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ABSTRACT: In this study, we investigate the potential of
an artificial structural motif, azobenzene, in the preparation
of enzyme sensitive polymeric nanostructures. For this
purpose, an azobenzene linkage is established at the
copolymer junction of an amphiphilic diblock copolymer.
This polymer assembles into a micellar structure in water.
Treatment with the enzyme azoreductase, in the presence
of coenzyme NADPH, results in the cleavage of the azo-
based copolymer junction and disruption of the micellar
assembly. These results suggest that azobenezene is a
useful non-natural structural motif for the preparation of
enzyme responsive polymer nanoparticles. Due to the
presence of azoreductase in the human intestine, such
nanomaterials are anticipated to find applicability in the
arena of colon-specific delivery systems.

ynthetic micelles have been recognized as a promising class

of drug delivery vehicles." Therefore, developing controlled
assembly/disassembly strategies in these nanostructures
represents an important research goal.” In numerous systems,
this is achieved through application of heat, light, electric field,
magnetic field, or pH-based stimuli.>? Biological stimuli, such
as enzymes, represent an attractive alternative to meet this
goal.* However, synthetic micellar nanostructures that respond
to an enzymatic trigger remain scarce.” To increase the
repertoire of such enzyme sensitive well-defined synthetic
polymer assemblies, here, we describe a novel strategy (Figure
1). In this strategy, an azobenzene linkage is introduced, as an
artificial enzyme active site, at an amphiphilic diblock
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Figure 1. Schematic representation of the micellar assembly from
PEG-N=N-PS block copolymer 4 and its disruption into PEG and PS
homopolymers by the enzyme azoreductase in the presence of
NADPH.
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copolymer junction. In water, this copolymer assembles into
a micellar structure. Introduction of the enzyme azoreductase®
to the micellar aqueous solution then triggers a disassembly
process through cleavage of the azo-based copolymer linkage.”
The significance of this system arises due to the fact that
azoreductase is produced by the microbial flora present in the
colon of the human intestine. Hence, azoreductase sensitive
systems are useful for colon-specific delivery purposes.®™'® This
is exemplified by the azobenzene-based small molecular drug
sulfasalazine that is being used in the treatment of colon
diseases.'"

To test the aforementioned hypotheses, synthesis of the
azobenzene-linked poly(ethylene glycol)-b-poly(styrene)
(PEG-N=N-PS) amphiphilic copolymer was targeted. To
accomplish this goal, aniline-end-functional PEG, 1, was
transformed into a diazonium salt and then attached to an
electron-rich aromatic system, 2."> Molecule 2 already
contained an atom transfer radical polymerization (ATRP)"*-
based initiating site (Scheme 1). Therefore, reaction between 1
and 2 afforded PEG-based macroinitiator 3 (M,nym) = 5 kg
mol ™!, M,gpc) = 6 kg mol™', M, /M, = 1.11). Initiator 3 was
used to polymerize styrene via the ATRP process. This
procedure yielded diblock copolymer 4 (PEG-b-PS, M, () =
10 kg mol™, My pc) = 18 kg mol™!, M,,/M,, = 1.14) in which
the two polymeric segments, PEG and PS, were connected
through an azo-bond.'*'> The 'H NMR spectrum of the
macroinitiator, 3, displayed azobenzene proton resonances at
8.1, 7.9, and 6.9 ppm and PEG backbone resonances at 3.4—3.9
ppm (Figure S1). Block copolymerization with styrene resulted
in the appearance of broad signals at 6.3—7.2 ppm and 1.2—2
ppm belonging to the polystyrene aromatic and aliphatic
segments, respectively. Proton resonance signals from the
azobenzene linker remained unchanged, indicating compati-
bility of the ATRP process toward the azobenzene linkage. Size
exclusion chromatography (SEC) corroborated these results as
block copolymerization resulted in a shifting of the elution
chromatogram to a lower retention time (Figure S2).

To examine the aqueous assembly of block copolymer 4, 'H
NMR spectroscopy, atomic force microscopy (AFM), trans-
mission electron microscopy (TEM), dynamic light scattering
(DLS), and UV/vis absorption spectroscopy were employed.
The 'H NMR spectrum of polymer 4 in deuterium oxide
revealed proton resonances only from the PEG segment. This
indicated that block copolymer 4 formed a micellar structure in
water in which the PEG-block constituted the micellar shell and
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Scheme 1. Synthesis of Azobenzene-Linked Block
Copolymer 4
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the PS-block constituted the micellar core domain (Figure
$1).'® AFM analysis supported this hypothesis, as spherical
structures could be observed from a spin-coated sample on a
silicon substrate with sizes ranging from SO to 70 nm (Figure
2). TEM studies were then carried out on carbon coated
copper grids. These studies also revealed spherical structures
from an aqueous solution of block copolymer 4. The sizes of

Figure 2. AFM height (left) and phase (right) images (2 X 2 ym?) of
the aqueous solution of 4 before (top) and after (bottom) the enzyme
treatment.

these structures ranged from 20 to 30 nm (Figure 3). It is likely
that only the electron-rich and collapsed polystyrene-based

Figure 3. TEM images of the aqueous solution of 4 before (a, b, and
c) and after (d) the enzyme treatment (scale bar = 500 nm).

micellar core is visible under the TEM imaging. An increase in
the concentration of the solution resulted in formation of
string-like micellar assemblies. A further increase in the solution
concentration led to the formation of larger aggregates (Figure
3b, 3c). DLS studies were then carried out to examine the
secondary structure of the polymer in water (Figure S3). These
studies further indicated that nanostructures with an average
diameter of 65 nm were formed by the block copolymer 4 in
water. Finally, UV/vis spectroscopy established a broad
absorption band centered at 445 nm for the micellar solution.
This absorption range is typical for the azobenzene
chromophore having a donor/acceptor substitution pattern
(Figure 4)." For this reason, the dilute aqueous micellar
solution appeared yellow in color (Figure S).

To investigate the enzyme sensitivity of the present system,
azoreductase (21 uM)'® was introduced into the micellar
aqueous solution (25 #M) along with coenzyme NADPH (65
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Figure 4. UV /vis absorption spectrum of aqueous solution of 4 (25
uM) at 0 (solid), 1 (dash), 2 (dot), 3 (dash dot), 4 (dash dot dot), 5
(short dash), and 6 h (short dot) after the enzyme treatment. The
inset shows DLS data (red) and absorption intensity at 445 nm (blue)
as a function of reaction time.
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Figure S. Digital pictures of the aqueous solution of 4 (25 M) before
(left) and after (right) the enzyme treatment.

uM) at a pH of 7 and temperature of 37 °C. The yellow
polymer solution slowly turned colorless and a white solid
appeared in the reaction vessel (Figure S). This solid material
was isolated through centrifugation and examined with the help
of "H NMR spectroscopy. "H NMR analysis indicated that the
white solid was composed of a mixture of polystyrene
homopolymer and copolymer 4. Based on area integration
analysis, the ratio of the PS homopolymer to copolymer 4 was
determined to be 94:6 (Figure S4). After removal of the white
solid, the obtained aqueous solution was extracted with
deuterated chloroform and examined with the help of 'H
NMR spectroscopy. The "H NMR spectrum indicated that the
aqueous solution contained the PEG homopolymer (Figure
SS).

The white solid and the material obtained from the aqueous
solution were then subjected to SEC analysis. As can be seen in
Figure 6, the precipitate exhibited a bimodal distribution. Based
on the 'H NMR result (Figure S4) and comparison of the
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Figure 6. Size exclusion chromatograms of macroinitiator 3 (dash),
diblock copolymer 4 (dash dot dot), and solid precipitate (dot) and

aqueous extract (solid) obtained after the enzymatic reaction.

retention time, the minor peak could be assigned to copolymer
4 while the major peak could be assigned to the PS
homopolymer (Figure 6). Comparison with a commercially
available PS homopolymer suggested that the molecular weight
of the PS generated in the enzymatic reaction was in the range
of 5—6 kg mol™". This is in good agreement with the molecular
weight of the PS segment (in block copolymer 4) as calculated
by end-group analysis in '"H NMR spectroscopy (Figures S7
and S1). Peak deconvolution and area integration analysis in
SEC suggested that the minor peak amounted to about 5—6%
and the major peak to 94—95%. These numbers closely
matched the quantification through 'H NMR analysis. The
aqueous extract, on the other hand, exhibited a similar retention
time as the PEG-macroinitiator 3 (Figure 6). Along with the 'H
NMR result (Figure SS), this confirmed that the aqueous
solution was composed of the PEG homopolymer.

These results suggested that the enzymatic treatment of the
micellar solution resulted in the cleavage of the azobenzene
linkage placed at the junction point of the PS and PEG
segments in the block copolymer 4. Subsequently, the two
polymeric segments were released from each other in solution.
The PS segment precipitated out of the solution due to its
insolubility in water. The PEG segment, on the other hand,
remained in solution due to its miscibility in water.

AFM analysis further confirmed these conclusions as
unstructured and large aggregates could be observed from the
aqueous solution after treatment with the enzyme (Figure 2).
These aggregates are most likely the polystyrene homopolymer
suspended in water. TEM showed similar results, as the
spherical nanostructures could no longer be observed after the
enzyme treatment of the micellar solution (Figure 3).

UV/vis analysis indicated a continuing decrease in the
absorption intensity of the azo chromophore as a function of
reaction time, and no absorption signal could be located at 445
nm after 6 h of the enzymatic treatment (Figure 4).
Simultaneous monitoring of the reaction mixture with the
help of DLS confirmed that the decrease in the absorption
intensity was directly correlated to the dissociation of the
micellar nanostructures as judged by the formation of the large
(micrometer sized) PS aggregates in the aqueous solution as a
function of the reaction time (Figure S3 and inset of Figure 4).

To summarize, an azobenzene-linked amphiphilic diblock
copolymer was prepared through an ATRP-based macro-
initiator approach. This block copolymer assembled into a
micellar structure in aqueous solution. Introduction of the
enzyme azoreductase, in the presence of coenzyme NADPH,
led to the cleavage of the azobenzene-based block copolymer
linkage. This enzymatic dissociation of the copolymer
connection released the two polymer segments, PEG and PS,
from each other and resulted in disruption of the micellar
nanostructure. The generated PEG segment remained solubi-
lized in water, and the PS segment precipitated out of the
solution. These results suggest that azobenzene is a worthy
non-natural structural motif for building enzyme responsive
polymer nanostructures. Due to the azoreductase sensitivity,
these materials may have potential applicability in the arena of
colon-specific drug delivery systems.
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