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Emulsion confinement self-assembly of block copolymer has witnessed increasing
research interest in the recent decade, but the post-functionalization and application of
the resultant polymeric micro/nano-particles are still in their infancy. In this work, a
super-engineering polyarylene ether containing pendent nitrile and carboxyl (PAE-NC)
has been synthesized and converted into polymeric microparticles for macromolecular
enrichment via emulsion confinement self-assembly and subsequent surface
modification. Moreover, the encapsulation capacity of PAE-NC was evaluated using
hydrophobic fluorescent quantum dots (QD) as a functional probe. Particularly, we
found that both the as-synthesized PAE-NC and its hydrolyzed derivatives could be
converted into microparticles via emulsion confinement self-assembly. Furthermore,
the co-self-assembly of red-emitting QD and PAE-NC enables the phase transfer of
hydrophobic QD into hydrophilic luminescent microparticles with the persisted
fluorescence emission. Based on these results, the current PAE-NC would be
served as a versatile and robust matrix to fabricate advanced microparticles or
microcapsules for various applications.

Keywords: polyarylene ether, self-assembly, quantum dots, microparticles, luminescence

1 INTRODUCTION

Polymeric microparticles or microcapsules have been widely used as an effective matrix to fabricate
various advanced functional materials or devices for energetic, environmental, catalytic, and
biomedical applications (Chen et al., 2019; Schofield et al., 2020; Ozkayalar et al., 2020; Jia et al.,
2022; Li et al., 2022). Basically, the fine morphology and surface reactivity of these microparticles or
microcapsules are of great importance for their practical applications (Ahangaran et al.,, 2019). For
instance, due to their higher specific surface area, the mesoporous polymeric microparticles exhibited
better adsorption and catalytic performance than their counterparts of macroporous and solid
microparticles (Peng et al., 2018; Zheng et al., 2019). In addition, the immobilization of bio-reactive
components (antibody, enzyme, and nucleotides) on polymeric microparticles is an indispensable
step for their application in various biomedical fields (Wang et al., 2014; Daly et al., 2020; Jo and Lee,
2020; Tobias et al., 2021). Although the polymeric microparticles prepared by the classical emulsion
or suspension polymerization normally exhibit uniform size distribution and tunable morphology, it
is still quite challenging to prepare polymer-inorganic hybrid microparticles via the conventional
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radical chain polymerization as the involved reactive species are
prone to be quenched by metal ions or salts from inorganic
precursors.

The self-assembly of amphiphilic block copolymers (BCP) is
regarded as a preferred methodology to prepare polymeric-
inorganic hybrid microparticles; the fine morphology and
surface reactivity of the final product can be readily modulated
via tuning of interface reaction between BCP matrix and
inorganic precursors or nanoparticles during the self-assembly
process (Yang et al., 2016; Yan et al., 2019; Jia et al., 2020). Among
various self-assembly protocols, the recently developed emulsion
confinement self-assembly is emerging as a powerful
methodology to fabricate functional microparticles, because
the introduced emulsion droplet interface would serve as an
additional parameter to tune the self-assembly kinetics (Li
et al, 2015; Lee et al., 2019; Shin et al., 2020). Therefore,
ranges of polymeric micro/nano-structures with special
morphology that are hardly obtained via conventional solvent
exchange-induced self-assembly have been prepared via the
emulsion confinement self-assembly. However, the wider
application of emulsion confinement self-assembly, especially
in large-scale production, is still limited by the tedious
chemical synthesis of involved block copolymers. In addition,
although there are plenty of published works dealing with the
morphology modulation of polymeric microparticles by tuning
block copolymer backbones structures, surfactants compositions,
and concentrations (Deng et al., 2016; Shin et al., 2018; Ku et al,,
2019; Hu et al., 2021; Xu et al., 2021), the research work involving
the post-modification and further application of these polymeric
microparticles is still quite limited.

Herein, we discovered that the polymeric microparticles with
tunable surface morphology could be obtained from the emulsion
confinement self-assembly of a homopolymer, which was super-
engineering polyarylene ether containing pendent nitrile and
carboxyl (PAE-NC). It should be observed that the synthesis
of PAE-NC can be easily scaled up wvia industrial
polycondensation polymerization. Furthermore, we found that
the polymeric microparticles obtained from emulsion self-
assembly of PAE-NC exhibited exterior carboxyl groups,
which can be employed as reactive sites for immobilization of
molecular recognition agents to prepare functional beads. More
interestingly, we also found that the hydrophobic fluorescent
quantum dots can be firmly embedded in the PAE-NC
microcapsules, leading to the water-dispersible fluorescent
beads. Considering the scalable synthesis of PAE-NC matrix,
post-functionalization capacity, and stable encapsulation of
susceptive functional inorganic nanoparticles, the current work
would open a new way for the fabrication of advanced polymeric-
inorganic hybrid microparticles.

2 MATERIALS AND METHODS

2.1 Materials

N-methyl pyrrolidone (NMP), dichloromethane (DCM),
tetrahydrofuran (THF), hydrochloric acid, toluene, ethanol, and
potassium carbonate (K,COs;) were purchased from Chengdu

Reactive Polymeric Microparticles

Chron Chemicals. Phenolphthalein (PPL), 2, 6-difluorobenzonitrile
(DFBN), and sodium dodecyl sulfonate (SDS) were received from
Sigma Aldrich. Core-shell quantum dots (QD, ZnCdSe@ZnS) were
obtained from Wuhan Jiayuan Quantum Dots Co., Ltd. Agarose
beads (AG Beads), protein A, protease inhibitor, RIPA lysate buffer,
PBS powder, and SDS-PAGE 2x loading buffer were purchased from
Sangon Biotech (Shanghai) Co., Ltd. All chemicals were used as
obtained without further treatment.

2.2 Synthesis of Pendent Nitrile and

Carboxyl Homopolymer

PAE-NC homopolymer was synthesized via the nucleophilic
substitution polycondensation between PPL and DFBN.
Specifically, 60 mmol PPL, 90 mmol K,CO; (used as the
catalyst), and 60.6 mmol DFBN were introduced into a three-
necked flask containing 36 ml NMP and 12 ml toluene. Next, the
mixtures were refluxed at 145°C for 3 h to finish the first stage and
to remove the by-product of H,O. Then, the reaction mixture was
gradually heated to 175°C and maintained for another 4h to
complete the polymerization, followed by pouring into
hydrochloric acid solution (3 wt%) for 24h to remove the
K,CO;. Furthermore, the crude products
pulverized completely, washed by refluxing in ethanol, ddH,O,
and dried at 80°C overnight to obtain purified powders. The
number average and average molecular weight of PAE-NC were
tested by the gel permeation chromatography (GPC) as
51,781 and 90,413, respectively. The as-synthesized PAE-NC
was dispersed in 1 M NaOH solution and reacted at 80°C at
different times to obtain the hydrolyzed PAE-NC derivatives.

€XCess were

2.3 Preparation of Polymeric Microparticles
and QD@Pendent Nitrile and Carboxyl

Composite Microparticles

Pristine polymeric microparticles were prepared by using as-
synthesized PAE-NC or hydrolyzed derivatives [denoted as PAE-
NC-Hx, where x represents hydrolysis time (h)]. In a typical process,
5 mg purified PAE-NC or PAE-NC-H1 were dissolved in 1 ml mixed
solvent (100 uL THF and 900 uL. DCM) and then injected into 10 ml
aqueous solution (3 mg/ml) of surfactant (SDS). Next, the mixtures
were emulsified with continuous stirring at room temperature for 6 h,
followed by evaporation of the organic solvent, centrifuging, and
washing with deionized water to obtain pristine polymeric
microparticles. The QD@PAE-NC-composited microparticles
were prepared using a similar protocol, except that the involved
DCM contained 0.2 mg red-emitting ZnCdSe@ZnS QD. For the
comparison, the classical solvent exchange-induced self-assembly
was conducted by adding 1 ml PAE-NC DMF solution (5 mg/ml)
into mixed solvents of ethanol (8 ml) and toluene (4 ml), followed by
sonication at room temperature to obtain small-sized nanoparticles.

2.4 Preparation of Bio-Functionalized

Polymer Beads for Antibody Enrichment
The carboxylated polymer beads obtained from the emulsion
confinement self-assembly of PAE-NC-H1 were used as a
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FIGURE 1 | The synthetic route (A) for super-engineering polyarylene ether containing pendent nitrile and carboxylate (PAE-NC), 1H NMR spectra (B), and FTIR
spectra (C) of synthesized PAE-NC and PAE-NC subject to alkaline hydrolysis for a different time.
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FIGURE 2 | The DSC thermograms (A) and TGA curves (B) PAE-NC are subject to alkaline hydrolysis at different times.

Temperature (°C)

matrix for the preparation of bio-functionalized beads.
Specifically, the initially prepared polymer beads were
dispersed in PBS buffer (0.1 M, pH = 7.4) and incubated
with 2 ml EDC/PBS (10 mg/ml) at a 27°C incubator shaker

for 20 min to activate exterior carboxyl groups. Next, activated
beads were washed by PBS buffer three times and re-suspended
in 2 ml PBS buffer containing 200 pg protein A and incubated
at 37°C for 4h to obtain protein A modified particles
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(D), respectively.

FIGURE 3 | The SEM images of polymeric microparticles prepared by using pristine PAE-NC (A) and PAE-NC after alkaline hydrolysis for 1 h (B), 4 h (C), and 8 h

TABLE 1 | The average diameters of pristine and QD@PAE hybrid microparticles.

Polymer matrix PAE-NC PAE-NC-H1 PAE-NC-H4
Pristine polymer particles 390 + 17 nm 610 + 32 nm 851 + 20 nm
QD@PAE hybrid particles 430 + 30 nm 750 + 29 nm 960 + 46 nm

(abbreviated as AP beads). Finally, the AP beads were washed
with PBST buffer (PBS with 0.05wt% Tween-20) and
suspended in 1 ml PBST solution at 4°C for further use. The
antibody enrichment experiments were verified via the
conventional Western blot (WB) and Coomassie brilliant
blue staining (CBB) assays. Specifically, 293T cells (1x10°)
were lysed in RIPA lysis buffer for 1h and followed by
centrifuging at 10,000 g for 10 min at 4°C. Then, the protein
concentration of the supernatant was verified using a BCA
protein assay kit (Thermo Fisher) and diluted to 300 pg total
proteins per 500 puL lysate in a 1.5ml EP tube. Next, 2 pL
primary antibodies (Abl) of LHX2 (diluted to 1/1000,
Rabbit, Thermo Fisher) were added to the EP tube and
incubated at 4°C overnight. Furthermore, 100 uL suspended
AP beads (0, 2, 6, 12h) or 20 uL commercialized protein A
agarose beads (AG beads, in lysate with protease inhibitor)
were added to the above EP tubes and incubated at 4°C for 2 h,

followed by centrifugation and washing twice with 4°C RIPA
lysate buffer (containing protease inhibitor and 0.05% Tween
20) to collect the immunoprecipitate. Finally, the
immunoprecipitate was suspended 1:1 (volume ratio) in
23 uL 2xSDS-PAGE loading buffer and denatured at 100°C
for 10 min followed by centrifuging to collect supernatant onto
a new EP tube for further WB and CBB analysis.

2.5 Characterization

The chemical structures of synthesized PAE-NC and hydrolyzed
derivatives were confirmed by FTIR (Shimadzu 8400S, KBr) and
IH NMR spectra (Bruker AMX-400, relative to DMSO-d6,
400 MHz), while their thermal properties were characterized
by a differential scanning calorimeter (DSC, Q100, TA) and a
thermogravimetric analyzer (TGA, Q50, TA), respectively. The
surface morphology of the prepared microparticles and beads was
observed using a scanning electron microscope (SEM, JEOL, JSM
6490LV). The fluorescent emission spectra of QD@PAE-NC and
QD@PAE-NC-Hx composite microparticles were recorded with
a fluorescent spectrophotometer (F-97pro, China). The
luminescence images of the microparticles suspension were
captured by a smartphone camera in a dark box ultraviolet
analyzer.
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commercially available AG beads.

FIGURE 4 | The Western blot (A) and Coomassie blue staining (B) plot of protein enrichment using protein A modified PEN-NC microparticles (AP beads) and

3 RESULTS AND DISCUSSION

Super-engineering thermoplastics are a kind of high-performance
polymers that exhibit good thermal stability and mechanical
properties due to their aromatic backbone structure as well as
strong intermolecular entanglements (Park et al., 2019; Wang and
Zhang, 2019; Lin et al., 2022). However, the post-modification of
these high-performance polymers is quite a challenge but is
indispensable for many applied scenarios (Guan et al., 2019;
Boydston et al., 2020; Lu et al., 2021). For instance, the interfacial
compatibility ~between polymer matrix and inorganic
nanoparticles plays a decisive role in determining the optical,
magnetic, and electric functionalities of these polymeric
nanocomposites (Jia et al., 2016; Liu et al., 2022; Zhang et al,,
2022), which normally requires the appropriate interfacial
modification on either polymer matrix or inorganic
nanoparticles. In this sense, we have designed a reactive super-
engineering polymer that contained pendent carboxyl and cyano
groups, which exhibited versatile reactivity toward many
chemical groups of inorganic nanoparticles. Specifically, the
PAE-NC was synthesized using DFBN and PPL as monomers
via the nucleophilic substitution polycondensation that can be
easily scaled up according to Figure 1A. In addition, we
attempted to transfer the pendent nitrile of PAE-NC into
reactive groups, since the alkaline hydrolysis of nitrile leads to
the generation of various reactive groups (Eloy and Lenaers, 1962;
Yanaranop et al,, 2016; He et al., 2021a). According to the 1H
NMR spectra in Figure 1B, the PAE-NC was successfully
synthesized and its chemical structure was steadily modulated
along with hydrolysis treatment. Moreover, the characteristic
carbonyl peak of as-synthesized PAE-NC was shifted from
1,714cm™  to around 1,696-1,699 cm™' after alkaline
hydrolysis according to FTIR spectra shown in Figure 1C,

which could be due to the alternation of intermolecular
hydrogen bonding by hydrolysis treatment. Moreover, it
should be noted that the vibration peak of the nitrile group at
2,230 cm™" still presented even after hydrolysis for 8 h, implying
that it was quite challenging to realize the complete
transformation of nitriles by the heterogeneous alkaline
treatment, and similar results were also reported by another
group (Sun et al, 2022). Anyway, the hydrolysis leads to
partial nitriles of PAE-NC transformation into carboxyl
groups, which would provide additional reactive sites for post-
functionalization or further surface modification.

Next, the thermal properties of as-synthesized PAE-NC and
hydrolyzed PAE-NC-Hx were characterized. According to
Figure 2A, the glass transition temperature of PAE-NC was
gradually decreased along with the increase in hydrolysis time,
which was supposed to be attributed to the attenuated hydrogen
bonding between nitrile and carboxyl during prolonged
hydrolysis (Le Questel et al., 2000). Moreover, the TGA results
in Figure 2B also exhibited decreased thermal stability with
increasing hydrolysis treatment, as the decomposition
temperature at 5% was decreased from 440.2°C for as-
synthesized PAE-NC to 387°C after hydrolysis for 8 h. Despite
slightly — decreased glass transition temperature and
decomposition temperature, the hydrolyzed PAE derivatives
still exhibited good stability up to 350°C, which was
comparable to many commercially available super-engineering
polymers including polyether ether ketone (PEEK),
polyethersulfone (PES), and polyphenylene sulfide (PPS).

Furthermore, the surface morphology of obtained polymeric
microparticles was characterized by SEM. According to
Figure 3A, the polymeric microparticles with invaginate pit
morphology were obtained from the PAE-NC, and the
polymeric microparticles of larger average size with a
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FIGURE 5 | The SEM morphology (A) and corresponding size distribution histogram (B) of polymeric nanoparticles obtained via the solvent exchange-induced
self-assembly of pristine PAE-NC, and the morphology of Zn?* (C) and Cu?* (D) cross-linked PAE-NC self-assembled nanostructures.

3000

2000

— QD@PAE-NC

—— QD@PAE-NC-H1
—— QD@PAE-NC-H4
—— QD@PAE-NC-H8

1000

Fluorescence Intensity (a.u.)

T T T
550 600 650 700

Wavelength (nm)
FIGURE 6 | The fluorescent emission spectra from the aqueous solution

containing various QD@PAE-NC composite microparticles; inset image was
the samples photo under UV light.

smoother surface (Figure 3B) or smaller pinhole morphology
(Figure 3C) were detected from the sample obtained using PAE-
NC-H1 and PAE-NC-H4, respectively. The average size
information of prepared superparticles was calculated and
listed in Table 1. Interestingly, the irregular membrane
structures without any microparticles were observed from the
PAE-NC-HS8 sample (see Figure 3D), which should be attributed
to the declined hydrophobic interaction derived from the
enhanced water solubility of this sample after a long time of
hydrolysis.

Since the polymer beads obtained from PAE-NC-HI1 exhibited
a more uniform size and smoother surface, they were selected as
the optimized sample for constructing post-functionalized beads.
As a proof-of-concept application, the PAE-NC-H1 polymer was
first converted to pristine polymer beads via emulsion
confinement self-assembly, then the surface carboxyl groups of
self-assembled polymer beads were activated with an EDC agent
(see details in experimental section 2.4), followed by covalent
immobilization of protein A via classical amidation reaction to
obtain bio-functionalized beads (abbreviated as PA beads). Due
to the specific antibody affinity properties of protein A, the PA
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H4 (C), and PAE-NC-H8 (D), respectively.

FIGURE 7 | The SEM morphology of QD-embedded polymeric hybrid particles using pristine PAE-NC (A), hydrolyzed PAE-NC-H1 (B), hydrolyzed PAE-NC-

beads could serve as bio-separation scaffolds to enable antibody
enrichment from complex bio-fluids. In addition, we also
compared the antibody enrichment performance of as-
prepared PA beads and commercially available agarose beads
(AG in short) from cell lysis solution. It was clear that when
compared with the commercial AG beads, our PA beads exhibited
improved antibody enrichment and lower non-specific binding
effect according to the Western blot assay results in Figure 4A
and Coomassie blue staining results in Figure 4B, respectively.

In addition to emulsion confinement self-assembly, we also
prepared the self-assembled PAE-NC structures of different
morphology using classical solvent exchange protocol. More
specifically, the solvent exchange-induced self-assembly of
PAE-NC was conducted by rapid injection of polymer

solution in good solvent to its non-solvents system. It should
be observed that much smaller-sized polymeric nanoparticles
were obtained by introducing PEN solution in DMF into mixed
solvents of toluene and ethanol (volume ratio of 1:2) according to
Figure 5A, and the average diameter was determined to be 81 +
1.2 nm according to Figure 5B. In addition, we also found that
the metal ions crosslinking with carboxyl groups of PAE-NC had
an obvious influence on the surface morphology of solvent
exchange-induced self-assembled structures. —Larger-sized
necklace-like aggregates were observed from the Zn®* cross-
linked sample (see Figure 5C), while much smaller
nanoparticle networks were generated after adding Cu®* to the
self-assembly of PAE-NC according to Figure 5D. The totally
different sizes of resultant particles between solvent exchange-induced
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self-assembly and emulsion confinement self-assembly should be
attributed to the different driven forces and mechanisms.

Considering that both the as-synthesized PAE-NC and its
hydrolyzed derivatives can be self-assembled into microparticles,
the process could also be employed for encapsulation of
vulnerable compounds or inorganic nanoparticles to preserve
their functionalities. With this regard, the commercially available
highly fluorescent quantum dots (QDs) of ZnCdSe@ZnS$
stabilized by the hydrophobic surface ligand of oleic acid were
used as an example to evaluate the encapsulation capacity of
PAE-NC matrix, as the typical red emission of hydrophobic QD
could be easily quenched by water without appropriate surface
modification (Pellegrino et al., 2004; He et al., 2021b). Figure 6
demonstrated the fluorescent emission spectra recorded from the
aqueous solution of QD@PAE-NC composites. It was clear that
the red emission peak at 627 nm of QD can be well-preserved
after being encapsulated in PAE-NC microparticles. Moreover,
the PAE-NC-H1 and PAE-NC-H4 also exhibited good
encapsulation of QD, while the composites involving PAE-
NC-H8 showed a limited encapsulation effect in terms of
preserving QD fluorescence. Moreover, the variation of
fluorescence emission from these QD@PAE samples was also
confirmed by the inset photo.

The surface morphology characterization also proved that the
composite beads using pristine PAE-NC (Figure 7A), PAE-NC-
H1 (Figure 7B), and PAE-NC-H4 (Figure 7C) showed similar
morphology, and their average diameter data were summarized
in Table 1 as well. Lastly, the microparticles mixed with
continuous membranes were observed from sample PAE-NC-
H8 (Figure 7D). The different encapsulation capacity and surface
morphology would be due to the attenuation of hydrophobic
interaction between PAE-NC and surface ligand of QD along
with increased hydrolysis treatment. It should be observed that
the hydrophobic nanoparticles encapsulation capacity of PAE-
NC was also applicable for other fluorescent quantum dots or
even magnetic nanoparticles.

4 CONCLUSION

In this work, we have synthesized a super-engineering
thermoplastic of PAE-NC containing pendent reactive groups.
Furthermore, we demonstrated that both as-synthesized PAE-NC
and its hydrolysis derivatives can be self-assembled into
polymeric microparticles. The size and fine morphology of
these polymeric microparticles can be easily modulated by
using different self-assembly protocols or crosslinking metal

REFERENCES

Ahangaran, F., Navarchian, A. H., and Picchioni, F. (2019). Material Encapsulation
in Poly(methyl Methacrylate) Shell: A Review. J. Appl. Polym. Sci. 136, 101211.
doi:10.1002/app.48039

Boydston, A. J., Cui, J., Lee, C.-U.,, Lynde, B. E., and Schilling, C. A. (2020). 100th
Anniversary of Macromolecular Science Viewpoint: Integrating Chemistry and

Reactive Polymeric Microparticles

ions. In addition, the prepared polymeric microparticles can
be rendered with additional bio-separation functionality after
post-biomodification with the biorecognition agent of protein A.
Moreover, the emulsion confinement self-assembly of PAE-NC
and its hydrolyzed derivatives can be employed to encapsulate
hydrophobic QD and preserve its red fluorescent in an aqueous
solution. It should be observed that although the encapsulation
capacity of PAE-NC was evaluated using fluorescent QD for the
moment, the protocol revealed in the current work is applicable
to other hydrophobic functional nanoparticles. Considering the
high thermal stability, abundant surface reactive groups, and
encapsulation properties of PAE-NC microparticles, the
current work would open a new way to fabricate
microparticles  or  microcapsules to  preserve  the
functionalization of various sensitive or hazardous components
including explosive, radioactive agents.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Conceptualization, DG and KJ; methodology, DG and DZ;
software, DZ; validation, DZ, XZ, and XH; formal analysis,
XZ; investigation, DG; resources, XZ; data curation, DZ;
writing—original draft preparation, DG; writing—review and
editing, KJ; visualization, DZ; supervision, KJ; project
administration, KJ; funding acquisition. All authors have read
and agreed to the published version of the manuscript.

FUNDING

This research was funded by the National Natural Science
Foundation of China (52173068), Sichuan Science and
Technology ~ Program  (2021YFH0023,  2022YFS0006),
Guangdong Basic and Applied Basic Research Foundation
(2022A1515010821), International Science and Technology
Cooperation Project from Chengdu municipal government
(2019-GH02-00037-HZ), the Fundamental Research Funds for
the Central Universities (ZYGX 2019J026), and the joint research
program of SACIET-UESTC (Y21-0035).

Engineering to Enable Additive Manufacturing with High-Performance
Polymers. ACS Macro Lett. 9, 1119-1129. doi:10.1021/acsmacrolett.0c00390

Chen, Y.-P., Zhang, J.-L., Zou, Y., and Wu, Y.-L. (2019). Recent Advances on
Polymeric Beads or Hydrogels as Embolization Agents for Improved
Transcatheter Arterial Chemoembolization (TACE). Front. Chem. 7, 408.
doi:10.3389/fchem.2019.00408

Daly, A. C, Riley, L., Segura, T., and Burdick, J. A. (2020). Hydrogel Microparticles for
Biomedical Applications. Nat. Rev. Mat. 5, 20-43. doi:10.1038/s41578-019-0148-6

Frontiers in Chemistry | www.frontiersin.org

July 2022 | Volume 10 | Article 957853


https://doi.org/10.1002/app.48039
https://doi.org/10.1021/acsmacrolett.0c00390
https://doi.org/10.3389/fchem.2019.00408
https://doi.org/10.1038/s41578-019-0148-6
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Gong et al.

Deng, R, Li, H,, Zhu, J., Li, B., Liang, F,, Jia, F,, et al. (2016). Janus Nanoparticles of
Block Copolymers by Emulsion Solvent Evaporation Induced Assembly.
Macromolecules 49, 1362-1368. doi:10.1021/acs.macromol.5b02507

Eloy, F., and Lenaers, R. (1962). The Chemistry of Amidoximes and Related
Compounds. Chem. Rev. 62, 155-183. doi:10.1021/cr60216a003

Guan, X,, Li, H., Ma, Y., Xue, M., Fang, Q., Yan, Y., et al. (2019). Chemically Stable
Polyarylether-Based Covalent Organic Frameworks. Nat. Chem. 11, 587-594.
doi:10.1038/s41557-019-0238-5

He, X, Jia, K., Bai, Y., Chen, Z, Liu, Y., Huang, Y., et al. (2021). Quantum Dots Encoded
White-Emitting Polymeric Superparticles for Simultaneous Detection of Multiple
Heavy Metal Ions. J. Hazard. Mater. 405, 124263. doi:10.1016/j jhazmat.2020.124263

He, X, Jia, K., Zheng, L., Hu, Y., Huang, J., Wang, D,, et al. (2021). Robust Polymeric
Scaffold from 3D Soft Confinement Self-Assembly of Polycondensation Aromatic
Polymer. Eur. Polym. J. 161, 110815. doi:10.1016/j.eurpolymj.2021.110815

Hu, D., Chang, X, Xu, Y., Yu, Q,, and Zhu, Y. (2021). Light-Enabled Reversible
Shape Transformation of Block Copolymer Particles. ACS Macro Lett. 10,
914-920. doi:10.1021/acsmacrolett.1c00356

Jia, K, Ji, Y, He, X,, Xie, ], Wang, P., and Liu, X. (2022). One-step Fabrication of Dual
Functional Tb3+ Coordinated Polymeric Micro/nano-Structures for Cr(VI) Adsorption
and Detection. J. Hazard. Mater. 423, 127166. doi:10.1016/jjhazmat.2021.127166

Jia, K., Shou, H., Wang, P., Zhou, X,, and Liu, X. (2016). Controlled Synthesis of
Silver Nanostructures Stabilized by Fluorescent Polyarylene Ether Nitrile. Appl.
Surf. Sci. 377, 180-183. doi:10.1016/j.apsusc.2016.03.126

Jia, K, Xie, J., He, X, Zhang, D., Hou, B., Li, X,, et al. (2020). Polymeric Micro-reactors
Mediated Synthesis and Assembly of Ag Nanoparticles into Cube-like Superparticles
for SERS Application. Chem. Eng. J. 395, 125123. doi:10.1016/j.cj.2020.125123

Jo, Y. K., and Lee, D. (2020). Biopolymer Microparticles Prepared by Microfluidics
for Biomedical Applications. Small 16, €1903736. doi:10.1002/smll.201903736

Ku, K. H,, Lee, Y. J,, Kim, Y., and Kim, B. J. (2019). Shape-Anisotropic Diblock
Copolymer Particles from Evaporative Emulsions: Experiment and Theory.
Macromolecules 52, 1150-1157. doi:10.1021/acs.macromol.8b02465

Le Questel, J.-Y., Berthelot, M., and Laurence, C. (2000). Hydrogen-bond Acceptor
Properties of Nitriles: a Combined Crystallographic Andab Initio Theoretical
Investigation. J. Phys. Org. Chem. 13, 347-358. doi:10.1002/1099-1395(200006)
13:6<347::aid-poc251>3.0.co;2-e

Lee, J., Ku, K. H,, Park, C. H, Lee, Y. J., Yun, H., and Kim, B. J. (2019). Shape and
Color Switchable Block Copolymer Particles by Temperature and pH Dual
Responses. ACS Nano 13, 4230-4237. doi:10.1021/acsnano.8b09276

Li, C,, Wang, W., Wang, X,, Jiang, H., Zhu, J., and Lin, S. (2015). Fabrication of
Porous Polymer Microspheres by Tuning Amphiphilicity of the Polymer and
Emulsion-Solvent Evaporation Processing. Eur. Polym. . 68, 409-418. doi:10.
1016/j.eurpolym;j.2015.05.011

Li, T., Zhang, Y., Wang, R,, Wang, F., Song, P., and He, Y. (2022). Synthesis of
Polymer Single-Hole Microjars and Encapsulating Amoxicillin for Efficient
Antibacterial. Mater. Lett. 312, 131635. doi:10.1016/j.matlet.2021.131635

Lin, G, Bai, Z,, Liu, C, Liu, S., Han, M., Huang, Y., et al. (2022). Mechanically
Robust, Nonflammable and Surface Cross-Linking Composite Membranes with
High Wettability for Dendrite-Proof and High-Safety Lithium-Ion Batteries.
J. Membr. Sci. 647, 120262. doi:10.1016/j.memsci.2022.120262

Liu, S., Tu, L., Liu, C,, Tong, L., Bai, Z., Lin, G., et al. (2022). Interfacial Crosslinking
Enabled Super-engineering Polymer-Based Composites with Ultra-stable
Dielectric Properties beyond 350 °C. J. Alloys Compd. 891, 161952. doi:10.
1016/j.jallcom.2021.161952

Lu, X., Bao, C., Xie, P., Guo, Z., and Sun, J. (2021). Solution-Processable and
Thermostable Super-Strong Poly(aryl Ether Ketone) Supramolecular
Thermosets Cross-Linked with Dynamic Boroxines. Adv. Funct. Mater. 31,
2103061. doi:10.1002/adfm.202103061

Ozkayalar, S., Adigiizel, E., Alay Aksoy, S., and Alkan, C. (2020). Reversible Color-
Changing and Thermal-Energy Storing Nanocapsules of Three-Component
Thermochromic Dyes. Mat. Chem. Phys. 252, 123162. doi:10.1016/j.
matchemphys.2020.123162

Park, S-A., Jeon, H,, Kim, H,, Shin, S.-H,, Choy, S., Hwang, D. S, et al. (2019).
Sustainable and Recyclable Super Engineering Thermoplastic from Biorenewable
Monomer. Nat. Commun. 10, 2601. doi:10.1038/s41467-019-10582-6

Pellegrino, T., Manna, L., Kudera, S., Liedl, T., Koktysh, D., Rogach, A. L., et al.
(2004). Hydrophobic Nanocrystals Coated with an Amphiphilic Polymer Shell:
A General Route to Water Soluble Nanocrystals. Nano Lett. 4, 703-707. doi:10.
1021/n1035172j

Reactive Polymeric Microparticles

Peng, Q., Cong, H., Yu, B, Wei, L., Mahmood, K., Yuan, H,, et al. (2018). Preparation of
Polymeric Janus Microparticles with Hierarchically Porous Structure and Enhanced
Anisotropy. J. Colloid Interface Sci. 522, 144-150. doi:10.1016/j.jcis.2018.03.066

Schofield, R. C., Bogusz, D. P., Hoggarth, R. A., Nur, S., Major, K. D., and Clark, A.
S. (2020). Polymer-encapsulated Organic Nanocrystals for Single Photon
Emission. Opt. Mat. Express 10, 1586. doi:10.1364/0me.396942

Shin, J. J., Kim, E. J., Ku, K. H,, Lee, Y. J., Hawker, C. ], and Kim, B. J. (2020). 100th
Anniversary of Macromolecular Science Viewpoint: Block Copolymer Particles:
Tuning Shape, Interfaces, and Morphology. ACS Macro Lett. 9, 306-317. doi:10.
1021/acsmacrolett.0c00020

Shin, J. M., Kim, Y., Ku, K. H,, Lee, Y. J., Kim, E. ], Yi, G.-R,, et al. (2018). Aspect
Ratio-Controlled Synthesis of Uniform Colloidal Block Copolymer Ellipsoids
from Evaporative Emulsions. Chem. Mat. 30, 6277-6288. doi:10.1021/acs.
chemmater.8b01821

Sun, W, Feng, L., Zhang, ], Lin, K., Wang, H., Yan, B,, et al. (2022). Amidoxime
Group-Anchored Single Cobalt Atoms for Anti-biofouling during Uranium
Extraction from Seawater. Adv. Sci. 9, €2105008. doi:10.1002/advs.202105008

Tobias, C., Climent, E., Gawlitza, K., and Rurack, K. (2021). Polystyrene Microparticles
with Convergently Grown Mesoporous Silica Shells as a Promising Tool for
Multiplexed Bioanalytical Assays. ACS Appl. Mat. Interfaces 13, 207-218. doi:10.
1021/acsami.0c17940

Wang, L., and Zhang, Y. (2019). Advances in Polyarylethers: Opening New
Opportunities. J. Mat. Chem. C 7, 14767-14770. doi:10.1039/c9tc05413h

Wang, W., Zhang, M.-J, and Chu, L.-Y. (2014). Functional Polymeric
Microparticles Engineered from Controllable Microfluidic Emulsions. Acc.
Chem. Res. 47, 373-384. doi:10.1021/ar4001263

Xu, M., Ku, K. H,, Lee, Y. J., Kim, T., Shin, J. J., Kim, E. ], et al. (2021). Effect of
Polymer Ligand Conformation on the Self-Assembly of Block Copolymers and
Polymer-Grafted ~ Nanoparticles within an  Evaporative =~ Emulsion.
Macromolecules 54, 3084-3092. doi:10.1021/acs.macromol.1c00370

Yan, N,, Liu, X,, Zhu, J., Zhu, Y., and Jiang, W. (2019). Well-Ordered Inorganic
Nanoparticle Arrays Directed by Block Copolymer Nanosheets. ACS Nano 13,
6638-6646. doi:10.1021/acsnano.9b00940

Yanaranop, P., Santoso, B., Etzion, R., and Jin, J. (2016). Facile Conversion of
Nitrile to Amide on Polymers of Intrinsic Microporosity (PIM-1). Polymer 98,
244-251. doi:10.1016/j.polymer.2016.06.041

Yang, H,, Ku, K. H,, Shin, J. M, Lee, J., Park, C. H., Cho, H.-H,, et al. (2016). Engineering
the Shape of Block Copolymer Particles by Surface-Modulated Graphene Quantum
Dots. Chern. Mat. 28, 830-837. doi:10.1021/acs.chemmater.5b04222

Zhang, S., Sun, H., Lan, T., Bai, Z,, and Liu, X. (2022). Facile Preparation of
Graphene Film and Sandwiched Flexible Poly(arylene Ether Nitrile)/graphene
Composite Films with High EMI Shielding Efficiency. Compos. Part A Appl. Sci.
Manuf. 154, 106777. doi:10.1016/j.compositesa.2021.106777

Zheng, C., Zheng, H., Wang, Y., Sun, Y., An, Y., Liu, H,, et al. (2019). Modified
Magnetic Chitosan Microparticles as Novel Superior Adsorbents with Huge
“Force Field” for Capturing Food Dyes. J. Hazard. Mater. 367, 492-503. doi:10.
1016/j.jhazmat.2018.12.120

Conlflict of Interest: DG, DZ, and XZ were employed by Sichuan Aerospace
Chuannan Initiating Explosive Technology Limited.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gong, Zhang, Zhang, He, Ji and Jia. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

July 2022 | Volume 10 | Article 957853


https://doi.org/10.1021/acs.macromol.5b02507
https://doi.org/10.1021/cr60216a003
https://doi.org/10.1038/s41557-019-0238-5
https://doi.org/10.1016/j.jhazmat.2020.124263
https://doi.org/10.1016/j.eurpolymj.2021.110815
https://doi.org/10.1021/acsmacrolett.1c00356
https://doi.org/10.1016/j.jhazmat.2021.127166
https://doi.org/10.1016/j.apsusc.2016.03.126
https://doi.org/10.1016/j.cej.2020.125123
https://doi.org/10.1002/smll.201903736
https://doi.org/10.1021/acs.macromol.8b02465
https://doi.org/10.1002/1099-1395(200006)13:6<347::aid-poc251>3.0.co;2-e
https://doi.org/10.1002/1099-1395(200006)13:6<347::aid-poc251>3.0.co;2-e
https://doi.org/10.1021/acsnano.8b09276
https://doi.org/10.1016/j.eurpolymj.2015.05.011
https://doi.org/10.1016/j.eurpolymj.2015.05.011
https://doi.org/10.1016/j.matlet.2021.131635
https://doi.org/10.1016/j.memsci.2022.120262
https://doi.org/10.1016/j.jallcom.2021.161952
https://doi.org/10.1016/j.jallcom.2021.161952
https://doi.org/10.1002/adfm.202103061
https://doi.org/10.1016/j.matchemphys.2020.123162
https://doi.org/10.1016/j.matchemphys.2020.123162
https://doi.org/10.1038/s41467-019-10582-6
https://doi.org/10.1021/nl035172j
https://doi.org/10.1021/nl035172j
https://doi.org/10.1016/j.jcis.2018.03.066
https://doi.org/10.1364/ome.396942
https://doi.org/10.1021/acsmacrolett.0c00020
https://doi.org/10.1021/acsmacrolett.0c00020
https://doi.org/10.1021/acs.chemmater.8b01821
https://doi.org/10.1021/acs.chemmater.8b01821
https://doi.org/10.1002/advs.202105008
https://doi.org/10.1021/acsami.0c17940
https://doi.org/10.1021/acsami.0c17940
https://doi.org/10.1039/c9tc05413h
https://doi.org/10.1021/ar4001263
https://doi.org/10.1021/acs.macromol.1c00370
https://doi.org/10.1021/acsnano.9b00940
https://doi.org/10.1016/j.polymer.2016.06.041
https://doi.org/10.1021/acs.chemmater.5b04222
https://doi.org/10.1016/j.compositesa.2021.106777
https://doi.org/10.1016/j.jhazmat.2018.12.120
https://doi.org/10.1016/j.jhazmat.2018.12.120
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Self-Assembly of Homo-Polyarylene Ether Into Reactive Matrix for Fabrication of Hybrid Functional Microparticles
	1 Introduction
	2 Materials and Methods
	2.1 Materials
	2.2 Synthesis of Pendent Nitrile and Carboxyl Homopolymer
	2.3 Preparation of Polymeric Microparticles and QD@Pendent Nitrile and Carboxyl Composite Microparticles
	2.4 Preparation of Bio-Functionalized Polymer Beads for Antibody Enrichment
	2.5 Characterization

	3 Results and Discussion
	4 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


