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Abstract Self-assembly of block copolymers (BCP) with quantum dots (QDs) in a three-dimensional confined emulsion system is an effective
method for preparing advanced QD/polymer composite particles with diverse morphologies and functionalities. However, the obtained parti-
cles normally exhibit sub-micrometer sizes and contain residual toxic surfactants, which hinders their potential application in fluorescent bio-
imaging. In this study, we designed and synthesized a rod-coil-type amphiphilic block copolymer bearing a rigid hydrophobic poly(arylene ether
nitrile) (PEN) block end-capped with a flexible hydrophilic poly(ethylene glycol) (PEG) segment for the first time. Subsequently, the synthesized
amphiphilic block copolymer, abbreviated as PENG, was employed as both the macromolecular surfactant and polymeric matrix to encapsulate
the green-emitting oleophilic QD via emulsion confinement self-assembly. This process ultimately results in the generation of surfactant-free
QD@PENG nanoparticles showing robust fluorescence emission over a wide pH and salt concentration range. Meanwhile, both the fine morphol-
ogy and fluorescence emission of the QD@PENG nanoparticles were well preserved even after steam sterilization at 121 °C for 2 h, which is at-
tributed to the high-temperature resistance of the rigid PEN segment. Owing to their robust fluorescence, biocompatibility, and nanoscale size
(about 100 nm), the optimized QD@PENG nanoparticles exhibited good performance in fluorescent imaging of macrophage cells. The current
work proves that the emerging rod-coil amphiphilic block copolymers could serve as a promising matrix for the preparation of reliable bio-imag-
ing probes.
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been reported, commercially available QD with strong and sta-
ble fluorescence emission are oleophilic core-shell nanocrystals
that contain heavy metals such as cadmium and lead.'” Be-

INTRODUCTION

Owing to their unique fluorescent properties, including high

quantum yields, sharp emission bands, and resistance to photo-
bleaching,!'= fluorescent quantum dots (QD) have been used
in diverse applications such as bio-imaging,®® fluorescent la-
beling,”” and metal ion detection.'®'"] Although an increasing
number of hydrophilic QD with good biocompatibility have

* Corresponding authors, E-mail: lyy759707792@qq.com (Y.Y.L.)
E-mail: wangdongshengnc@163.com (D.S.W.)
E-mail: jiakun@uestc.edu.cn (K.J.)
Received March 2, 2026; Accepted April 21, 2026; Published online
August 19, 2026

© Chinese Chemical Society
Institute of Chemistry, Chinese Academy of Sciences

cause of their hydrophobic surface ligands, these Cd-based QDs
are usually dispersed in non-polar solvents and aggregate upon
exposure to polar solvents, which normally leads to fluores-
cence quenching.l'>'¥ Therefore, these commercially available
QDs should be modified using appropriate protocols to en-
hance their aqueous dispersibility and avoid potential biotoxici-
ty.'”! Among the diverse QD surface modification strategies, the
combination of QDs with tailored macromolecules has been
considered one of the most effective protocols for obtaining
QD-encoded polymeric composite materials, which is mainly
due to the facile modulation of interactions between the QDs
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surface ligands and surrounding macromolecular segments.l'®
Meanwhile, the limited fluorescence of single quantum dots can
be improved by rationally embedding multiple QDs inside the
polymer matrix to form various QD@polymer microparticles
with much higher fluorescence emission intensity as well as di-
verse morphologies.'”! Therefore, different QD@polymer fluo-
rescent microspheres have been developed and applied in vari-
ous biomedical and chemical sensing fields.l'®'%

Oleophilic QD can be integrated into a polymer matrix via
three different methods.®®! First, the QDs gradually diffused
into the polymeric microparticles via the facile swelling ex-
pansion of the macromolecule chains in non-polar solvents.
For instance, Han et al. embedded red-emitting QD inside
cross-linked polystyrene microspheres using the swelling
method.[29) However, the composite microspheres obtained
using this method still suffer from undesired QDs leakage,
which deteriorates their long-term fluorescence stability. Dif-
ferent from the inclusion of QD into pre-synthesized polymer-
ic microparticles, fluorescent QDs can be introduced into the
emulsion polymerization of monomers, leading to the em-
bedding of QDs into gradually growing polymer microparti-
cles. Joumaa et al. obtained submicrometer fluorescent com-
posite microspheres by embedding CdSe/ZnS QDs in a
polystyrene matrix through fine emulsion polymerization.[2l
However, the fluorescence of some QDs can be easily
qguenched because of the presence of highly active initiators
or catalysts in the emulsion system. Moreover, emulsion poly-
merization protocols for preparing QD/polymer composites
also have some disadvantages, such as time-consuming oper-
ation or limited choice of available monomers.['”] Combining
the advantages of the previous two protocols, the emulsion
confinement self-assembly of block copolymers with QD is an
effective method for preparing QD/polymer composites. For
instance, a series of coil-coil tri-/amphiphilic block copoly-
mers, such as Pluronic F127 (consisting of poly(ethylene ox-
ide) (PEO) and poly(propylene oxide) (PPO) blocks with a PEO-
PPO-PEO structure), poly(styrene-b-poly(2-vinylpyridine)) (PS-
b-P2VP), poly((ethylene oxide)-b-poly(y-methacryloxypropyl
trimethoxysilane)) (PEO-b-PyMPS), and poly(styrene-b-poly(N-
isopropylacrylamide)) (PS-b-PNIPAm), have been developed
to improve the water dispersion of hydrophobic QDs and ob-
tain fluorescent composite microspheres through emulsion
confinement self-assembly.22-26] However, these copolymers,
which possess only flexible alkyl backbones, suffer from limit-
ed thermal stability, which restricts their compatibility with
autoclaving at 121 °C. Although He et al. successfully used
rod-rod super-engineering thermoplastics with excellent heat
resistance to fabricate fluorescent composite microspheres
with stable fluorescence even under extreme conditions via
the emulsion-confined self-assembly,27:28] the necessity of
adding surfactants (CTAB, SDS, PVP) to stabilize emulsion
droplets introduced a critical drawback: some surfactants be-
came firmly attached to the microsphere surface and could
hardly be washed off, causing side effects for subsequent
biomedical applications.293% Meanwhile, composite micro-
spheres obtained by the surfactant-assisted emulsion solvent
evaporation method normally have large sizes of approxi-
mately several hundred nanometers,3'l which limits their po-
tential application in cellular bio-imaging. In summary,

preparing QD/polymer composite particles with smaller sizes
via the non-surfactant emulsion evaporation-induced self-
assembly process is still challenging at present.

To prepare clean and small QD/polymer composite parti-
cles, the oil-in-water emulsion droplet size during self-assem-
bly should be decreased and stabilized without the use of ad-
ditional small surfactants.[*2331 Amphiphilic block copolymers
(BCP) have been considered the ideal matrix to prepare small
and clean QD/polymer composite particles via emulsion con-
finement self-assembly for the following reasons. On the one
hand, the amphiphilic BCP with suitable molecular weight
and hydrophilicity can be directly employed as the macro-
molecular surfactant to form stable the O/W emulsion
droplet, thus eliminating the concern of ionic surfactant
residues in the final product. On the other hand, certain func-
tional groups or active segments can be introduced into am-
phiphilic block copolymers, which enhances their intermolec-
ular interactions with the surface ligands of QD. Thus, as or-
ganic solvents evaporate gradually, the interactions between
the surface ligands of QDs and amphiphilic block copolymers
would drive the effective encapsulation of a large amount of
QDs inside the polymer matrix, while the hydrophilic seg-
ments of amphiphilic BCP facilitate stable dispersion in the
aqueous phase, which finally leads to the generation of wa-
ter-dispersible QD/polymer composite nanoparticles.

Based on the above discussion, the appropriate am-
phiphilic block copolymer should have both good hy-
drophilicity and strong interaction with the oleophilic surface
ligands of QD. In this sense, poly(ethylene glycol) (PEG) is a
typical flexible polymer with good hydrophilicity and bio-
compatibility.34341 In contrast, polyarylene ether nitrile (PEN)
is a rigid polymer containing an aromatic backbone and pen-
dent nitrile group in the side chain, which has been modified
and used as a matrix to prepare sub-micrometer-sized QD-en-
coded composited beads via surfactant-assisted emulsion
evaporation-induced self-assembly, according to our previ-
ously published workB637l. Therefore, a novel rod-coil-type
amphiphilic block copolymer, named PENG, was synthesized
through nucleophilic substitution copolymerization of fluo-
rine-capped oligomer PEN with monohydroxylated oligomer
PEG for the first time. Interestingly, we found that the synthe-
sized PENG block copolymer could serve as both a macro-
molecular surfactant and a polymer matrix to encapsulate
oleophilic QD via emulsion confinement self-assembly. After
optimizing the PENG molecular weight and emulsion self-as-
sembly parameters, small-sized QD@PENG nanoparticles (av-
erage diameter of about 100 nm) with ultra-stable fluores-
cence emission and low cytotoxicity were prepared. Owing to
its reliable fluorescence emission as well as good biocompati-
bility, the optimized QD@PENG exhibited good bio-imaging
performance towards macrophages in a proof-of-concept ap-
plication.

EXPERIMENTAL

Materials

N-methylpyrrolidone (NMP), 2,6-difluorobenzonitrile (DFBN),
and methylthiazolyltetrazole (MTT) powder (MB4698) were pro-
cured from Chengdu Aoshuo Biotechnology. N,N-dimethylfor-
mamide (DMF) and dichloromethane (DCM) were procured
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from Chengdu Covidro Technology. Bisphenol A (BPA) and
toluene were procured from Sichuan Xilong Science. The fol-
lowing reagents were procured from Chengdu Jiyuan Chemical
Co. Hydrochloric acid (HCI), sodium hydroxide (NaOH), potassi-
um carbonate (K,COs), and polyethylene glycol monomethyl
ether (mPEG; M,,=2000) were used. Core-shell semiconductor
guantum dots (CdSe@ZnS) were acquired from WuHan JiaYuan
Quantum Dots.

Synthesis of Amphiphilic Block Poly(arylene nitrile
ethylene glycol) (PENG)

The block copolymer PENG with different molecular weights
was synthesized by nucleophilic substitution copolymerization
between a fluorine-end-capping hydrophobic PEN oligomer
and a hydroxyl-terminated monomethyl ether PEG oligomer.
Specifically, for the synthesis of PEN oligomer, we added 0.1 mol
of BPA, 0.15 mol of K,COs;, 55 mL of NMP, 0.105 mol of DFBN,
and 18 mL of toluene into a four-necked flask of 250 mL capaci-
ty. Subsequently, the flask was subjected to a heating process at
140 °C, accompanied by continuous stirring and refluxing for a
period of 2 h. Subsequently, the temperature was raised to 180
°C with a heating rate of 10 °C/h by precisely regulating the
toluene outflow (5-10 mL/h). Then, the mixture was held at 180
°C for 1 h to produce PEN oligomer. Subsequently, 0.004 mol of
mMPEG was dissolved in 30 mL of NMP, introduced into the pre-
vious PEN oligomer solution, and heated to 190 °C under N, for
2,3 and 5 h to obtain PENG-7K, PENG-12K, and PENG-62K, re-
spectively. The cooled polymer solution was then precipitated
and incubated in ethanol for 12 h, followed by crushing and
washing with fresh ethanol for three times. Finally, the purified
block copolymer, PENG powder was dried at 60 °C. It should be
noted that the overall polymerization reaction time can be var-
ied to adjust the molecular weight of the resultant PENG block
copolymers.

Preparation of QD@PENG Fluorescent Microspheres
Fluorescent QD@PENG nanoparticles were prepared using a
surfactant-free soft confinement self-assembly protocol. Typi-
cally, PENG (5 mg) of different molecular weights was dissolved
in 100 pL of DMF and mixed well with 900 uL of DCM solution
containing green-emitting hydrophobic CdSe/ZnS QDs. Then,
the mixtures were dispersed in 10 mL of aqueous solution with-
out any additional surfactants and subjected to continuous
magnetic stirring at 1000 r/min for 6 h in a sealed brown glass
bottle. Subsequently, the mixture was brought to open air and
further stirred at 500 r/min for 6 h to remove the volatile organ-
ic solvent DCM, which enabled the packing of amphiphilic PENG
block copolymer with QD to form the QD@PENG colloidal in this
process. Finally, the mixture was subjected to high-speed cen-
trifugation at 10000 r/min for 5 min to remove large aggregates.
It should be noted that the resultant supernatant was acquired
as the final QD@PENG colloid solution, which was utilized in the
following experiments and named QD@PENG-7K, QD@PENG-
12K, and QD@PENG-62K according to the molecular weight of
the corresponding PENG matrix.

MTT Cytotoxicity of QD@PENG Microspheres

Prior to the cytotoxicity experiment, the QD@PENG colloid solu-
tion was sterilized by UV sterilization and autoclaving for 2 h at
121 °C, respectively. Then, human embryonic kidney epithelial
cells (293T cells) were seeded at a density of 8000 cells per well

into 96-well plates and cultivated at a constant temperature for
4 h. QD@PENG nanoparticles with increasing concentrations
were added to the 96-well flat-bottomed plates. The
QDs@PENG nanoparticles were then co-incubated with 293T
cells at a constant temperature for 24 and 48 h, respectively. The
inhibition of cell proliferation was recorded using an enzyme
marker and the absorbance at 570 nm was measured.””! The
formula for calculating the cell proliferation inhibition rate is as
follows Eq. (1):

A
Proliferation inhibition (%) = [1 - (M)] x100% (1)
A570control

where the optical absorbance at 570 nm for the treated and
control cells is shown as Asygtreatment aNd As7ocontrol F€SPECtiVEly.

Phagocytosis of QD@PENG Microspheres

As a proof-of-concept application, the cellular bioimaging capa-
bility of QD@PENG nanoparticles was evaluated using
macrophages as model cells. Specifically, 1 mL of broth solution
was injected intraperitoneally into the peritoneum of C57 BL/6
mice, and macrophages were collected aseptically from the
mice after 3 days. Next, cells (macrophages) from mouse ascites
were inoculated in six-well plates at a density per well
(Vets:Vimedium=1%10%:2). Cells were then co-incubated with the
obtained QD@PENG microsphere solution at 37 °C for 6 h (dilu-
tion ratio of 1:50; the medium was composed of 10% fetal
bovine serum + RPMI1640). Finally, the cells were imaged using
a fluorescence microscope.

Characterization

Gel permeation chromatography (GPC) was used to measure
the molecular weight of the amphiphilic PENG block, and Fouri-
er transform infrared spectroscopy (FTIR) was used to identify
the chemical structures. Transmission electron microscopy
(TEM) was used to image the morphology of the QD@PENG
nanoparticles, and their fluorescence emission spectra were
recorded using a fluorescence spectrophotometer. A dynamic
light scattering particle size analyzer (DLS, Malvem 2000) was
used to characterize the size distribution of the polymer parti-
cles. We recorded the optical density of the cells using an en-
zyme marker (BioTek, Cytation TM 3) and used a laser scanning
confocal microscope (Zeiss LSN 800) to observe the bio-imag-
ing process.

RESULTS AND DISCUSSION

Synthesis and Characterization of Block Copolymer
PENG

Co-self-assembly of amphiphilic BCP with semiconductor QD is
a highly efficient method for producing fluorescent polymeric
composite particles.””) Emulsion confinement self-assembly is a
specific methodology that involves the introduction of surfac-
tants to decrease the surface tension at the oil-water (O/W) in-
terface, which results in the formation of stable emulsion
droplets in the reactor.?8*"! However, the small molecular sur-
factants, supposed to stabilize the emulsion reactor and be re-
moved after self-assembly, would still stick on the surface of the
final micro/nanoparticles even after intensive washing, accord-
ing to our previous work.?” Thus, the prepared particles suffer
from potential cytotoxicity concerns due to the documented
cellular toxicity of residual surfactants.'#3°4! To stabilize O/W
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emulsion droplets without the use of additional small molecu-
lar surfactants, we synthesized novel rod-coil-type amphiphilic
block copolymers of PENG with different molecular weights for
the first time. According to the chemical synthesis route shown
in Scheme 1(a), PENG is composed of a rigid rod-like PEN seg-
ment and a flexible hydrophilic PEG coil segment; thus, it can
serve as both a macromolecular surfactant and a robust matrix
to encapsulate oleophilic QD. Specifically, when PENG and hy-
drophobic QD are introduced into an oil-in-water emulsion, the
entanglement of the hydrophobic PEN segment and QD sur-
face ligands would facilitate the embedding of QD into the inte-
rior hydrophobic cavity, while the flexible hydrophilic PEG seg-
ment would mitigate the outward water to stabilize the droplet.
Along with the gradual evaporation of volatile organic solvent
during self-assembly, the chain entanglement between PENG
and QD surface ligands would be enhanced owing to the in-
creased molecular packing. As a consequence, composite
QD@PENG nanoparticles with ultra-stable fluorescence emis-
sion and free of residual toxic ionic surfactants were obtained
from this soft confinement self-assembly process, as shown in
Scheme 1(b). Owing to their unique advantages of small size
(about 100 nm), ultra-stable green fluorescence under extreme
conditions (high temperature, strong acid/alkaline, etc.), and
biocompatibility, the obtained QD@PENG nanoparticles can be
employed as a robust fluorescent labeling agent for monitoring
mouse-derived macrophages, as illustrated in Scheme 1(c).
Because the molecular weight of macromolecular surfac-
tants is important for the stability and size of emulsion
droplets, #2431 this work explored the effect of molecular
weight on emulsion droplets. Three samples of PENG with dif-
ferent molecular weights were synthesized by varying the
length of the PEN block. According to the GPC results shown
in Table S1 (in the electronic supplementary information, ESI),
the weight-average molecular weight of the 3 PENG samples
could be modulated in the range of 7151-62049 Da by sim-
ply tuning the reaction time, as described in the experimen-
tal section. Thus, the obtained amphiphilic block copolymers
were assigned according to their molecular weights as PENG-

a CH3 -140°C
o OO - e @c@oﬁj
Toluene
BPA DFBN

-190°C
NMP
Access to N,

CN CIH3 CN
S-05-0-4y
v PENG

b . Solvent QD@PENG
stir volatilization Microspheres

—_
PENG H,0 + DMF N
+DCM . 9,
Ay °%

Surfactant-free

7K, PENG-12K, and PENG-62K, respectively. Moreover, 'H-
NMR and FTIR spectra were used to confirm the chemical
structures of the synthesized PENG samples. The chemical
structure and "H-NMR spectra of PENGs are shown in Fig. 1(A)
and Fig. S1 (in ESI). The peaks at 6=3.34 ppm (a) and 6=3.50
ppm (b) corresponded to the proton peaks of methoxy
(—OCH;—) and methylene (—CH,CH,0—) in mPEG, consis-
tent with previous reports.*4 The four chemical shift peaks at
6=7.52 ppm (c), 6=6.58 ppm (d), 6=7.13 ppm (e), and 6=7.33
ppm (f) could be attributed to the proton peaks of the ben-
zene ring in PEN, while the peak at 6=1.67 ppm (g) was origi-
nated from the proton peak of the methyl group (—CHjs) in
PEN. Additionally, the FITR spectra of all 3 PENG samples ex-
hibit vibrational bands of —CH;, —CH, and —CN at 2969,
2882 and 2230 cm~, respectively (Fig. 1B). The characteristic
bands at 1245 and 1021 cm~" can be attributed to the asym-
metric vibration of the aryl ether (—Ar—O—Ar—). In addi-
tion, all three PENG samples exhibited an absorbance band at
1340 cm~', which was caused by the stretching vibration of
the aliphatic ether group of C—O—C derived from the PEG
segment. These results indicated that the obtained block
copolymers were composed of PEN and PEG segments. More-
over, the thermal stabilities of these samples were further in-
vestigated by thermogravimetric analysis (TGA). The thermal
stability of all samples was measured in the range of 80—800
°C at a heating rate of 20 °C/min. As shown in Fig. 1(C), the 5%
heat loss temperatures (Tsy) of PENG-7K, PENG-12K, and
PENG-62K are 402.79, 404.72 and 405.19 °C, respectively. This
result indicates that all the PENG samples with different
molecular weights exhibited excellent thermal stability. In ad-
dition, the DSC curve of PENG-7K confirmed its thermal transi-
tion temperature exceeded 150 °C (Fig. S2 in ESI), well above
the universal autoclaving temperature of 121 °C. This thermal
stability supports the use of PENG-7K in the preparation of
QD@PENG fluorescent composite microspheres for cellular
bio-imaging.

Fluorescence Properties and Morphology of
QD@PENG Nanoparticles
To clarify the stability and superiority of the surfactant-free

Bio-imaging application

42 ; . Mouse derived

Extracting
macrophages [Daciobliaces

e%

QD@PENG
fluorescent microsphere

Incubating

for6h \

Macrophages stained
with QD@PENG

Scheme 1 (a) Chemical synthesis route of amphiphilic block copolymer of PENG; (b) Emulsion confinement co-self-assembly of hydrophobic QD
with PENG; (c) Bio-imaging of mouse derived macrophages using prepared QD@PENG fluorescent nanoparticles.
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Basic characterization. (A) "H-NMR spectrum of PENG-7K; (B) FTIR spectra of mPEG and the synthesized PENG block copolymers, including

PENG-7K, PENG-12K, and PENG-62K; (C) TGA curves of the PENG block copolymers: PENG-7K, PENG-12K, and PENG-62K.

QD@PENG-7K fluorescent microspheres, we employed addi-
tional anionic CTAB and cationic SDS surfactants along with
PENG-7K to fabricate QD@PENG-7K-CTAB and QD@PENG-7K-
SDS microspheres as control groups. As shown in Figs. 2(a)-2(c),
QD@PENG-7K fluorescent microspheres exhibited satisfactory
fluorescence stability after dilution with surfactants (QD@PENG-
7K-CTAB and QD@PENG-7K-SDS). Specifically, excellent linear
relationships (R?>99%) between the concentration and fluores-
cence intensity of the microspheres were observed in all three
kinds of samples. As a control, QD@SDS microspheres without
PENG-7K were fabricated and showed a nonlinear decrease in
fluorescence intensity with increasing dilution ratio (Fig. S4 in
ESI). More importantly, the QD@PENG-7K fluorescent micro-
spheres exhibited less fluorescence intensity attenuation after
being dispersed in an increasing concentration of NaCl aque-
ous solution, while maintaining a higher fluorescence intensity
than the other two surfactant-added microspheres (Fig. 2d).
These results demonstrated that the QD@PENG-7K micro-
spheres not only possessed excellent stability comparable to
that of surfactant-doped microspheres, but also displayed bet-
ter salt resistance than the surfactant-doped microspheres. The
desired stability and fluorescence of the QD@PENG-7K micro-

spheres revealed the superiority of the PENG block copolymer
and established a foundation for further applications in the bio-
logical field.

Subsequently, the particle size stability of the micro-
spheres was analyzed using dynamic light scattering (DLS). As
shown in Fig. S2 (in ESI) and Figs. 3(a)—3(c), the particle sizes
of the QD@PENG-7K, QD@PENG-12K, and QD@PENG-62K mi-
crospheres are all concentrated at around 150 nm. The rela-
tively small difference in the sizes of the three microspheres is
possibly attributed to the rigid benzene ring structure
present in the hydrophobic segments of the PENG. This struc-
ture significantly restricted the conformational flexibility of
the chains. Although the hydrophobic segment of the high-
molecular-weight PENG was longer, it struggled to undergo
extensive coiling in an aqueous environment and instead
tended to form a dense hydrophobic core through tight -
stacking. This compact packing resulted in a hydrophobic
core volume that did not increase linearly with the molecular
weight, thereby reducing the size difference. After leaving the
3 types of microspheres at room temperature for one month,
their particle sizes were re-evaluated to assess their long-term
storage stability, as shown in Figs. 3(a)-3(c). QD@PENG-7K
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showed the best size stability, followed by QD@PENG-12K
and QD@PENG-62K. Therefore, QD@PENG-7K and QD@PENG-
12K were optimized for further studies. Given the wide pH
and salt concentration range of different biological environ-
ments, the fluorescence emission of nanoparticles at differ-
ent pH and salt concentrations is also important for bio-imag-
ing application.*>! As shown in Fig. 3(d), the QD@PENG-7K
and QD@PENG-12K fluorescent microspheres were tested for
acid, alkali, and salt resistance. The fluorescence intensity of
the QD@PENG-7K microspheres remained relatively stable
over a pH range of 5-11, retaining over 50% of the fluore-

scence emission even at extreme pH values of 1 and 13. The
QD@PENG-12K microspheres exhibited a similar trend, while
their fluorescence intensity was remarkably lower than that of
QD@PENG-7K. For salt resistance, the fluorescence intensity
of both QD@PENG-7K and QD@PENG-12K remained relative-
ly stable within the NaCl concentration range of 0-5 mmol/L
(Fig. 3e). These findings confirm that the optimized
QD@PENG microspheres exhibited good colloidal and fluo-
rescence stability across a wide range of pH and salt concen-
trations.

The surface morphology of fluorescent nanoparticles is a
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Fig. 3 Particle size distribution and fluorescence intensity of QD@PENG fluorescent microspheres. (a—c) Particle size distribution of QD@PENG
fluorescent microspheres before and after one month of storage; (d) Fluorescence intensity of QD@PENG-7K and QD@PENG-12K microspheres at
different pH levels; (e) Fluorescence intensity of QD@PENG-7K and QD@PENG-12K microspheres at varying salt concentrations.

pivotal aspect in determining their prospective applications.
The majority of particles obtained from emulsion self-assem-
bly of conventional BCP have a sub-micrometer size
range.*471 However, optical cellular bioimaging normally re-
quires much smaller fluorescent nanoparticles (about 100
nm) owing to the endocytosis process. It is fortunate that the
obtained QD@PENG nanoparticles indeed exhibited smaller
sizes when compared to previously reported work, as can be
seen in the TEM images in Figs. 4(a)—4(c). More specifically, it
is clear that the diameters of the three types of QD@PENG
nanoparticles were approximately 100 nm. Among them,
PENG-7K nanoparticles generally contained the highest num-
ber of encapsulated QDs, likely because of their optimal hy-
drophobic segment length. In contrast, the longer rigid hy-

QD@PENG-7K

QD@PENG-62K

FL. intensity

drophobic segments of the high-molecular-weight PENG led
to the formation of a hydrophobic core with a higher ben-
zene-ring density and tighter packing during self-assembly.
This compact structure reduced the tolerance and flexibility
of the core, making it difficult for QDs to be efficiently encap-
sulated, thereby lowering the average QD loading per micro-
sphere. Furthermore, the fluorescence emission spectra of the
QD@PENG microspheres were recorded and presented in Fig.
4(d). The emission wavelength of QD@PENG fluorescent mi-
crospheres was located at 522 nm upon excitation with 365
nm UV light, which well matched the typical sharp emission
band feature of QD. Again, the fluorescence emission intensi-
ty of QD@PENG microspheres was declined with increasing
PENG molecular weight, which could be attributed to the re-
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Fig.4 TEM images of the prepared QD@PENG fluorescent nanoparticles using (a) PENG-7K, (b) PENG-12K, (c) PENG-62K, and (d) their fluorescence

emission spectra.
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duced QDs loading amounts. Based on these results, the
QD@PENG-7K sample showed a unique size distribution, and
the strongest fluorescence emission was selected as the opti-
mal sample for subsequent experiments.

Bio-imaging Application of the Optimized QD@PENG-
7K Nanoparticles

Prior to its application in cellular bio-imaging, the resistance to
common sterilization and biocompatibility of fluorescent
nanoparticles should be carefully evaluated.**—% Specifically,
the fluorescence emission variation of the QD@PENG-7K
nanoparticles after autoclaving (121 °C for 2 h) treatment was
recorded to evaluate their resistance to sterilization, while the
viability of 293T cells after incubation with increasing concen-
trations of autoclaved QD@PENG-7K fluorescent nanoparticles
was calculated to check their biocompatibility. First, as shown in
Fig. 5(a), the fluorescence emission of QD@PENG-7K nanoparti-
cles was quite stable even after high-temperature sterilization
treatment at 121 °C for 2 h. More importantly, the fine morphol-
ogy of the QD@PENG-7K nanoparticles also remained almost
unchanged, in accordance with the TEM images in Figs. 5(b) and
5(c). The autoclaved QD@PENG-7K colloids still showed a typi-
cal spherical morphology, accompanied by stable QDs encap-
sulation. This ultra-stable morphology and fluorescence emis-
sion upon sterilization could be derived from the high-tempera-
ture resistance of the rigid PEN segment, which has a high glass
transition temperature of approximately 150 °C. In this sense,
CdSe/ZnS QD should be firmly embedded inside the PENG ma-
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trix to avoid any possible leakage of heavy metal ions, which al-
so ensures the excellent biocompatibility of QD@PENG
nanoparticles. Indeed, according to the variation in cell viability
shown in Fig. 5(d), all cell viabilities are greater than 80% after 24
h of incubation of 293T cells with different concentrations of
QD@PENG-7K nanoparticles. In particular, more than 90% of the
293T cells were alive after incubation with 0.125 mg/mL
QD@PENG-7K nanoparticles, which is a sufficiently high enough
concentration for cellular imaging.

Based on the above results, the optimized green-emitting
QD@PENG-7K nanoparticles, exhibiting stable fluorescence
and good biocompatibility, were employed for further fluo-
rescent bio-imaging. Macrophages derived from mouse ente-
rocoelia as model cells were incubated with QD@PENG-7K
fluorescent microspheres and then observed in vitro using flu-
orescence microscopy. As shown in Fig. 6, almost all
macrophages were labeled by the green-luminescent
QD@PENG-7K microspheres, as determined by comparing the
bright-field image (Fig. 6a) with the corresponding fluores-
cent (Fig. 6b) and merged (Fig. 6¢) images. Importantly, as il-
lustrated in Fig. 6(d), distinct positions within an individual
macrophage were illuminated by the QD@PENG-7K fluores-
cent microspheres. In short, owing to their biocompatibility
and outstanding colloidal and fluorescence stability, our de-
veloped PENG-7K fluorescent microspheres are promising flu-
orophore probes for the real-time, long-term tracking of
mononuclear phagocytes.

QOD@PENG-7K

L d I QD@PENG-7K-UV sterilisation
I QD@PENG-7K-Autoclaving

120

100 |

80 r

60

Cell viability (%)

40 |

20

0.5
Microsphere concentration (mg/mL)

0.25 0.125

Fig. 5 Stability and cytotoxicity of autoclaved QD@PENG-7K fluorescent nanoparticles. The fluorescent emission spectra (a) and TEM images of
QD@PENG-7K colloids solution before (b) and after (c) sterilization at 121 °C for 2 h. The cell viability of 293t cells (d) incubated with different

concentrations of QD@PENG-7K nanoparticles for 24 h.
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Fig. 6 The fluorescence microscope images of mouse derived macrophages stained with QD@PENG-7K fluorescent microspheres under bright
field (a), fluorescent field (b), emerged fields (c) and enlarged image under emerged fields (d).

CONCLUSIONS

In this study, we successfully synthesized a novel rod-coil am-
phiphilic block copolymer (PENG) consisting of a rigid aromatic
PEN segment and flexible hydrophilic PEG segments for the first
time. Subsequently, amphiphilic PENG block copolymers were
employed as macromolecular surfactants and polymeric sub-
strates to encapsulate hydrophobic QD via soft confinement
self-assembly. This process resulted in the generation of water-
dispersible QD@PENG fluorescent nanoparticles with ultra-sta-
ble fluorescence emission and good biocompatibility. Specifi-
cally, it was found that both the size and fluorescence emission
of QD@PENG nanoparticles can be modulated by changing the
molecular weight of the PENG matrix. Using the PENG block
copolymer with a weight-average molecular weight of 7151 Da,
the obtained QD@PENG nanoparticles showed green fluores-
cence emission at 535 nm and an average size of approximately
100 nm. Furthermore, the spherical morphology of the
nanoparticles was well preserved even after steam sterilization
at 121 °C for 2 h. Moreover, the optimized QD@PENG nanoparti-
cles also exhibited stable fluorescence when dispersed in aque-
ous solutions of varying pH values and exhibited good cellular
biocompatibility over a wide concentration range. Owing to
their appropriate diameter, good biocompatibility, and stable
green fluorescence emission, the optimized QD@PENG
nanoparticles exhibited good performance in the optical imag-
ing of macrophage cells. Although biological application is still
in the preliminary phase, the current work established a novel
methodology for the preparation of robust, small-sized fluores-
cent imaging probes using rod-coil-like block copolymers.
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Rod-coil Amphiphilic Block Copolymer Assisting Emulsion Confinement Self-assembly of Hydrophobic

quantum dot into Robust Bio-imaging Nanoprobe
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A new kind of rod-coil amphiphilic block copolymer (PENG) was synthesized to use as both a macromolecular surfactant
and a polymer matrix to encapsulate hydrophobic quantum dots via soft-confinement self-assembly, yielding surfactant-
free QD@PENG water-dispersible nanoparticles with 121 °C-stable fluorescence and good biocompatibility for bio-imag-

ing application.
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