxide groups under conditions of oxidative stress
(endogenous stimulus) and photocleavage of NB groups
(exogenous stimulus) can then act cooperatively to increase
the polymer solubility in water and lead to the rapid resorption
of one compartment in these microparticles. If the particles are
placed in an oxidative environment in the absence of UV light,

Scheme 1. (A) Polymerization of AGE and Synthesis of Multifunctional o-Nitrobenzyl PEGs and (B) Bicompartmental Particles
with Dual-Stimuli-Responsive Polymer in One Compartmenta

aThe polymer contains NB groups that are cleaved upon exposure to UV light, releasing carboxylic acid groups (I) and thioether moieties, which
undergo oxidation into sulfoxide groups upon hydrogen peroxide action (II). Only upon action of both light and oxidant does the polymer become
completely water-soluble due to conversion into the corresponding polyacid with sulfoxide moieties, leading to degradation of the corresponding
compartment of the particle (III).
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no resorption will occur. The same is true for a particle that is
exposed to light in the absence of the oxidative trigger (Scheme
1B).
We chose PEG as the main-chain polymer, because PEG is

known to have outstanding properties such as biocompatibility,
hydrophilicity, protein resistance, and nontoxicity, which are
particularly important for biomedical applications and have
already made PEG one of the most attractive polymers in
biomaterial synthesis.33−35 Moreover, the hydrophilicity of the
PEG backbone dramatically enhances the solubility of the
polymer but only after combined exposure to endogenous and
exogenous stimuli. Typically, PEG polymers are functionalized
via their end groups, which limits the number of functional
groups per PEG chain. This disadvantage can be overcome by
the synthesis of multifunctional derivatives via anionic ring-
opening polymerization of functional epoxides and subsequent
postpolymerization modifications.36,37 Thus, we first prepared
poly(allyl glycidyl ether) (PAGE) as a starting polymer for
synthesis of the stimuli-responsive polymer. Subsequently,
polymer-analogue modification via thiol−ene “click” reaction
yielded the polyether 3.
Polymer 1 was synthesized by anionic ring-opening polymer-

ization of allyl glycidyl ether with 2-methoxyethanol and
potassium naphthalenide as the initiating system. The crude
polymer was purified chromatographically over silica gel
(Scheme 1A). Synthesis of the target PEG-based polymer
containing both thioether and NB moieties was performed by
postpolymerization modification of poly(allyl glycidyl ether) via
thiol−ene reaction with a thiol bearing NB-protected acid

groups (Scheme 1A). This method allowed the introduction of
both stimuli-reactive moieties in a single modification step. The
thiol 2 bearing NB-protected carboxylic acid group was then
synthesized by esterification of thioglycolic acid with o-
nitrobenzyl alcohol. Reaction of polymer 1 with thiol 2 was
performed in the presence of azobis(isobutyronitrile) (AIBN)
with an excess of thiol to avoid undesired cross-linking
reactions. Complete conversion of allyl moieties was confirmed
by 1H NMR spectrometry (Figure S1A,B, Supporting
Information). The resulting polymer 3 was further purified
chromatographically over silica gel.
To compare the hydrophilic properties of polymer 3 and its

sulfoxide analogue, oxidation of polymer 3 with hydrogen
peroxide into the corresponding polymer 4 was performed
(Scheme 1A). To ensure that oxidation of thioether moieties
proceeded just until the formation of sulfoxide groups and to
avoid generation of sulfone groups in the polymer product, the
oxidation reaction was allowed to proceed at 0 °C. Oxidation to
the sulfone is highly undesirable, not only because of the
difference in solubility of sulfoxides and sulfones but also
because of the low stability of sulfones, which can undergo
degradation upon irradiation.24 However, detailed character-
ization of polymer 4 by 1H NMR and IR spectroscopy revealed
the absence of sulfone groups (Figures S1C and S2A,
Supporting Information). Moreover, complete oxidation of
the thioether groups was confirmed by the disappearance of a
signal at 3.28 ppm in the NMR spectrum corresponding to the
sulfur neighboring methylene protons (d′) and the appearance
of a new signal at 3.81 ppm from the corresponding protons

Figure 1. (A) Schematic representation of bicompartamental microparticles containing polymer 4 localized in one compartment. (B) CLSM image
of particles, where green and blue dyes indicate PLGA and polymer 4, respectively. (C) SEM image of particles. (D) Confocal Raman microscopy
spectra of bicompartmental PLGA/polymer 4 microspheres. (E) Two-dimensional (2D) reconstruction of confocal Raman spectra, confirming the
selective localization of polymer 4 (red) in one compartment (the ratio PLGA:polymer 4 in one compartment was 3:1).
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(d″) in polymer 4 (Figure S1B,C, Supporting Information).
This was also confirmed by IR spectroscopy, which revealed the
appearance of a characteristic band at 1010 cm−1 corresponding
to the SO stretching bands in sulfoxides (Figure S2A,
Supporting Information). Gel-permeation chromatographic
(GPC) analysis indicated only a minor shift of the elution
band of polymer 4 toward shorter elution times. We concluded
that this shift is too small to be indicative of appreciable levels
of degradation of polymer 3 during oxidation (Figure S2B,
Supporting Information). Since the in vivo concentration of
hydrogen peroxide under conditions of oxidative stress is
relatively low,33 we expect the in vivo oxidation of polysulfides
to predominantly result in sulfoxides, not sulfones.
Due to the combined redox responsiveness and photo-

reactivity of the polymer, cleavage of the NB protecting groups
of polymer 4 resulted in formation of the more polar polymer 5
(Figure S3A, Supporting Information). To validate this aspect
systematically, deprotection of polymer 4 was monitored by 1H
NMR spectrometry in DMSO-d6 solution through various
exposures to UV light with a maximum wavelength of 312 nm.
Disappearance of signals corresponding to aromatic (e−h) and
benzylic (d) protons of the NB groups explicitly confirmed the
cleavage of NB esters (Figure S4, Supporting Information). On
the other hand, methylene protons (a−c) were still present in

the NMR spectrum, showing the expected shifts (a′−c′) after
light exposure of the polymer. This aspect provides further
evidence that degradation of the polymer can be ruled out
(Figure S4, Supporting Information). Dependence of the
deprotection degree of the polymer on UV exposure time is
displayed in Figure S3B (Supporting Information). A somewhat
longer than expected exposure period was needed for complete
cleavage of NB groups, which was attributed to the solvent used
(dimethyl sulfoxide, DMSO) and high concentration of the
polymer (5 mg/mL). However, these conditions were
necessary for proper detection and assignment of signals in
the NMR spectra. To identify the optimum UV exposure time
in bulk, polymer 4 was spin-coated on gold wafers and exposed
to light at a wavelength of 365 nm for different periods of time.
Cleavage of the NB groups was then monitored by IR
spectroscopy (Figure S5, Supporting Information). Depro-
tection of NB groups was directly correlated to disappearance
of the characteristic nitro bands at 1530 and 1346 cm−1, as well
as the shift of carbonyl band from 1742 to 1729 cm−1.
Complete cleavage of NB protection was finally detected after
light exposure for 30 min.
Anisotropic bicompartmental microspheres made of poly-

(lactic-co-glycolic acid) (PLGA) and containing the stimuli-
responsive polymer 4 in one compartment only were prepared

Figure 2. (A) Deprotection of polymers 3 and 4 into corresponding polyacids upon exposure to light at 365 nm. (B−E) SEM images of
bicompartmental microparticles without light exposure [(B) PLGA/polymer 3 and (C) PLGA/polymer 4] and after 30 min of light exposure [(D)
PLGA/polymer 3 and (E) PLGA/polymer 4].

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b01592
ACS Appl. Mater. Interfaces 2015, 7, 9744−9751

9747

http://dx.doi.org/10.1021/acsami.5b01592


by EHD cojetting (Figure 1).38 During EHD cojetting, polymer
solutions are transported through a side-by-side configuration
under a laminar flow (Figure 1A).39 Application of an
appropriate electric potential causes the droplet at the tip of
the needles to form a Taylor cone,40 which releases a very thin
polymer thread from the appendix of the droplet. Due to the
increase in surface area, evaporation of the solvent occurs very
quickly and results in rapid precipitation of the polymers
dissolved in the jetting solutions. Depending on the jetting
conditions (e.g., concentration of the polymer in solution, flow
rate, and applied electrical field), the ejected polymeric thread
can break into particles or be collected as a continuous fiber.41

To ensure the exclusive formation of microspheres, the total
concentration of all polymers dissolved in the jetting solutions
was below 15% (w/v). For bicompartmental particles, one
jetting solution contained PLGA only, while the second
solution contained PLGA/polymer 4 mixtures at a ratio of
1:1 (w/w). Both jetting solutions were loaded with fluorescent
dyes, which allowed for confirmation of the bicompartmental
structure of the microspheres via confocal laser scanning
microscopy (CLSM; Figure 1B). The spherical shape of the
particles was confirmed by scanning electron microscopy
(SEM; Figure 1C). While our group has previously shown
that nanoparticles can be fabricated via the EHD cojetting
process,42 we have used microparticles in these studies for their
larger size and ease in imaging analysis.
Furthermore, the selective localization of polymer 4 in one

compartment only was verified by confocal Raman microscopy
(Figure 1D,E). The characteristic signal of the nitro group at
1348 cm−1 was used as the reference band for assessing spatial
distribution of polymer 4 within the particle. Confocal Raman
microscopy revealed the selective location of polymer 4 in only
one hemisphere of the microsphere as indicated by the red
signal. For comparison, the PLGA polymer is indicated by the
blue color.
For comparison, bicompartmental particles with PLGA and

polymer 3 were also prepared by EHD cojetting and were
characterized by SEM and CLSM. On the basis of combined

analysis of these results, both microspheres were found to be
bicompartmental and structurally identical. Next, the resorb-
ability of PLGA/polymer 3 and PLGA/polymer 4 particles
upon UV irradiation was evaluated. For this purpose, dry
particles were exposed to 365 nm light and washed for 30 min
before being imaged by SEM. The SEM images of particles with
and without UV exposure are shown in Figure 2B−E.
Without UV exposure, no resorption was detected for either

PLGA/polymer 3 or PLGA/polymer 4 particles (Figure 2B,C).
After exposure to markers of oxidative stress, the thioether
moieties of polymer 3 underwent oxidation into sulfoxide
groups, which make polymer 4 more hydrophilic than polymer
3. However, due to the presence of hydrophobic NB groups in
both polymers, the resorbability of both polymers was still
negligible. Similarly, particles composed of PLGA/polymer 3
showed no signs of resorption, even after exposure to UV light
(Figure 2D). Even though photocleavage of NB protection in
polymer 3 yielded the corresponding polyacid (Figure 2A), the
absence of sulfoxide moieties was sufficient to prevent
resorption of the deprotected polymer 3 (Figure 2D). In
contrast, incubation of UV-treated PLGA/polymer 4 particles
led to fast resorption of polymer 4 (Figure 2E). Taken together,
the results confirmed that only simultaneous exposure to both
stimuli, light and markers of oxidative stress, allowed for the
rapid resorption of polymer 3, whereas each stimulus on its
own did not have sufficient effects to induce polymer
resorption (Figure 2C,D). This suggests that PLGA/polymer
3 particles are a promising multi-stimuli-responsive system by
the dual actions of oxidants and UV exposure.
To further prove that the particles containing polymer 3 and

PLGA are responsive to two stimuli, particles with polymer 3
were fabricated and their resorbability was examined by
combined exposure to oxidative stress and UV light. As
displayed in Figure 3, the particles were first exposed to
hydrogen peroxide, which resulted in the more hydrophilic
polymer 4. The particles were then exposed to UV light at 365
nm for 30 min, washed, and analyzed by SEM. The results
clearly demonstrate that specific degradation of one hemisphere

Figure 3. Degradation of one compartment through oxidation and UV illumination of bicompartmental microparticles. Here, microparticles
composed of PLGA in one compartment (green) and polymer 3 and PLGA in the second compartment (blue) were incubated in 30% (v/v)
hydrogen peroxide for 1 h, followed by UV illumination at 365 nm for 30 min. Similar to the treatment of the neat polymer, hydrogen peroxide
oxidizes polymer 3 to polymer 4, which is then water-soluble upon UV illumination and cleavage of the nitrobenzyl group. Upon oxidative and UV
treatments, the particles were washed with deiionized (DI) water several times before imaging by SEM to visualize the degradation of the particles.
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can be achieved. Further UV duration led to complete
degradation of one side, as displayed in Figure S6B (Supporting
Information).
To generalize the approach and to demonstrate other

material architectures, bicompartmental fibers containing the
stimuli-responsive PEG polymer in one compartment were
prepared. The resulting microfibers displayed a clear
bicompartmental architecture (Figure S7B, Supporting In-
formation) with polymer 4 localized in just one compartment,
as confirmed by confocal Raman microscopy (Figure S7C,
Supporting Information). The microfibers were exposed to UV
light and incubated in Tris-buffered saline (TBS) under the
same conditions as described for the microspheres. This
resulted in complete resorption of the compartment, which
contained polymer 4, while no changes were detected without

exposure to UV light. The possibility to produce fibers with a
photosensitive polymer has potential application for the
synthesis of degradable scaffolds for tissue engineering.
Because macrophages are directly involved in critical

biological processes associated with oxidative stress, this cell
type was selected for initial in vitro studies. First, the ability of
Raw264.7 cells to internalize PLGA/polymer 4 microparticles
was examined. Particles containing green and red dyes in
separate compartments were prepared, collected in a buffered
solution, counted, and incubated with cells. Several solutions
with different concentrations of particles (50 000, 100 000, and
500 000 particles/mL) were incubated with Raw264.7 cells.
After 4 h, cellular uptake of the PLGA/polymer 4 particles was
analyzed by CLSM (Figure 4).

Figure 4. (A) PLGA/polymer 4 microparticle uptake by Raw264.7 cells. (Inset) CLSM images of stained Raw264.7 cells after incubation with
PLGA/polymer 4 microparticles at various concentrations (all scale bars are 20 μm). (B, C) CLSM images of Raw264.7 cells showing (B) complete
uptake and (C) unsuccessful uptake (frustrated phagocytosis) of PLGA/polymer 4 microparticles. (D, E) Three-dimensional (3D) CLSM
renderings (from Imaris software) of the same z-stack: (D) transparent projection and (E) shadow projection. The particle indicated by the red
arrows is clearly uptaken and therefore is not seen in the shadow projection rendering; the particles indicated by the yellow arrows are slightly
protruding out of the cell in the shadow projection, indicating frustrated phagocytosis.
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Raw264.7 cells have the ability to phagocytize large
microparticles, as shown in the CLSM images (inset, Figure
4A). In this study, both successful phagocytosis and frustrated
phagocytosis coexisted in the same sample set (Figure 4B−E).
This may be attributed to variability in the size of the
microparticles and the inability of Raw264.7 cells to take up the
largest particles. Only particles completely phagocytized were
considered during the quantification of cellular particle uptake
(Figure 4A). An increase in the number of internalized particles
was observed at higher particle incubation concentrations
(dose-dependence response), indicating nonspecific phagocy-
tosis by Raw264.7 cells. Moreover, the particles were clearly
visible and could be imaged after internalization, making them
robust carriers for functional imaging or cell tracking
experiments.

■ CONCLUSIONS
A novel dual-stimuli-responsive PEG-based polymer was
prepared by postpolymerization modification of PAGE via a
thiol−ene click reaction. Only the cooperative action of
oxidants and UV light induced rapid resorption of the polymer
under physiological conditions. The exogenous stimulus (UV
light) acted as an on switch, after which the particles became
susceptible to the second, endogenous stimulus, a marker of
oxidative stress. Bicompartmental microparticles and fibers
containing the dual-stimuli-responsive polymer were prepared
by EHD cojetting, and their resorbability after exposure to UV
light and oxidative stress was confirmed. These particles can
serve as smart drug carriers with controlled drug release
triggered by both oxidation stress and UV light. Additionally, in
vitro experiments showed successful and dose-dependent
uptake of the particles by Raw264.7 cells.
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