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ABSTRACT It is extremely important for emerging applications
and still enormously challenging to develop multifunctional stimuli-
responsive anisotropic polymeric micelles with integration of

potentially targeted therapeutic and diagnostic function. Herein, | <

we report a first example of fluorescent anisotropic micelles (FAMs)
with Fe*, DIT, H,0,, and thermal responsive fluorescence and
morphology. FAMs from direct aqueous self-assembly of amphiphilic
diblock copolymer showed reversible “switch off/on” of aqua

fluorescent emission and controllable structural change by sequen-
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tial addition of Fe** and DTT. In addition, the FAMs had reversible dual-thermal responsiveness of fluorescence and morphology. This micelle could serve as

a promising candidate for all-in-one application of quantitative detecting, imaging, drug delivery, and targeted release.

KEYWORDS: shape anisotropy - fluorescent - micelles - stimuli-responsive - block copolymers - self-assembly

ber of fascinating anisotropic mor-
phologies or structures to endow
them with directionally dependent func-
tions and properties. For instance, pollen
grains have anisotropic patches on their
surface, and heme and self-assembled
aggregates of hydrophobin proteins show
a Janus-like structure.! Inspired by nature,
diversified synthetic anisotropic particles
with asymmetric geometrical structures
or heterogeneous chemical or physical
compositions have been developed widely
owning to their potential applications in
biomedicine materials, display devices,
solid stabilizers or surfactants, sensors, coat-
ings, catalysis, building blocks for complex
structures, etc.2”° Various bottom-up or
top-down approaches have been imple-
mented to construct anisotropic micro/
nanoparticles so far.'0~"°
Comparing with relatively high-cost and
complicated top-down methods,° the fac-
ile and controlled bottom-up approaches

B iological systems have evolved a num-
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involving employment and manipulation
of molecules or particles, which represent
persistent research motivation of current
materials science, are more elegant for fab-
ricating a multitude of anisotropic particles
based on soft matter in bulk, solution, or
thin films.2'~?® Typically, aqueous self-
assembly of amphiphilic block copolymers
has emerged as a versatile technique to
create micro/nano core—shell particles with
a non-centrosymmetric shape and compo-
nent distribution within the core and/or on
the shell surface, such as patchy micelles,*®
patchy  nanocapsules*®  multicompart
ment micelles,>' 3% and others.3>~38 Non-
centrosymmetric anisotropic micelles have
introduced an opportunity for the solution
of some challenges in biomedical applica-
tions. Like nonspherical nanostructures, the
blood circulation time was prolonged,®® and
cellular uptake was increased.*° In addition,
the patches on the shell surface could
provide specific sites for cell binding, and
the compartments in the core can support
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multiple/selective loading, transport, and release of
various therapic or diagnostic compounds.3>*' Even
though considerable success in the design and pre-
paration of anisotropic micelles with a single function
has been achieved, developing multifunctional stimuli-
responsive anisotropic micelles for emerging applica-
tions, especially smart “theranostics”, which integrates
a targeted therapeutic and diagnostic function within
a single drug delivery system, presents a serious
challenge and is still in its infancy.***°

Herein, we report a novel micelle with bright fluo-
rescent emission and anisotropic structure from direct
aqueous self-assembly of an amphiphilic diblock co-
polymer. This fluorescent anisotropic micelle (FAM)
showed a “switch off” of fluorescence and change of
morphology exclusively relating to Fe**. Moreover, the
addition of p-dithiothreitol (DTT) can switch on the
fluorescence and result in the formation of new nano-
particles. By sequential addition of DTT and Fe3", the
“switch on/off” of fluorescence and transition of mor-
phology can be reversibly repeated. In addition, the
FAMs were dual thermally responsive, corresponding
to an upper critical solution temperature (UCST) and a
lower critical solution temperature (LCST), which leads
to a reversible change of fluorescence and morphol-
ogy. This is the first example of anisotropic micelles
with a two-in-one feature of fluorescence change and
morphological transition by applying multiple stimuli.

RESULTS AND DISCUSSION

The FAMs were constructed from a pyrene-function-
alized amphiphilic copolymer building block in water.
The amphiphilic copolymer denominated Py-PPDO;-b-
PEG,¢ was prepared by a three-step strategy including
ring-opening polymerization, carboxylation, and
coupling reaction (Figure S1). As shown in Scheme 1,
the copolymer contains three vital parts: a poly(p-
dioxanone) (PPDO) chain with an average of seven p-
dioxanone units as a hydrophobic, crystalline, and
thermally responsive segment, a poly(ethylene glycol)
monomethyl ether (MPEG) chain with an average of
16 ethylene glycol units as a hydrophilic and thermally
responsive segment, and a pyrene moiety attached at
the chain end as a fluorophore and a binding site of
Fe3". The self-assembly of this amphiphilic copolymer
in water can result in nanoparticles with anisotropic
structure according to our previous research,**>° and
the nanoparticles will be fluorescent due to incorpora-
tion of the pyrene group. Importantly, the addition of
Fe*™ can induce a morphological change of FAMs
accompanied by a “switch off” of fluorescence due to
damage of pyrene m— stacking and potential inter-
action of Fe*"-pyrene,”’? revealing Fe>* responsive-
ness. Subsequently, by DTT-induced reduction of Fe>*
to Fe?*t, the fluorescence is switched on, and new
particles are formed. The “switch off” of fluorescence
and the structure recovery of particles can be achieved
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Scheme 1. Schematic representation of the self-assembly
of Py-PPDO;-b-PEG;¢ and the multistimuli-responsive fluo-
rescence and morphology of FAMs.

by addition of fresh Fe** or H,0,-induced oxidation of
Fe?" to Fe**. In addition, transition of FAMs to copol-
ymeric molecules to giant ellipsoidal particles accom-
panied by a change of fluorescence intensity is
achieved reversibly by increasing or decreasing the
temperature, indicating a dual thermal responsiveness.

FAMs were obtained by directly adding the copoly-
mer into water, annealing at 90 °C, and aging at 25 °C.
At room temperature, the white aqueous suspension
of FAMs was quite stable and emitted intense
aqua fluorescence when exposed to 365 nm UV light
(Figure 1a). However, FAMs were molecularly soluble in
CHCls, and pyrene moieties were chiefly in the form of
a ground-state monomer, supported by intense blue
fluorescence and the corresponding emission spec-
trum of the CHCl; solution of Py-PPDO,-b-PEG;q
(Figures S4 and S5). According to the features of pyrene
and the amphiphilic molecule, the aqua emission of
the suspension was assigned to the fluorescence of the
pyrene excimer generated by a spontaneous aggrega-
tion of this amphiphilic copolymer in water, which
promoted the m—x stacking of pyrene moieties.>
FAMs were characterized by confocal laser scanning
microscopy (CLSM), transmission electron microscopy
(TEM), and atomic force microscopy (AFM). CLSM
showed that FAMs were fluorescent in a aqua region
of the spectrum (Figure 1b), and their profile was
undulate (Figure 1c). TEM further confirmed the un-
dulate profile of FAMs and described in more detail
their patchy structure with some cells of about 25 nm
on the surface (Figure 1d—f), which was supported by
AFM images (Figure 1g—i). The mean diameters of
FAMs from TEM and AFM images were 167 &+ 61 and
203 £+ 51 nm (Figure 1j), approaching the (D) of
228 nm determined by dynamic light scattering (DLS)
(Figure 1k). In addition, the critical micelle concentration
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Figure 1. (a) Photographs of a formed aqueous suspension of FAMs under visible or UV (365 nm) light. (b and c) CLSM images
of FAMs in water. (d, e, and f) TEM images of dry FAMs under different magnifications. (g, h, and i) AFM 2D and 3D height
images of dry FAMs. (j) Statistic diameter distribution of dry FAMs from AFM and TEM images. (k) Diameter distribution,
intensity-averaged hydrodynamic diameter ((Dy,)), and polydispersion (Poly) of FAMs in water from DLS. (I) Determination of
critical micellization concentration (CMC) from the fluorescence intensity of Nile Red in a copolymeric aqueous solution at
621 nm versus logarithm concentrations of copolymer at 25 °C.

(CMQ) of FAMs obtained from fluorescent measure-
ment by using Nile Red as a fluorescent probe was
5.85 x 107> mg mL™" (Figure 1l), indicating the facile
micellization and a potentially good stability of
micelles as applied to a drug-controlled-release carrier
in the bloodstream.>

The pyrene-excimer-based fluorescent sensors for
various analytes (e.g., ions,>> small molecules,>® nucleic
acids,>”*® or proteins®®) have been reported widely
due to high quantum vyield and longer lifetime.>
Herein, as Fe>" was added at room temperature, the
white suspension of FAMs changed to yellow, and the
aqua fluorescence was switched off (Figure 2a). Fluo-
rescent emission measurements showed two types of
emission peaks (350—450 and 450—550 nm) assigned
to the pyrene monomer (PM) and pyrene excimer (PE),
respectively, and the emission spectra were weakened
steadily with the increase of [Fe*"] (Figure 2b). Relative
fluorescence intensity (I/lo) decreased with the increase
of [Fe**] (Figure 2c). Detection limits (DLs) defined as
the concentration of analyte where fluorescence was
weakened or enhanced by 10% were determined to be
22.3 and 80.4 uM for PM and PE, respectively. The DL is
quite comparable to that of prior methods (e.g., flame
atomic absorption spectrometry, ion-selective elec-
trodes, and UV—vis spectrometry), and the fluores-
cence cannot be quenched effectively by other various
valence metal ions (Figure 2h), indicating a potential
prospect as a “switch off” fluorescence probe for
selective detection of Fe** in an aqueous environment.
Notably, a wide red shift of excimer signal from 481 to
495 nm occurred, reflecting the presence of interac-
tions between pyrene and Fe>". We infer that the
“switch off” of aqua fluorescence could be attributed
to a specific complexation of Fe** and polycyclic
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aromatic pyrene accompanying the disruption of
m—z stacking of pyrene moieties, similar to the gas-
phase cation complexes of iron and pyrene.”'*? In-
deed, the plots of 1/(ly — /) versus 1/[Fe*'] in terms of
the Benesi—Hildebrand method, which was widely
used to study stoichiometric complexation via a
nonbonding interaction, showed a good linear fit
(Figure 56),°%¢" solidly confirming the formation of a
1:1 complex of PE or PM with Fe*". The binding or
association constants (K) for PE and PM were also
estimated to be 1.384 x 10° and 4.560 x 10> M,
respectively.

Glutathione (GSH) as a tripeptide biothiol exists
widely in the eukaryotic cytosol with a high intracellular
concentration (approximately 1—10 mM) and low ex-
tracellular concentration (approximately 2—20 uM).6>%3
GSH serves a critical role in maintaining the redox state
of the cell,® and the imbalance of reduced and
oxidized GSH (GSH/GSSG) is directly linked to various
diseases such as cancer and Alzheimer's disease.®® In
comparison with GSH, DTT exhibits a similar redox
behavior and often is selected to mimic an intracellular
GSH reductive environment.®®~% Herein, when DTT
was added into the above yellow suspension, the aqua
fluorescence was switched on and a white suspension
was regenerated (Figure 2a). Moreover, on increasing
the amount of DTT, the emission spectra were en-
hanced gradually, and a broad blue shift of excimer
signal from 498 to 481 nm was observed (Figure 2d).
A quantitative relation between I/l and [DTT] is shown
in Figure 2e. It can be found that the //ly of PM and PE
increased with the increase of [DTT] and tended to be
stable at about 50 mM. The DLs of PM and PE were
0.2824 and 0.2903 mM, respectively, implying that an
available detecting concentration of DTT is above the
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Figure 2. (a) Photographs with different additives under visible and UV (365 nm) light. (b, d, and f) Fluorescence emission
spectra with different [Fe3"1, [DTT] (after 12 h of adding 2 equiv of Fe3™ relative to pyrene moieties), and [H,0,] (after 12 h of
adding 1 equiv of DTT relative to Fe3"), respectively. (c, e, and g) Relevant plots of I/l versus [Fe**], [DTT], and [H,0,],
respectively. (h) Column chart of I/l, with different metal ions. (i) I/l upon sequential addition of 2 equiv of Fe** and DTT
relative to pyrene moieties. / and /, represent fluorescence intensity with and without analytes, respectively.

extracellular but below the intracellular GSH concen-
tration. Thus, the copolymer could be used as a fluo-
rescent probe for intracellular GSH without interference
from extracellular GSH. Because DTT or GSH can reduce
Fe from high valence to low valence,*’° and the

WU ET AL.

addition of 2 equiv of Fe?" caused only a quite limited
reduction of the fluorescent emission (Figure S7), the
reason for the “switch on” of aqua fluorescence could
be attributed to a dissociation of pyrene/Fe3* com-
plexes induced by a reduction of Fe*" to Fe" in the
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Figure 3. TEM images of FAMs at different times after adding different analytes at 25 °C: without analytes (a); addition of Fe*"

(2 equiv relative to pyrene moieties), (b) 2 h, (c and d) 24 h; addition of DTT after the addition of Fe*" (2 equiv relative to Fe

(e) 5 min, (fand g) 1.5 h, (h) 24 h.

presence of DTT and then the reconstruction of 71—
stacking of pyrene moieties by reassembly of copoly-
mer for establishing a new hydrophilic—hydrophobic
balance. Importantly, when adding fresh Fe*" or H,0,
into the regenerated suspension, the aqua fluores-
cence was switched off again (Figure 2a). The cycle of
switching on and off of fluorescent emission can be
reversibly repeated multiple times by the sequential
addition of DTT and Fe>" (Figure 2i). However, it is
predictable that the repeated switching is not sustain-
able due to the possible swelling capability of DTT and
its oxidized products for the copolymer and potential
hydrolytic degradation of PPDO. For the addition of
H,0,, an obvious oxidation of Fe?* to Fe>* occurred.
The emission spectra were weakened steadily with the
increase of [H,0,], and a red shift of the excimer signal
from 481 to 492 nm was also observed (Figure 2f).
I/l decreased sharply with an increase of [H,0,]
and tended to be stable at about 10 mM (Figure 2g).
The DLs of PE and PM were 0.1362 and 0.2246 mM,
separately.

Upon addition of Fe** to the aqueous suspension
at 25 °C, due to the change of the hydrophilic—
hydrophobic balance, the FAMs were disassembled
gradually and disrupted into small fragments within
2 h (Figure 3b). With prolonging time, a new hydro-
philic—hydrophobic balance was established, and
molecular rearrangement promoted small fragments
to reassociate into nanosheets with an irregular shape
(Figure S9). After 24 h, semicircular nanosheets (SNSs)
with the largest radius of 580 nm and a 120 nm maxi-
mum thickness were obtained (Figure S10, Figure 3c
and d). The formation mechanism of SNSs is not
very clear. However, the pyrene-Fe** complex as a
more hydrophilic polymeric head than pyrene is in
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3+)
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favor of this planar structure (Figure 3¢, inset), and an
asynchronous association similar to asynchronous con-
traction, which induced the formation of sheet-like
superstructures, should also contribute to produce
SNSs.”" Moreover, on adding DTT to the above system,
the SNSs were disrupted gradually (Figure 3e). This is a
result of the DTT-induced reduction of Fe** to Fe?*. In
that way, hydrophobic pyrene as a polymeric head
was restored, and the hydrophilic—hydrophobic bal-
ance was disrupted. Afterward, a new hydrophilic—
hydrophobic balance was established gradually by
copolymer reassembly. It was found in Figure 3f
and g that the new nanoparticles were formed after
1.5 h of adding DTT, and their inner structure was
like multicompartment micelles. Owing to the swollen
possibility of copolymer chains, adding DTT and
oxidized products of DTT could promote the formation
of this structure, similar to the role of organic diamines.>*
The further swelling led to the production of spherical
particles after 24 h (Figure 3h). Hence, the SNSs
with DTT-controlled structural change behavior are
expected to be employed as targeted-release vehicles
encapsulating anticancer drugs in tumor tissues.

Our previous research reveals that PPDO-based
amphiphilic copolymers in water show thermal res-
ponsiveness.”? Herein, with increasing temperature,
the white suspension of FAMs gradually underwent two
types of phase transition, namely, turbid-to-transparent
and transparent-to-turbid, corresponding to UCST and
LCST, respectively (Figure 4a). UCST and LCST in the
heating stage were obtained by variable-temperature
turbidity measurements (Figure 4b), ie., 48.2 and
67.8 °C. The thermal responsiveness was hysteretic in
the cooling stage, especially UCST-type phase transi-
tion. Importantly, the aqua fluorescence turned to
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Figure 4. (a) Photographs of FAMs in water at different temperatures under visible or UV (365 nm) light. (b) Transmittance
versus temperature curves with a heating/cooling cycle. (c) Fluorescence emission spectra at different heating tempera-
tures. (d) Difference of fluorescence intensity (Ig — /1) as a function of heating temperature (light red line is a linear fitted
curve of points). ¢ and Iy correspond to fluorescence intensity of the excimer around 481 nm and the monomer around

377 nm, respectively.

bluish-green as the temperature increased to above
the LCST (Figure 4a). The emission spectra were weak-
ened gradually at first and then enhanced on increas-
ing the temperature from 25 to 72 °C (Figure 4c).
A detailed analysis showed that the difference of fluo-
rescence intensity (. — Iy) was linearly temperature-
dependent (Figure 4d), indicating that FAMs could act
as a fluorescent thermometer. According to the results
of variable-temperature '"H NMR (VT-'"HNMR), the
mechanism of phase transition and fluorescence
change should be the conversion of the hydrophilic—
hydrophobic property of PPDO and PEG chains with
increasing temperature (Figure S11), which alters the
association state of copolymer molecules and the
pyrene head.

In addition, a stepwise structural change of FAMs
was clearly observed by TEM during the heating and
cooling process. On increasing the temperature to
60 °C between the UCST and LCST, a few spherical
particles were observed instead of FAMs (Figure 5b),
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indicating that a thermal-conducted disassembly had
occurred. The studies of VT-'"HNMR and NANO DSC
suggested that the reasons for this result could
be dissolution and melting of semicrystalline PPDO
located in hydrophobic regions as well as a change
of the hydrophilic—hydrophobic balance (Figures S11
and $12).*¢72 This structural change probably has
potential applications in the targeted release of en-
capsulated anticancer drugs by hyperthermia therapy
in tumor tissues. On further elevating the temperature
to 75 °C above the LCST, a number of ellipsoidal
particles (EPs) with an approximately 1 um average
major axis and approximately 750 nm average minor
axis were observed (Figure 5c), revealing a reassembly
of copolymeric molecules driven by the change of the
hydrophilic—hydrophobic balance due to a dehydra-
tion of PEG chains at higher temperature.”® This mech-
anism of reassembly was supported by VT-'HNMR
(Figure S11). As the system was gradually cooled to
room temperature, EPs disassembled first (Figure 5d),
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Figure 5. TEM images of FAMs at different temperatures: heating process, (a) 25 °C, (b) 60 °C, and (c) 75 °C; cooling process,

(d) 65 °C, (e) 45 °C, and (f) 25 °C.

and then copolymers self-assembled again and re-
generated FAMs (Figure 5e and f). This process was
also monitored by VT-'"HNMR (Figure $11). The results
were reversed compared with those of the heating
process, reflecting a reversible mechanism for the
formation and thermal-conducted structural change
of FAMs.

CONCLUSION

In summary, we have presented a novel class of
polymeric micelles with fluorescence and anisotropic
structure, i.e.,, FAMs, that exhibit multiple-stimuli (e.g.,
Fe3", thermal, DTT, H,0,)-responsive fluorescence and
morphology through the direct aqueous self-assembly
of the amphiphilic diblock copolymer Py-PPDO,-b-
PEG;s. During addition of Fe**, the morphological
change of FAMs to semicircular nanosheets was

EXPERIMENTAL SECTION

Materials. 1-Pyrenemethanol was purchased from Alfa
Aesar. PDO (99.9%) with a melting point of 25 °C was provided
by the Pilot Plant of the Center for Degradable and Flame-
Retardant Polymeric Materials (Chengdu, China), dried over
CaH, for 48 h, and then distilled under a reduced pressure of
70 Pa just before use. Poly(ethylene glycol) monomethyl ether
(degree of polymerization = 16, M,, = 0.750 kDa) was purchased
from Sigma-Aldrich. Stannous octoate (SnOct;) (95%) was
purchased from Sigma-Aldrich and was stored in glass ampules
under argon after being diluted with anhydrous toluene. Nile
Red (analytical grade) was purchased from Sigma-Aldrich. N,N'-
Dicyclohexylcarbodiimide (DCC) (99%) was purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
4-(Dimethylamino)pyridine (DMAP, 99%) and succinic anhy-
dride (SA, 99%) were used as purchased from Nanjin Tianhua
Reagent Co. Ltd. (Jiangsu, China) and Bodi Chemical Factory
(Tianjin, China), respectively. pL-Dithiothreitol was purchased
from Wolsen Biotechnology Co. Ltd. (Xi'an, China) and used
as received. FeCl; was purchased from Sinopharm Chemical

WU ET AL.

accompanied by a “switch off” of fluorescence as a
result of the specific complexation of Fe* and pyrene.
Subsequently, by adding DTT, the fluorescence was
switched on, and the nanosheets were transformed to
spherical nanoparticles. The on—off switchable fluo-
rescence and morphological transition can be reversi-
bly repeated multiple times via sequentially adding
DTT and Fe*™. In addition, the dual thermal-controllable
fluorescent property and structural change of FAMs
corresponding to the UCST and LCST were achieved
reversibly. Accordingly, we believe that FAMs could be
a promising candidate for an all-in-one function of
detecting and imaging physiologically relevant factors
and bioactive molecules (e.g., temperature, Fe>", or
disulfide) as well as drug delivery and targeted release.
The development of biomedical applications is cur-
rently under way.

Reagent Co. Ltd. (Shanghai, China) and used as received. Other
reagents of AR grade were purchased from Bodi Chemical
Factory and used after further purification as follows: triethyla-
mine (TEA) was dried over CaH, for 48 h and distilled just before
use; dioxane and toluene were dried by refluxing over Na/
benzophenone complex and distilled just before use; CHCl; was
washed three times by distilled water, dried by refluxing over
P,0s, and distilled just before use.

Synthesis of Py-PPD0-OH. Under an Ar atmosphere, anhydrous
PDO (1.020 g, 10.00 mmol) and 1-pyrenemethanol (0.580 g,
2.50 mmol) were charged into a rigorously dried 10 mL flask,
which was degassed at 50—55 °C in a vacuum line for 2 h,
purging three times with dry nitrogen. After the solution
temperature was increased to 80 °C, a 0.2 M SnOct, toluene
solution (0.1 mL) as a catalyst was injected, and the reaction was
allowed to proceed for 48 h at 80 °C. The reactors were cooled
rapidly to room temperature. The crude product was dissolved
in CHCl; and then precipitated in anhydrous ethyl ether. After
the precipitate was filtered, the products were dried at 40 °C
under vacuum until constant weight. The Py-PPDO-OH sample
was obtained in 91.3% yield with Dp =7, M,,nmr = 0.946 kDa,
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M,Gpc = 0.990 kDa, and M,,/M,, = 1.48."H NMR (400 MHz, CDCl5, 0):
8.02—8.29 (m, TH, CHCHC or CHCHCH), 5.93 (s, 2H, CCH,0),
4.34 (m, 2H, CH,CH,0C(=0)), 4.16 (s, 2H, OC(=0)CH,0), 4.07 (s,
2H, CCH,0C(=0)CH,0), 3.78 (s, 2H, CH,CH,0C(=0)), 3.65—3.75
(m, 2H, OCH,CH,0H), 3.65—3.75 (m, 2H, OCH,CH,OH). The
"H NMR spectrum and GPC curve of the Py-PPDO-OH are shown
in Figure S2 and Figure S3, respectively.

The degree of polymerization (Dp) of Py-PPDO-OH was
calculated by "H NMR:

Dp — A405 — 425ppm )
A5,93ppm
where A4os5_425 ppm and Asos ppm are the integrals at 4.05—
4.25 and 5.93 ppm, respectively.
The M, nmg of Py-PPDO-OH was calculated by "H NMR as
follows:

Mn, Nvr = 102 X Dp + 232 2)

Synthesis of MPEG-COOH. First, MPEG (10.000 g, 13.33 mmol)
was charged into a rigorously dried 100 mL flask. After the flask
was dried at 60 °Ciin a vacuum for 6 h and filled with Ar, 40 mL of
anhydrous dioxane was injected using a syringe to dissolve the
MPEG. When the system became homogeneous, a 10 mL
anhydrous dioxane solution of succinic anhydride (1.467 g,
14.66 mmol) and DMAP (0.895 g, 7.33 mmol) was injected into
the flask via a syringe under an Ar atmosphere. Meanwhile
anhydrous TEA (2 mL) was charged into the flask via a syringe,
and the reaction was allowed to proceed for 24 h at 25 °C
under an Ar atmosphere. The crude product was precipitated in
anhydrous ethyl ether. Then the precipitate was filtered,
washed, and dried. Finally, the MPEG-COOH was obtained in
89.5% yield with a Dp = 16, M,,ymr = 0.836 kDa, M,,cpc =
0.952 kDa, and M,/M,, = 1.11. "H NMR (400 MHz, CDCl5, ): 4.25
(t, 2H, CH,C(=0)OCH,CH,), 3.65 (s, 4H, OCH,CH,0), 3.38 (s, 3H,
CH,CH,0CHs), 2.65 (m, 4H, C(=0)CH,CH,COOH). The "H NMR
spectrum and GPC curve of the MPEG-COOH are shown in
Figure S2 and Figure S3, respectively.

The Dp of MPEG-COOH was calculated by 'H NMR using
eq 3.

o 3 X A365ppm

Dp =
2 x A3.38ppm

+1 @)
where Asgs ppm and Asss ppm are the integrals at 3.65 and
3.38 ppm, respectively.

The M, nmr of MPEG-COOH was calculated by "H NMR as
follows:

Mo, nmr = 44 x Dp +32+ 100 @)

Synthesis of Py-PPDO-b-PEG Copolymer. The Py-PPDO-b-PEG
copolymer was synthesized by coupling using DCC as coupling
agent. First, dry MPEG-COOH (1.000 g, 1.20 mmol) with Dp = 16
and Py-PPDO-OH (0.957 g, 1.01 mmol) with Dp = 7 were charged
into a rigorously dried 10 mL flask. After the flask was degassed
in a vacuum line and filled with Ar, repeating three times, 4 mL
of anhydrous CHCl; was injected into the flask via a syringe
under an Ar atmosphere. Since the compounds were dissolved
completely, T mL of an anhydrous CHCI; solution of DCC (0.291 g,
1.41 mmol) and DMAP (0.034 g, 0.28 mmol) was injected. The
coupling reaction was carried out for 24 h at 25 °C under an
Ar atmosphere. The reaction mixture was filtered, precipitated
in anhydrous ethyl ether, filtered, washed with anhydrous
ethyl ether, and dried at 40 °C under vacuum until constant
weight in sequence. Finally, the Py-PPDO-b-PEG copolymer was
obtained in 81.3% yleld with a Dp(py,ppDo) =7, Dp(MPEG) =16,
Mn,NMR((oponmer) =1.764 kDar Mn,GPC(coponmer) =2017 kDa, and
M,/M,, = 1.13. '"H NMR (400 MHz, CDCl5, 6): 8.02—8.29 (m, 1H,
CHCHC or CHCHCH), 5.93 (s, 2H, CCH,0), 4.33 (m, 2H, CH,CH,0C-
(=0)), 4.30 (t, 2H, OCH,CH,0C(=0)), 4.24 (t, 2H, CH,C(=0)
OCH,CH,), 4.17 (s, 2H, OC(=0)CH,0), 4.07 (s, 2H, CCH,0C(=0)
CH,0), 3.78 (s, 2H, CH,CH,0C(=0)), 3.64 (s, 4H, OCH,CH,0), 3.37
(s, 3H, CH,CH,0CHs), 2.65 (s, 4H, C(=0)CH,CH,COOCH,). The 'H
NMR spectrum and GPC curve of the Py-PPDO-b-PEG copolymer
are shown in Figure S2 and Figure S3, respectively.
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The Dp of the PPDO block (Dppy.pppo)) in the Py-PPDO-b-
PEG copolymer was calculated by "H NMR:

A4.05 — 4.25ppm

)

Dppy-proo) = As 93pom

where Asos5-425 ppm and Ases ppm are the integrals at
4.05—4.25 and 5.93 ppm, respectively.

The Dp of the MPEG block (Dppeg)) in the Py-PPDO-b-PEG
copolymer was calculated by "H NMR:

3 x A3.64ppm

Dppee) = +1 (6)

2 x A3.37ppm

where Asgs ppm and Ass; ppm are the integrals at 3.64 and
3.37 ppm, respectively.

The My, nmr of the Py-PPDO-b-PEG copolymer (My, nmr(copolymen)
was calculated by "H NMR as follows:

Mn, NMR(copolymen = M, NMR(Py-PPDO) + M, NMR(MPEG)
= 102 x Dppy-pppo) + 44

xDpwpeg) + 346 7)

(Mo, nmr@py-pro0) = 102 X Dp(py-pppoy +231; Mn, NMR(MPEG)

— 44 % Dpjypeg) + 115.)

Preparation of Micelles. The Py-PPDO;-b-PEG;¢ copolymer was
added directly to water with a concentration of 2 mg mL™" at
room temperature. Then an annealing treatment was per-
formed at approximate 90 °C for a few minutes. Afterward,
the system temperature was maintained at 25 °C for 24 h.

Characterization. 'H NMR spectra were measured in CDCl; at
25 °C with a Bruker AV 1I-400 MHz spectrometer and using
tetramethylsilane (TMS) as an internal standard.

Variable-temperature 'H NMR spectra were measured in
D,0 at different temperatures with a Bruker AV II-600 MHz
spectrometer and using trimethylsilyl propionate (TSP) as an
internal standard. In all measurements, temperature was main-
tained constant within 0.2 °C in the range 15—80 °C, and the
sample was equilibrated at the target temperature for more
than 10 min prior to measurement. The concentration of
samples was 6 mg mL™".

For gel permeation chromatography (GPC), the molecular
weight (M, gpc) and the molecular weight distribution (M,,/M,,)
were measured on a system equipped with a Waters 515 pump,
three columns, and a 2410 differential refractometer detector.
CHCl; was used as the eluent at a flow rate of 1.0 mL min~"' at
30 °C. Monodisperse polystyrene was used as the standard to
generate the calibration curve.

The phase transition was measured by monitoring the
transmittance of a 600 nm light beam through a quartz sample
cell. The temperature dependence of transmittance changes
was recorded on a Hitachi U-1900 spectrophotometer from
25 to 75 °C. The control of temperature was conducted by using
a PolyScience temperature controller as a heating instrument.
The concentration of samples was 2 mg mL™".

Fluorescence emission spectra were recorded using a
Horiba Jobin Yvon FluoroMax-4 spectrofluorometer. The fixed
excitation wavelength (1e,) was 341 nm. The slit widths were
set at 5 nm for both excitation and emission. The control of
temperature was conducted by using a PolyScience tempera-
ture controller as the heating instrument.

Bright-field transmission electron microscopy observations
were performed on a Tecnai G2 F20 S-TWIN electron microscope
(FEI Co.) operated at an acceleration voltage of 200 kV. The
samples were prepared by depositing a drop of the aqueous
suspensions of aggregates equilibrated at different temperatures
or with different additives at 25 °C onto a carbon-coated copper
grid. Excessive solutions were absorbed using a filter paper, and
the samples were dried for several hours. All samples were
stained using 2% OsQy, solution for 10 min except for the samples
containing Fe*™, which were observed directly without staining.

Atomic force microscopy measurements were performed
on a Digital Instrument Nanoscope llla multimode atomic force
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microscope. The operating mode is a tapping mode under
ambient conditions. The samples were prepared by spin coating
the agueous suspensions of aggregates equilibrated at different
temperatures onto freshly cleaved mica surfaces.

Confocal microscopy imaging of FAMs in water was done at
room temperature using a confocal laser scanning microscopy.
The sample was prepared by sealing the solution between two
glass plates. The concentration of the FAMs was 0.1 mg mL™".

Microcalorimetric measurements were performed on a
NANO DSC (TA Instruments-Waters LLC, New Castle, DE, USA)
at an external pressure of 3.0 atm using deionized water as an
external reference. The cell volume was 0.33 mL. The heating
rate was 1 °C min~". The testing sample with a concentration
of 4.0 mg mL™" in deionized water was degassed at 25 °C for
10 min and was treated as followed: First, it was kept at
approximately 95 °C for 5 min and then reduced to 25 °C
immediately. Finally, a certain volume of sample was placed in
the NANO DSC to implement a first heating scan.

The average hydrodynamic diameter ((Dy,)) and size distri-
bution of FAMs with a concentration of 2 mg mL™" in water
were determined at room temperature by dynamic light scat-
tering on a Brookhaven model BI-200SM spectrometer and a
9000AT correlator using an Innova304 He—Ne laser (1 W, 4 =
532 nm) at a fixed scattering angle (0) of 90° and a correlation
measurement time of 2 min with cumulant analysis and CONTIN
software.

The critical micellization concentration experiments were
performed as followed: a stock solution of Nile Red (4 x
10™* mol L™") in acetone was prepared. All of the Nile Red-
loaded FAMs samples were diluted with a final Nile Red con-
centration of 8 x 10~ mol L™". Fluorescence emission spectra
of Nile Red-loaded FAMs in deionized water with different
concentrations between 2 x 107> and 0.1 mg mL™" were
obtained using a Horiba Jobin Yvon FluoroMax-4 spectrofluo-
rometer at 25 °C. The excitation wavelength was 310 nm, and
the emission range was from 590 to 700 nm. The emission and
excitation slit widths were both set to 5 nm.
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