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ABSTRACT: Pyrazine-labeled multicompartment nanostruc-
tures are shown to exhibit enhanced pH-responsive blue-shifted
fluorescence emission intensities compared to their simpler
core—shell spherical analogs. An amphiphilic linear triblock
terpolymer of ethylene oxide, N-acryloxysuccinimide, and styr-
ene, PEQ45-b-PNAS, 5-b-PS,5, which lacks significant incom- | /gAY
patibility for the hydrophobic block segments and undergoes L I W N
gradual hydrolysis of the NAS units, underwent supramolecular -
assembly in mixtures of organic solvent and water to afford multicompartment micelles (MCMs) with a narrow size distribution.
The assembly process was followed over time and found to evolve from individual polymer nanodroplets containing internally phase
segregated domains, of increasing definition, and ultimately to dissociate into discrete micelles. Upon covalent cross-linking of the
MCMs with pH-insensitive pyrazine-based diamino cross-linkers, pH-responsive, photonic multicompartment nanostructures
(MCNs) were produced. These MCNs exhibited significant enhancement of overall structural stability, in comparison with the
MCMs, and internal structural tunability through the cross-linking chemistry. Meanwhile, the complex compartmentalized
morphology exerted unique pH-responsive fluorescence dual-emission properties, indicating promise in ratiometric pH-sensing
applications.

B INTRODUCTION

The development of polymeric nanostructures from block
copolymer supramolecular assemblies has gained significant
attention, "' from which it has been recognized that their
chemical composition, size, and morphology each require precise
tuning. Inspired by the successes from small molecule amphi-
philes such as lipids, considerable efforts have been devoted to
understand and manipulate the aqueous self-assembly process of
amphiphilic block copolymers to obtain nanoscale assemblies
with complex morphologies, which has been demonstrated as a
promising parameter for addressing their potential biomedical
applications.””™ "> For example, nonspherical nanostructures
exhibited prolonged blood circulation time,'® more proficient
cell targeting,'” and more efficient phagocytosis,'® compared
with the corresponding spherical counterparts. Benefiting from
the advances of living/controlled polymerization methodologies
to afford varied block copolymer structures,"~>* to%ether with
extensive investigation of their aqueous assembly,”>>>~>* poly-
meric nanostructures with diverse morphologies have been
established. In addition to conventional morphologies, such as
spheres, cylinders, and vesicles, bowls,®* discs,®® helices,”” and
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toroids>® have been reported. Moreover, Janus,* multicompart-
ment,*>*! onion,** and large compound micelles,*® from higher-
order inter- and/or intramicellar phase segregation, have been
created.

Multicompartment micelles (MCMs) represent intramicellar
phase-segregated block copolymer supramolecular assemblies, in
which the core domains are heterogeneous and compartment-
alized.*>** Utilizing ABC starlike block terpolymers, by Lodge,
Hillmyer and co-workers,* and ABC linear triblock copolymers,
by Laschewsky et al.*' (in both cases, A represents the hydro-
philic block segment, and B and C represent incompatible hydro-
phobic block segments), MCMs were realized through the
compartmentalization of B and C blocks during the aqueous
assembly process. Additional MCMs have been prepared by
tuning of polymeric and supramolecular parameters to manip-
ulate the sizes, morphologies,45753 and internal environments of
the compartmentalized cores®* >’ and to generate stimuli-in-
duced responses.’®~®' Meanwhile, the performance of MCMs as
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Scheme 1. Construction of Photophysically Functionalized
MCNs by Supramolecular Assembly of Triblock Terpolymers
in Solution Followed by Cross-linking with Chromophores
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delivery vehicles for various cargos has been 1nvest1gated to
address their unique potential for biomedical ap?hcatlons

Whereas a variety of star terg ymers 041834565860 5 q
linear block copolymers*307335>576163 have been explored as
precursors to prepare MCMs, the introduction of functionalities
into MCM:s for facile and practical chemical manipulations®*®®
remains as a fundamental aspect requiring further investigation.>
Here, we report our approach for the construction of MCMs
from the aqueous assembly of a linear poly(ethylene oxide)-
block-poly(N-acryloxysuccinimide)-block-polystyrene  (PEO-b-
PNAS-b-PS), 1, amphiphilic ABC triblock terpolymer, to afford
nanoscopic assemblies with compartmentalized PS core do-
mains. Borrowing from the terminology that has been developed
for multivalent systems, whlch can be of either homomultiva-
lency or heteromultlvalency, we adopt the term “multicom-
partment”, for these newly developed homomulticompartment
materials. The overall process involves an evolution from
individual nanodroplets of polymer dispersed in water, to
increasingly defined phase-segregated domains within those
nanodroplets, and ultimately to discrete micelles, as the NAS
functionalities undergo hydrolysis over time. While still pre-
sent, the residual NAS functionalities within MCMs can be
utilized for covalent incorporation of other molecules to
render the MCMs functionalized, through well-established
amidation chemistry.

In this study, photophysically active pyrazine-based diamino
cross-linkers, 2 or 3 (Scheme 1), were used to establish
the stabilized photoactive multicompartment nanostructures
(MCNs), 4a, 4b, Sa, and Sb, respectively. The cross-linking
not only enhances the stability of MCMs to afford MCNs with
hydrophilic shells but also allows for tuning of the MCN internal
spacing, through varying the chemical structures and the incor-
poration stoichiometry of the cross-linkers. These MCNs exhibit
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Figure 1. Characterization of MCMs in DMF/H,0 (v/v = 1:1,
polymer concentrations were ~0.5 mg/mL). (A) Intensity-average
weighted (top) and number-average weighted (bottom) hydrodynamic
diameter distribution of “as prepared” MCM:s by DLS (the scale of x-axis
was presented by logarithmic). (B) TEM image (collected after drop
deposition onto carbon-coated copper grids) of “as prepared” MCMs
after 24 h of storage at room temperature (stained negatively with PTA).
(C) TEM image of “as prepared” MCMs without any covalent stabiliza-
tion after 3 months of storage at room temperature (stained negatively
with PTA). (D) TEM image of “as prepared” MCMs without any
covalent stabilization after 9 months of storage at room temperature
(stained negatively with PTA).
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Figure 2. Small MCMs assembled from PEO,s-b-P(NASgs-co-AA,o)-
b-PS,s precursors in DMF/H,O (v/v = 1:1, polymer concentrations
were ~0.5 mg/mL). (A) Intensity-average weighted (top) and number-
average weighted (bottom) hydrodynamic diameter distribution of “as
prepared” MCMs by DLS (the scale of x-axis was presented by
logarithmic). (B) TEM image (collected after drop deposition onto
carbon-coated copper grids) of “as prepared” MCMs after 24 h of
storage at room temperature (stained negatively with PTA).

unique fluorescence emission characteristics, upon exposure to
external environments at different pH values.

8535 dx.doi.org/10.1021/ja200182t |[J. Am. Chem. Soc. 2011, 133, 8534-8543



Journal of the American Chemical Society

A) 100

50

Intensity

ol
00 5000
Diameter (nm)

100 -
50
o0l N
00 5000

Diameter (nm)

D) 100 —
=
i3
c 80
E
ol
=00 £00.0

Diamete (nm)

Number

100 s

0.0 500.0
Diameter (nm)

Figure 3. Characterization of MCNs prepared from PEO,s-b-PNAS  5-b-PS,s precursors and cross-linked with 2 in pH 7.2, S mM PBS buffer (with
S mM of NaCl, polymer concentrations were 0.2—0.3 mg/mL). (A—C) and (D—F) Hydrodynamic diameter histograms as measured by DLS (the scale
of x-axis was presented by logarithmic), TEM micrograph (stained negatively with PTA), and cryogenic TEM micrograph of 4a and 4b, respectively.
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Figure 4. Characterization of MCNs (4a and 4b, polymer concentrations were 0.2—0.3 mg/mL) cross-linked/functionalized by 2. (A) DLS histograms
of intensity-averaged hydrodynamic diameters for 4a (left) and 4b (right) in buffer solutions (S mM with S mM of NaCl) at different pH values. (B)
High-resolution TEM micrographs (stained negatively with PTA) of 4a collected after drop deposition onto carbon-coated copper grids from pH 5.8
(left), pH 7.2 (middle), and pH 8.6 (right) buffer solutions (5 mM with S mM of NaCl), respectively. (C) High-resolution TEM micrographs (stained
negatively with PTA) of 4b collected after drop deposition onto carbon-coated copper grids from pH 5.8 (left), pH 7.2 (middle), and pH 8.6 (right)
buffer solutions (S mM with S mM of NaCl), respectively.
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Figure S. Characterization of MCNs prepared from PEQ,5-b-PNAS, 5-b-PS,s precursors and cross-linked with 3 in pH 7.2 S mM PBS buffer (with
S mM of NaCl, polymer concentrations were 0.2—0.3 mg/mL). (A—C) and (D—F) Hydrodynamic diameter histograms measured by DLS (the scale of
x-axis was presented by logarithmic), TEM micrograph (stained negatively with PTA), and cryo-TEM micrograph of Sa and Sb, respectively.

B RESULTS AND DISCUSSION

ABC linear triblock terpolymers have been shown to undergo
greater variability in their assembly behaviors, in comparison to
diblock copolymers,®®~3%41505253,396L67=70 pyrthermore, ortho-
gonal cross-linking of the reactive groups preinstalled across
either the hydrophilic’"”* or the hydrophobic”? block segment
have been demonstrated. The particular triblock terpolymer
composition and sequence, PEO45-b-PNAS os-b-PS,s, were se-
lected to provide a hydrophilic PEO end segment for water
dispersibility, a central PNAS segment for reactivity, and a
terminal hydrophobic PS segment to provide for nucleation of
micellar assemblies in water and provide the ability to trap initial
MCM morphologies kinetically. The activated ester functional-
ities enable chemical modifications to improve the structural
stability by incorporating cross-linkers.

MCMs were assembled from 1 in aqueous solution when the
polymers were freshly prepared, by introducing water (a selective
solvent for PEQ) to solutions of the triblock terpolymer in N,N-
dimethylformamide, DMF (a good solvent for all three blocks).
The nanoscale MCM assemblies in H,O/DMF (v/v = 1:1) were
characterized immediately by dynamic light scattering (DLS)
and transmission electron microscopy (TEM). The DLS results
confirmed that uniform nanostructures were obtained (PDI
< 0.1, cumulant analysis) with a hydrodynamic diameter (Dy,)
of 300 & 20 nm (Figure 1A). The internal compartmentalized
structure of these assemblies was supported by the TEM image
(Figure 1B). Distinct from the previous PEO,5-b-PNASos-b-PS¢
triblock terpolymer, which provided discrete spherical micelles
after assembly, the relatively longer PNAS and shorter PS block
segments in the current terpolymers caused dramatically differ-
ent assembly behavior. Individual nanodroplets containing inter-
nal phase-segregated domains acquired increasing definition
until ultimately dissociating into discrete micelles. We attribute
the occurrence of compartmentalization to the difference of
interfacial tension of hydrophobic PNAS and PS blocks against
water, as the immiscibility of the PNAS and PS segments is not as

apparent as prior studies involving other block segment pairs,
including fluorophilic blocks.*>*" Upon inducing the aqueous
assembly process, the relatively stronger interfacial tension of PS
against water, together with the s—s stacking interactions
between aromatic ring moieties, accelerated the formation of
dispersed smaller spherical domains in a larger PNAS domain.
The overall progress of internal phase segregation was deter-
mined by the intrinsic block length ratio between PNAS and PS
blocks. A relatively shorter PS block, which can offer a stronger
tendency to spherical morphology, and a relatively longer PNAS
block, which grants sufficient space allowing the reorganization
of PS and maintains adequate hydrophobicity during the assem-
bly process (at a rate that is slower than the rate of assembly, the
NAS groups undergo hydrolysis to generate hydrophilic acrylic
acids, AAs (half-life on the order of a few hours)), facilitate the
formation of MCMs.

It was noticed that the integrity of the MCM structures was
related to the extent of NAS hydrolysis. With increased amounts
of AA residues within MCM shells (after 3 months of storage,
>95% of the NAS were hydrolyzed, as confirmed by NMR),
enhancement of core domain compartmentalization was ob-
served (Figure 1C). Meanwhile, partial dissociation of compo-
nents within the established MCMs was evidenced by the
appearance of smaller aggregates (Figure 1C). These phenom-
ena can be attributed to the increased electrostatic repulsions
between negatively charged acrylates. The disassembly of MCMs
(without any covalent stabilization) into discrete micellar forms
ultimately occurred over long storage times (9 months,
Figure 1D). The evolution of the entire process of internal
compartmentalization and transformation of MCM:s to discrete,
amphiphilic core—shell micelles is under further investigation.

The extent of NAS hydrolysis also affected the self-assembly
behavior of the triblock terpolymer precursors. Uniform MCMs
with a smaller size (Dy, = 160 £ 15 nm, Figure 2A) and lower
numbers of compartments (Figure 2B) were produced through
the assembly of PEQ,5-b-P(NASys-co-AA;¢)-b-PS,s precursors,
having ca. 10% NAS hydrolysis. These results sustained our
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Figure 6. Characterization of MCNs (Sa and Sb, polymer concentrations were 0.2—0.3 mg/mL) cross-linked/functionalized by 3. (A) DLS histograms
of intensity-averaged hydrodynamic diameters for Sa (left) and Sb (right) in buffer solutions (S mM with S mM of NaCl) at different pH values. (B)
High-resolution TEM micrographs (stained negatively with PTA) of Sa collected after drop deposition onto carbon-coated copper grids from pH 5.8
(left), pH 7.2 (middle), and pH 8.6 (right) buffer solutions (S mM with S mM of NaCl), respectively. (C) High-resolution TEM micrographs (stained
negatively with PTA) of 5b collected after drop deposition onto carbon-coated copper grids from pH 5.8 (left), pH 7.2 (middle), and pH 8.6 (right)

buffer solutions (S mM with S mM of NaCl), respectively.

hypothesis (vide supra) that the subsistence of charges within
MCM shell domains influenced the fate of these supramolecular
assemblies and also provided additional tunability for the con-
struction of diverse MCMs. As a note, the triblock terpolymer
precursors became only partially soluble in DMF when greater
than 30% of NAS hydrolysis had occurred. Therefore, the self-
assembly studies of these polymers were not conducted.
Covalent cross-linking and functionalization of the MCMs
were accomplished by a one-step approach, utilizing cross-linkers
2 or 3, designed to also determine the incorporation/cross-
linking efficiency’* and to enable unique pH-driven photophy-
sical property responses.”> Compared with the MCM precursors,
the hydrodynamic diameters of MCNs with cross-linker 2
decreased, as confirmed by DLS (Figure 3A and 3D; also see
Figure 4A). The observed shrinkage effect correlated with the
cross-linking extents; i.e., as the extents of pyrazine incorporation
increased from 0% to 9% to 17%, the corresponding Dj,
decreased from 300 £ 20 nm to 225 £ 25 nm to 165 =+
30 nm. It also was found that the workup procedure affected the
final size for the MCNss with 9% of cross-linking (Figure 4A, left).
Although the MCNss retained a similar size of ~220 nm over a
pH range of 5.8 to 7.9, with a further increase of the pH value to
8.6, the hydrodynamic diameter decreased to ~160 nm. The
cause for this reduction in dimension with the increase of pH is
unknown. The DLS observations were further supported by
high-resolution TEM images of the corresponding MCNs, in
which the internal PS compartments in MCNs at pH 8.6 showed a
relatively compacted packing mode (Figure 4B). This reduction

was tightly associated with the cross-linking extents; at higher
degrees of cross-linking, the pH-responsive shrinkage was di-
minished (Figure 4A, left vs right and Figure 4B vs Figure 4C).
However, we are unable to determine whether the apparent
reduction in size is due to a contraction within established MCNs
or due to some degree of dissociation of loosely cross-linked
components within MCNs. These trends were also observed for
cross-linker 3 (Figure SA and SD, Figure 6A—C). Interestingly,
the incorporation efficiency of 3 (~60%) was higher than that of
2 (~40%) at both examined cross-linking extents, in contrast to
constant relative incorporation of each cross-linker within cor-
e—shell micelle systems studied previously.”*

TEM and cryogenic-TEM (cryo-TEM) imaging (middle and
right column in Figures 3 and S, respectively) of MCNs gave
diameters that were in agreement with the DLS results and
provided more structural information (also see Figures 4 and 6,
Supporting Information, SI, Figures S1 and S2 for TEM images at
additional pH values). Comparison of MCM and MCN images
(Figure 1 vs 3—6) demonstrated maintenance of the internal
segregated domains and enhanced compartmentalization after
cross-linking. However, different packing patterns of the com-
partments occurred with different cross-linking extents. Notice-
ably different intercompartment spacings were detected by cryo-
TEM (Figures 3C, F and SC, F).

We further characterized the MCNs by atomic force micro-
scopy (AFM). As shown in Figure 7, MCNs with the highest
degree of cross-linking (MCN 5b, maximum ~30% of cross-
linking) displayed the smallest variations between the diameter
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Figure 7. Tapping mode AFM images of MCNs in water (polymer concentrations were 0.2—0.3 mg/mL). (A) Height (top) and phase (bottom)
images of 4a on mica. (B) Height (top) and phase (bottom) images of 4b on mica. (C) Height (top) and phase (bottom) images of 5a on mica. (D)
Height (top) and phase (bottom) images of Sb on mica. The AFM samples were prepared by spin-casting the corresponding MCN solution in water on

freshly cleaved mica.

and height (D/H ~ 3) after casting onto mica, indicating that Sb
had the most discrete and robust structural characteristics. In
comparison, the least cross-linked MCN 4a (maximum ~9% of
cross-linking) exhibited a D/H ratio of >8. The AFM images of
4a vs 4b and Sa vs Sb (Figure 7A vs 7B and 7C vs 7D,
respectively) also supplied additional verifications for the general
trend of MCN internal structures, i.e., the decrease of inter-
compartment spacings with the increase of cross-linking extents.

Small-angle X-ray scattering (SAXS) was then used to probe
the internal packing orders of these MCNs (Figure 8). For both
cross-linkers, MCNs 4b and 5b with higher cross-linking extents
showed more ordered internal structures than did 4a and Sa, as
evidenced by the sharp Bragg peaks (marked with black arrows).
The relative positions of the principal Bragg peak (0.024 and
0.022 A™' for 4b and 5b, respectively) to its higher order
reflection indicated hexagonal internal packings.”® The calcu-
lated center-to-center spacing was 30.7 nm for 4b and 33.0 nm
for Sb, respectively. The calculation showed that MCNs pre-
pared using 2 had a smaller spacing than those prepared using 3,
in support of the ability to tune the internal spacing of MCNs by
choosing cross-linkers with different chemical structures. For the
20% cross-linked samples (4a and Sa), their SAXS profiles
showed broad Bragg peaks, suggesting that these MCNs were
less internally ordered, consistent with TEM, cryo-TEM, and
AFM images.

The significant increase of MCN structural stability after
cross-linking was verified by comparing morphologies of the
pre-established MCMs and 2-cross-linked MCNs (4a and 4b) in
mixed organic/aqueous media (DMF/H,0) over storage times
(9 months) at room temperature. While the disassembly of MCMs
occurred (vide supra), the MCNs (4a and 4b) did not show
appreciable morphology variations (Figure S3A and S3B, re-
spectively), even at lower degrees of cross-linking (4a, maximum
cross-linking extent less than 10%). The long-term dissociation
of MCMs into discrete micelles supports our hypothesis that the
overall process involves an evolution from multicompartment
nanostructures, rather than an opposite process of micellar
aggregation.

One motivation for this study arose from our recently reported
fluorophore-shell-cross-linked nanoparticles (SCKs), a pH-dri-
ven nanoplatform that demonstrated notable enhancement
of fluorescent properties within the physiological pH region.”®

I(a) (A.U.)

b Yl b Aok
0.01 a A-1 ) 0.1
Figure 8. SAXS profiles of MCNs in pH 7.2 PBS buffer solutions
(S mM with S mM of NaCl). Black arrows point to the positions of Bragg
peaks corresponding to the internal order within the MCNs, while pink
arrows mark the positions of possible form factor peaks associated with
the overall size of the MCNs.

Because the MCNs represent sophisticated supramolecular
assemblies, it was reasonable to anticipate more complex photo-
physical properties of fluorogenic MCNss after covalent installa-
tion of the pyrazine chromophores. For 2 and 3 small molecules
at the surveyed pH values, no apparent UV—vis absorbance and
fluorescence emission spectra variation was detected (Figure $4),
which indicated their intrinsic non-pH-responsive properties. As
2 and 3 were incorporated into MCNs through covalent func-
tionalization, the UV—vis maximum absorbance peaks were
blue-shifted from 433 nm to ca. 390 and 380 nm (4a—b and
Sa—b, respectively) at pH 5.8. With an increase of the external
pH values, the 433 nm peak began to appear along the UV—vis
profile and, eventually, became the equivalent or even dominant
absorbance peak, depending upon the incorporation extents
(Figure 9A—D, left column). More interestingly, the fluores-
cence emission (excitation at maximum absorbance wavelength,
Aabsmax) at corresponding pH values also experienced such a
tendency (Figure 9A—D, middle column). Upon excitation of 4a
in acidic media (pH 5.8 and 6.5, respectively) with A,pqmay the
fluorescence emission peaks were blue-shifted to 495 nm as the
dominant (pH 5.8) or major (pH 6.5) peak. As the environmental
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Figure 9. pH-Responsive photophysical properties of cross-linked MCNs. (A—B) UV—vis (left) and fluorescence emission spectra (middle, excitation
at Apsmax Of MCN, solid line; right, excitation at 433 nm, dashed line) of MCNs prepared from cross-linking with 2 at nominal 20% and 50% cross-
linking extents, respectively. (C—D) UV—vis (left) and fluorescence emission spectra (middle, excitation at A ps may of MCNG, solid line; right, excitation
at 433 nm, dashed line) of MCNGs prepared from cross-linking with 3 at nominal 20% and 50% cross-linking extents, respectively.

pH values increased to neutral (pH 7.2) and weakly basic
(pH 7.9), 4a showed dual emissions at 495 and 555 nm, and the
555 nm emissions became of greater intensity at both pH values. At
the highest pH value (pH 8.6) surveyed, 4a only displayed the
555 nm emission. For Sa, a similar evolution of photophysical
properties was verified, except that the threshold of fluorescence
emission variation began at pH 6.5 and self-quenching of fluores-
cence emission was boosted. In the case of 4b, apparent fluores-
cence self-quenching appeared and the 495 nm emission quickly
vanished as the external pH values were above neutral conditions, in
contrast to 4a. For Sb with the highest incorporation extent of
pyrazines, the 555 nm emission always acted as the dominant
character across the surveyed pH range.

We also noticed that, for MCNs 4a, 4b, and Sa, the integra-
tions of the fluorescence emission spectra (excitations at the cor-
responding A,psmax) decreased with the elevation of pH values

(Figure 9A—C, middle column), suggesting the existence of
two types of fluorogenic species from the covalent installation
of pyrazines into the established MCMs. We speculated that
these two fluorophores exhibited different photophysical
properties as a function of pHj i.e., one had a higher degree
of pH-sensitive fluorescence character, which was responsible
for the 495 nm emission, while the other one that gave the
555 nm emission had less sensitivity upon pH variations or
even was non-pH-sensitive. This hypothesis was supported by
the results from studies in which the 433 nm excitations (the
original A, max for both 2 and 3) were applied to these
fluorogenic MCNs. The reduction of fluorescence emission
intensity at 495 nm followed the trend as described above
(Figure 9A—D, right column), while significant enhancements
of the 555 nm emissions (the Aqy max for both 2 and 3) were
observed, for 4a and Sa.
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Figure 10. Photophysical properties of photonic SCK nanoparticles. (A—B) UV—vis (left) and fluorescence emission spectra (middle, excitation at
Aabsmax of SCKs, solid line; right, excitation at 433 nm, dashed line) of SCK 4a and SCK Sa, prepared from cross-linking with 2 and 3 at nominal 20%
cross-linking extents, respectively. (C) Fluorescence emissions of MCNs and SCKs as a function of environmental pH values (the y-axis was presented
by the ratio between 495 nm emission intensity and $55 nm emission intensity).

From the chemistry viewpoint, monoacylation of the pyrazine
aromatic amines can introduce asymmetries, which might affect
its photophysical properties. Therefore, we synthesized the
triacylated derivative of 3 (Figure SS) and studied its photo-
physical properties within the corresponding pH value range.
The blue shifts of both the UV—vis maximum absorbance peak
(from 433 to 400 nm, Figure SSC) and fluorescence emission
peak (from 560 to 495 nm, Figure SSD) were noticed, which was
consistent with an earlier literature report.”” In addition, pH-
responsive fluorescence intensity decreases were observed, in
response to the increasing of pH from 5.8 to 8.6. This control
experiment demonstrated that the pH-sensitive photophysical
response by MCNs originated from the acylation of pyrazine
aromatic amines. However, other factors including photon
reabsorption and subsequent photon re-emission, twisted intra-
molecular charge-transfer,787 © and the ionic strength of the
media could also be factors.

To explore the nanostructure morphological effect on photo-
physical properties, we prepared photonic core—shell SCKs
(SCK 4a and SCK Sa, at nominal 20% of cross-linking with 2
and 3, control samples for MCN 4a and MCN Sa, respectively)

from PEO,s-b-PNASgs-b-PSe triblock terpolymer precursors,
by following the established protocol.”* As shown in Figures S6
and S7, these SCK nanoparticles exhibited discrete spherical
morphologies and relatively narrow size distributions. Upon
exposing these SCKs to photophysical studies, similar pH-
responsive fluorescence emission trends were observed as for
the MCNs; ie., the 495 nm fluorescence emission intensity
decreased with the elevated environmental pH values
(Figure 10). However, the 495 nm emission intensities of SCK
4a and SCK Sa were much less than those of the corresponding
MCN 4a and Sa, especially at acidic conditions (cyan profiles in
Figure 10 vs Figure 9). In fact, the S55 nm emission always acted
as the major fluorescence emission for all SCK samples, which
was totally different from the phenomena observed from MCNs
(Figure 10C).

B CONCLUSIONS

In summary, multicompartment nanoasssemblies bearing
NHS active ester functionalities have been prepared from linear
triblock terpolymer PEO,5-b-PNAS,ys-b-PS,s in DMF/H,0

8541 dx.doi.org/10.1021/ja200182t |J. Am. Chem. Soc. 2011, 133, 8534-8543



Journal of the American Chemical Society

solutions and transformed into robust, pH-responsive, fluores-
cent nanostructures. The phase segregation process between the
two hydrophobic building blocks was enhanced by the introduc-
tion of hydrophilic functionalities across the PNAS domain,
upon hydrolysis, which further provided manipulation of the
size and number of internal compartments of the assembled
MCMs. The active ester functionalities were demonstrated to
allow for modifications through facile and practical chemistry,
including cross-linking and functionalizing with pyrazine-based
cross-linkers to achieve enhanced stability and to enable pH-
sensitive photophysical responses. It is expected that the above
unique properties of these MCNs will make them promising
materials for fundamental study in biotechnology and other
applications.

B ASSOCIATED CONTENT

© Ssupporting Information. Detailed experimental descrip-
tions including polymer synthesis and self-assembly, functiona-
lized/cross-linked MCN preparation and characterizations, and
photophysical evaluations. This material is available free of
charge via Internet at http://pubs.acs.org.
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