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In 2022, The MOE Key Laboratory of Macromolecular Synthesis and Functionalization in Zhejiang Uni-
versity had achieved several important results. First, a series of well-defined dinuclear organoboron cat-
alysts were developed to precisely control the enchainment of ether and carbonate segments during the
copolymerization of CO, and epoxides. Second, polyester had been synthesized through cationic copoly-
merization of cyclic anhydride. Third, ring-opening polymerization of carbon dioxide based valerolactone
had been achieved, revealing the prospect of 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVL) in uti-
lizing CO, and synthesizing functional polymers. Fourth, machine learning methods have been applied
to biomaterial research, enabling high-throughput screening of functional biomaterial surfaces for im-
plantable devices, and searching for potent antimicrobial peptides in whole combinatorial peptide li-
braries. Fifth, methods of characterization of biomacromolecule RNA transcription and manipulation of
nucleoside modification were developed. Sixth, artificial enzymes-armed Bifidobacterium Longum probi-
otics were established to tune down gut inflammation. Seventh, three-dimensional (3D) printing tech-
nologies were used to engineer tough supramolecular hydrogels. Eighth, hydroplastic foaming graphene
frameworks for acoustic and conductive polymer composites were provided for application. Ninth, aggre-
gate photophysics about the nature of through-space interactions (TSIs) and manipulating their strength
in small molecules with non-conjugated structure had been elucidated. Tenth, the forming mechanism
of a newfound nested texture in poly(L-lactic acid) (PLLA) spherulitic films had been revealed. Finally,
the isotropically dyeing mechanism of KDP single crystals grown from hydrogels have been explored. The

related works are reviewed in this paper.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

1. Introduction

tier of polymer science at home and abroad, the laboratory has
been built into a key laboratory combining science and technol-

The MOE Key Laboratory of Macromolecular Synthesis and
Functionalization, set up in 2005, focus on the fundamental and
applied polymer science, which include controllable catalytic poly-
merization, microstructure and rheology, photo-electro-magnetic
functional polymers, biomedical functional polymers and separat-
ing functional polymers [1,2]. Focusing on the development fron-
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ogy, interdisciplinary, facing the needs of energy information, hu-
man health, environmental resources and other aspects, leading
the domestic level and having certain international academic in-
fluence. The laboratory seeks breakthroughs in five research direc-
tions: controlled catalytic polymerization, microstructure and rhe-
ology, photoelectromagnetic functional polymers, biomedical func-
tional polymers and separation functional polymers.

In 2022, the laboratory has obtained abundant research
achievements in the aforementioned five research directions,
which are worth emphasizing. Next, we intend to review some
of the leading research results published in 2022. Publications of
eleven research areas are selected, including organoboron cata-
lysts, polyester synthesis, ring-opening polymerization, biomaterial
research, characterization of biomacromolecule RNA transcription
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and manipulation of nucleoside modification, artificial enzymes-
armed Bifidobacterium Longum probiotics, 3D printing of tough
supramolecular hydrogels, hydroplastic foaming graphene frame-
works, aggregate photophysics, polymorphic texture of polymer
spherulites and single crystal dyeing.

2. The developments and catalytic performances of
organoboron catalysts

Copolymerization of CO, and epoxides is an industrially rele-
vant method to alleviate anthropogenic carbon emissions and pro-
duce reproducible plastics [3]. Despite recent advances, few stud-
ies have focused on enchainment control during the copolymer-
ization process, which can ultimately determine the performance
of the resultant materials [4-6]. Among the underdeveloped re-
search directions, the precise control of the enchainment of ether
and carbonate segments, and the sequence-controlled polymeriza-
tion from epoxide congeners has never been realized.

Bearing this in mind, we developed a suite of well-defined din-
uclear organoboron catalysts for the copolymerization of CO, and
epoxides with an aim to achieve enchainment control (Figs. 1a
and b) [7]. By altering the catalyst structure and optimizing re-
action conditions, the alternating carbonate content in the propy-
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Fig. 1. (a) Sequence control in copolymerization of propylene oxide and CO,. Poly-
mers with different contents of -AB-, -ABB- and -ABn- (n>3) linkages can be
obtained by adjusting catalyst structure and reaction conditions. (b) The modu-
larly designed dinuclear organoboron catalysts used for the copolymerization of
propylene oxide and CO,. Cy, cyclohexyl; BPin, 4,4,5,5-tetramethyl-1,2,2-dioxoboryl.
Reproduced with permission [7]. Copyright 2022, Springer Nature. (c) Sequence-
controlled polymerization of epoxide mixtures mediated by N, and CO, atmo-
spheres. Reproduced with permission [8]. Copyright 2022, American Chemical
Society.
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lene oxide/CO, copolymer was finely regulated over a wide range
of 3.0%-95.2%, and the polyether content was arbitrarily varied be-
tween <0.1% and 97.0% (Fig. 1a). Of great interest, an unprece-
dented double insertion of propylene oxide in the copolymer was
observed, affording a -ABB- linkage, which was identified by NMR
spectroscopy, hydrolysis-derivatization experiments and single-
crystal X-ray diffraction. A relationship between catalyst structure
and catalytic performance was then revealed by systematic tuning
catalyst structure. Density functional theory calculations indicate
that the -ABB- microstructure originates from a regioselectivity-
directed copolymerization process. More specifically, the selectiv-
ity of the alternating -AB-, novel -ABB- and etheric -AB,- linkages
showed linear correlations with boron--boron distances [5].

We also demonstrated that, for the first time, well-defined
polyether-block-polycarbonate copolymers could be obtained in a
switchable manner from epoxide congeners by using our dinu-
clear catalysts [8]. Specifically, the catalyst selectively polymerizes
terminal epoxide to afford the polyether block under N, atmo-
sphere; by applying CO,, the catalytic process switches to the ring-
opening copolymerization of CO, and internal epoxide (Fig. 1c).
The construction of polyether-block-polycarbonate copolymers was
confirmed by NMR, MALDI-TOF, and GPC analyses. Kinetic studies
and density functional theory calculations elucidated the reversible
selectivity between different epoxides in the presence/absence of
CO,. Moreover, by replacing comonomer CO, with cyclic anhy-
dride, the well-defined polyether-block-polyester copolymers can
also be synthesized [8].

In addition to the above-mentioned progresses regarding our
bifunctional organoborane catalysts, we also communicated a su-
perior organoboron system by replacing a nitrogen atom with
a phosphorus atom. The upgraded mono-, di-, and trinuclear
organoboron catalysts show significantly improved catalytic per-
formance and heat resistance for versatile epoxide-involved trans-
formations, including ring-opening copolymerization of epoxides
and cyclic anhydrides, copolymerization of CO, and epoxides, and
ring-opening polymerization of epoxides [9]. We also found that
the increase of Lewis acidity and the number of B centers of the
organoboron catalysts are useful for a high catalytic activity for
ROP of epoxides, and the Lewis acidity of the B centers was deter-
mined using the acceptor numbers, showing an order of borinane
(23.4) > BBN (21.7) > BCy, (18.8) > Bpin (15.5) [10]. By using the
dinuclear bifunctional organoboron catalysts, the first metal-free
access to poly(cyclopentene carbonate) and its chemical recycling
to monomer was also achieved in 2022 in our laboratory [11].

In summary, we developed a series of well-defined dinuclear
organoboron catalysts to precisely control the enchainment of
ether and carbonate segments during the copolymerization of CO,
and epoxides, and selectively polymerize a specific epoxide from
epoxide mixtures. We deemed that the facile approach to precise
CO,-based copolymers will be of value to next-generation materi-
als.

3. Polyester synthesis through cationic copolymerization of
cyclic anhydride

Aliphatic polyesters have been regarded as a sustainable al-
ternative to petroleum-based polyolefins because of abundant re-
newable feedstocks, biocompatibility, and biodegradability [12-15].
The development of facile and versatile methods to synthesize
novel polyesters is highly desired, but remains challenging. The
alternating copolymerization of epoxide and cyclic anhydride is
a widely studied atom-economical and chain-growth method for
the synthesis of aliphatic polyesters [16-18]. Advances have en-
abled the method to produce diverse polyesters from two dis-
tinct monomers [19,20]. In the copolymerization method with a
coordination/anionic mechanism, three-membered epoxides have a
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Fig. 2. Polyester synthesis from cyclic anhydrides. (a) Alternating copolymerization of cyclic acetal and anhydride to yield various polyesters. Reproduced with permission
[21]. Copyright 2022, Wiley-VCH. (b) One-step upcycling of PTHF to polyesters using cyclic acetal anhydride as a monomer. Reproduced with permission [22]. Copyright

2023, licensed under CC-BY.

high tension that enables them with high reactivity during their
copolymerization. However, the coordination/anionic copolymer-
ization of cyclic anhydride and low-tension heterocyclic compound
has rarely been achieved. Analyzing the possible reasons, the oxy-
gen anion active species is too weak to attack the carbon atoms
with weaker polarity. According to this inference, the alternating
copolymerization of cyclic anhydride and low-tension heterocyclic
is possible to achieve with a cationic mechanism.

We reported the alternating copolymerization of cyclic acetal
and anhydride with a cationic mechanism (Fig. 2a) for the first
time [21]. The method used 5 cyclic acetals and 9 cyclic anhydrides
to synthesize 45 polyesters with the unprecedented structure. A
variety of common and metal-free Lewis/Brgnsted acids were used
as effective catalysts for the copolymerization at the wide reaction
temperatures from 25 °C to 140°C. According to kinetic studies, the
alternating copolymerization shifted the chemical equilibrium of
“poly(acetal) = cyclic acetal” to the left, affording polyesters with
the alternating sequence. The produced polyesters possess a high
oxygen content, M, of 2.0~33.3kDa,  of 1.2~1.5, high decom-
position temperatures (275~324°C), and low glass transition tem-
peratures (—64~—27°C). The study provides a facile approach for
preparing diverse oxygen-rich and thermally stable polyesters us-
ing readily available chemicals.

Based on the cationic mechanism for cyclic anhydride copoly-
merization, we reported a “polymer A — polymer B” strategy
for one-step quantitative upcycle of polytetrahydrofuran (PTHF)
to polyesters using cyclic anhydride as a monomer (Fig. 2b)
[22]. PTHF is widely used in the production of thermoplastic
polyurethane and polyetherester elastomers, but it is difficult to
chemically reuse after disposal owing to the stable ether bonds.
In our strategy, PTHF is firstly depolymerized to yield THF that is
then copolymerized with cyclic anhydrides, thus driving the equi-
librium of “PTHF = THF” to the right. The method used com-
mon Brensted/Lewis acids as catalysts, was carried out at 100°C
and solvent-free. The approach also used 18 cyclic anhydrides to
yield 18 polyesters with alternating sequence and carboxyl termi-
nals. This strategy provides a new idea for chemical recycling of
waste PTHF.

4. Ring-opening polymerization of carbon dioxide based
valerolactone

Following the worldwide trend in developing green, low-carbon
and circular economy, the utilization of carbon dioxide (CO,) has
attracted increasing attentions [23-26]. The copolymerization of
CO, and alkenes, inexpensive bulk chemicals in petroleum-based
industry, is a cost-competitive approach to achieve the carbon neu-
trality goal and produce valuable polymers. Nonetheless, the chal-
lenge of the direct copolymerization has been revealed with both
experimental and computational evidences [27,28]. As a product
of the telomerization of CO, and 1,3-butadiene, the di-substituted
valerolactone 3-ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVL)
is a promising candidate to bypass the energy barrier of the direct
copolymerization [29]. With two C=C double bonds and a lactone
ring, EVL was applicated as a vinyl monomer in the synthesis of
various functional polymers in the past decade, while polyesters
were never obtained until our first report in 2021 due to its in-
ertness in ring-opening polymerization [30-32]. We recognize that
the EVL oligomer (oEVL) generated from a base catalyzed addition
oligomerization contains three kinds of lactone rings, of which the
unconjugated one is the activated and most active one, on the ba-
sis of density functional theory (DFT) calculation results (Fig. 3a)
[33]. Accordingly, a novel strategy named “scrambling polymeriza-
tions” is performed to prepare topology-defined polyesters from
EVL and e-caprolactone (CL) (Fig. 3b). In the presence of sodium
phenolate (NaOAr), an economic and nontoxic catalyst, EVL and
CL firstly undergo addition oligomerization and rapid ring-opening
polymerization respectively, resulting in oEVL and PCL. As the DFT
calculation results revealed, the energy barrier of transesterifica-
tion between oEVL and PCL is as low as 4.3 kcal/mol, far lower than
the one of oEVL propagation (8.0 kcal/mol). The frequent transes-
terification between oEVL and PCL gradually yield cyclic (as ma-
jor) copolymers with increasing EVL contents (Fig. 3¢), which can
reach a maximum of 50 mol%. Then, the activated lactone ring
in the middle of oEVL takes part in the intermolecular trans-
esterification, generating copolymers with branched and cross-
linked topologies. The cross-linked polyester network has great cell
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Fig. 3. (a) Chemical structure and DFT-optimized 3D structure of the trimer of EVL as well as Gibbs free energy barriers of transition states (TS) of carbonyl addition step on

each ring in the trimer of EVL (kcal/mol). (b) Scheme of “scrambling polymerizations”

". (c) Scheme of three stages in “scrambling polymerizations”. (d) Step-cyclic uniaxial

tensile stress-strain curve of the cross-linked copolymer specimen. Reproduced with permission [33]. Copyright 2022, Wiley-VCH. (e) Orthogonal thiol-ene click polymer-
ization and ring-opening reaction of EVL, 1,2-ethylene dithiol and methoxy polyethylene glycol bearing one hydroxyl terminal group (mPEG-OH). DMPA: 2,2-dimethoxy-2-
phenylacetophenone, TBD: 1,5,7-triazabicyclo[4.4.0]dec-5-ene. Reproduced with permission [34]. Copyright 2022, Wiley-VCH.

compatibility, tensile strength (>1.7MPa), elongation at break
(>700%) and repeatable elastic recovery, which enable its applica-
tion in the elastomer field (Fig. 3d). On the other hand, the satu-
rated lactone rings in the alternating copolymer synthesized from
the thiol-ene “click” polymerization of EVL with 1,2-ethanedithiol
can also be subjected to ring-opening reactions that orthogonal
to the “click” polymerization (Fig. 3e) [34]. Polyethylene glycol
is grafted onto the alternating copolymer to prepare amphiphilic
polymer, whose self-assembled micelle in aqueous solution have
an average hydrodynamic diameter of 98 nm. The above studies re-
veal the prospect of EVL in providing new methods to utilize CO,
and synthesizing functional polymers.

5. Machine learning-assisted biomaterial research

In recent years, significant progress has been made in artificial
intelligence (Al), particularly in machine learning [35,36]. These
technologies have been utilized in material research to quickly
screen, simulate and predict vast numbers of potential materials,
resulting in faster design processes and reduced costs [37-40]. In
a previous study, we developed a machine learning-based method
using combinational models to identify endothelial cells (ECs)

and smooth muscle cells (SMCs) in a co-culture system without
the need for labeling [41]. This algorithm provided automatic
identification and real-time statistics of co-cultured cells. Recently,
we have integrated orthogonal gradient chips with the machine
learning-based cellular analysis to build a high-throughput work-
flow for systematic study of the biological effects of surface
co-grafted functional molecules [42]. Arginine-glutamic acid-
aspartic acid-valine peptide (REDV) is a functional peptide that
aids in the attachment of ECs. Further study revealed that the
combination of grafting REDV with a nonfouling polymer polyethy-
lene glycol (PEG) could improve the selective growth of ECs on
the surface over SMCs by leveraging both nonspecific resistance
and specific cell interaction [43]. Using the integrated setup, we
studied the effects of the combinational densities of PEG and REDV
on cell competitiveness in the EC/SMC co-culture and identified an
optimal composition that induced the highest EC selectivity. We
further validated the biological effects of the compositions found
through the orthogonal gradients on independent large surfaces.
Furthermore, we translated the optimal composition as a potential
surface coating formula for implantable cardiovascular devices to
facilitate re-endothelialisation. Our workflow provides an efficient
way to study and screen the biological effects mediated by the
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combinations of different surface-immobilized functional
molecules in high-throughput settings.

In addition to Al-assisted image analysis, we also used ma-
chine learning methods to search for functional peptides. Peptide
molecules are oligomers or polymers made up of amino acids. Be-
cause of the diversity of these amino acids, peptide sequences of-
fer an immense potential for developing therapeutics [44]. For in-
stance, a 10-mer peptide consisting of only the twenty standard
proteinogenic amino acids possesses over one trillion distinct pos-
sibilities. Traditional peptide drug discovery relies on identifying
functional peptides from nature, which limits the search space for
drug candidates [44]. Antimicrobial peptides (AMP) show promise
as a supplement to antibiotics to treat drug-resistant bacterial in-
fections [45-47]. To identify high-performance AMPs, we devel-
oped an efficient and robust approach called the Sequential Model
Ensemble Pipeline (SMEP) [48]. This approach involves multiple
steps, including empirical selection, classification, ranking, regres-
sion, and wet-lab validation, as shown in Fig. 4. Theoretically, us-
ing a single machine learning model, one could screen and pre-
dict the antimicrobial activity of peptides drawn from the vast
search space. However, this is not feasible in practice because the
inductive bias of any individual model can pose problems when
considering the limited training dataset and the numerous un-
seen testing examples. Therefore, our approach employs a set of
models that sequentially narrow down the search space, supple-
mented by a model adjustment process via continuous learning.
With SMEP, we identified a series of potent AMPs from the en-
tire search space of hexa-, hepta-, octa-, and nona-peptide libraries
within a short period. Through wet-lab validation, we confirmed
the necessity of each step in the pipeline. The complete process
gave the most accurate prediction results, which proved the ratio-
nality of our coarse-to-fine design principle. Notably, when testing
the setup on the whole nonapeptide library, we identified, synthe-

sized, and experimentally tested 15 candidates from the 512 billion
sequences in the pool within 27 days, of which 14 displayed high
potency against the tested pathogens. Our training dataset and
model assembly development do not include any bias on peptide
sequence length, meaning that theoretically, SMEP can easily apply
to AMP screening at any length without model adjustments. Fur-
thermore, when testing the leading hexa-AMPs, we found low off-
target toxicity and strong antimicrobial activity against a collection
of clinical-derived multidrug-resistant bacterial strains, including A.
baumannii. These hexapeptides did not induce drug resistance in
S. aureus after 100 generations of bacterial culture. Furthermore,
aerosolized formulation of the leading peptides showed similar
therapeutic efficacy and safety as the classic antibiotic penicillin in
both healthy and bacterial pneumonia mouse models. Altogether,
the hexapeptides uncovered in this study showed great potential
as next-generation antibiotics, validating the effectiveness of the
SMEP framework in screening peptide drugs across the entire com-
binatorial search space.

6. Development of methods for characterization of
biomacromolecule RNA transcription and manipulation of
nucleoside modification

Biomacromolecule messenger RNA (mRNA), with a role in
transmitting genetic information, is strictly and sophistically reg-
ulated from initial transcription generation to eventual degrada-
tion [49-51]. As RNA polymerase II controls the transcription pro-
cess of mRNA [49], precise localization of cellular RNA polymerase
II genome-wide is essential for understanding the regulatory net-
works of gene expression. Currently, the main methods for map-
ping RNA polymerase Il involve tedious procedures for immuno-
precipitation and high complexity in library preparation, leading
to high cost as well as low resolution or potential false positive
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target detection [52]. In this regard, there is an urgent need to de-
velop a simple, high-resolution and cost-effective method to meet
the current needs for multiple omics characterization of scientific
questions. mRNA nucleoside modifications occur in the co- or post-
transcriptional processes, and they add a new layer to regulate
gene expression. N6-methyladenosine (m®A) is the most abundant
internal modification of mRNA, and exhibits significant biological
functions in regulating mRNA splicing, nuclear export, translation,
and stability [52-54]. The biological functions of m®A are generally
probed by modulating the cellular expression of mSA methyltrans-
ferases or demethylases, which tune the global mRNA m6A level,

Chinese Chemical Letters 35 (2024) 108861

but are not able to manipulate the methylation extent at particular
single site.

We have developed new simple and effective methods for map-
ping RNA polymerase II site at base resolution and for manipu-
lating single-site m®A methylation, in order to meet the increas-
ing need for efficient and sophisticated characterizations of mRNA
transcription and nucleoside modification (Fig. 5) [55,56]. First,
we developed a mutation-based and enrichment-free Global chro-
matin Run-On sequencing (mGRO-seq) technique to precisely lo-
cate cellular RNA polymerase II sites genome-wide with base reso-
lution (Fig. 5a) [55]. This method takes advantage of an ATP analog,
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American Chemical Society.
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Copyright 2023, Springer Nature. BL: Bifidobacterium Longum.

namely N6-allyladenosine triphosphate (a®ATP) [57,58], to mark
the site of RNA polymerase II in nascent RNA during a chromatin
run-on reaction. After a®A on the run-on RNAs is treated with a
mild iodination reaction, base misincorporation is induced during
RNA reverse transcription into the complementary DNA (cDNA),
and thus the genome-wide RNA polymerase II locations could be
detected in the high-throughput cDNA sequencing [55,57]. The cu-
mulative mGRO-seq signals reveals strong and sharp peaks both
in sense and antisense directions around the transcription start
site (TSS), which are well consistent with the published results
of divergent transcription (Fig. 5b) [59,60]. Also, we have devel-
oped a tool for precise manipulation of cellular mRNA m®A methy-
lation at base level [56]. A fusion protein containing deactivated
nuclease Cas13b (dCas13b) and m®A methyltransferase METTL14,
namely dCas13b-METTL14, is designed to be positioned in cyto-
plasm. dCas13b-METTL14 naturally heterodimerizes with endoge-
nous METTL3 to form a catalytic complex to methylate specific cy-
toplasmic mRNA in the presence of guide RNAs (gRNAs) (Fig. 5c).
This tool exhibits a very minor and almost negligible off-target ef-
fect on whole transcriptome (Fig. 5d), and can successfully tune
methylation levels of several selected mRNA mCA sites (Fig. 5e). In
summary, we have developed base-resolution methods to map cel-
lular RNA polymerase II sites and to manipulate m®A methylation.
Due to the lower cost and higher accuracy, these methods will fa-
cilitate the in-depth study of mRNA transcription and nucleoside
modifications and will promote the understanding of genetic infor-
mation expression.

7. Artificial enzymes-armed Bifidobacterium Longum probiotics
for alleviating intestinal inflammation and microbiota dysbiosis

Inflammatory bowel disease (IBD) can be caused by dysfunction
of the intestinal mucosal barrier [61] and dysregulation of gut mi-
crobiota [62,63], and subsequently results in hyperactive immune
responses of elevated reactive oxygen species (ROS) and inflamma-
tory factors [64]. Traditional treatment uses drugs to manage in-
flammation with possible probiotic therapy as an adjuvant to pos-
itively modulate the balance of bacterial composition and promote
intestinal mucosal repair [65,66]. However, current standard drug
practices often suffer from metabolic instability, limited targeting
and result in unsatisfactory therapeutic outcomes [67]. Addition-
ally, due to the lack of antioxidant enzymes, such as catalase (CAT)
and superoxide dismutase (SOD), these strictly anaerobic probiotics
are susceptible to the ROS damage in IBDs [68], thus reducing the
therapeutic effect and extending the treatment period. There is an
unmet need for a more effective and safer treatment for IBD that
can effectively target inflamed colon and rapidly reshape a sana-
tory immune microenvironment by suppressing the inflammation,
remodeling the intestinal barrier function and modulating the gut
microbiome in the infected tissues.

Herein, artificial enzymes-armed Bifidobacterium Longum probi-
otics have been established to tune down gut inflammation (Fig. 6)
[69]. In this platform, the artificial enzymes of single-atom cat-
alyst (SAzymes), a type of nanomaterial that contains atomically
dispersed active metal centers, have been employed to efficiently
mimic natural antioxidant defense systems to not only replace clin-
ically used anti-inflammatory drugs but also shield commercial
probiotics from hostile stressors. Specifically, they can mimic an-
tioxidant enzymes of SOD and CAT to scavenge superoxide radi-
cal (0,°7) and hydrogen peroxide (H,0,), and function as antioxi-
dant biomolecules to eradicate hydroxyl radical (*OH), robustly and
rapidly relieving the inflammatory symptoms [70]. Furthermore,
they could also serve as the guardian of probiotics to protect these
encased microbes from oxidative damage in the inflamed habitat,
thus rapidly redirecting the barrier functions and gut microbiome
towards a sanatory state. In addition, Bifidobacterium Longum pro-
biotics, one common inhabitant, not only confer a health bene-
fit on the host and but also possess superior intestinal coloniza-
tion ability in the colon among probiotics [71], ensuring the per-
sistent antioxidant therapy of SAzymes at the disease site. Thus,
the SAzymes-armed probiotics BL@B-SAsq could reduce ROS levels,
inhibit proinflammatory cytokine production, restore the intestinal
barrier functions, and increase the richness and diversity of gut
microbiota in murine models of ulcerative colitis (UC) and Crohn’s
disease (CD). Most importantly, in beagle dogs challenged with col-
itis, BL@B-SAs, also demonstrated prominent therapeutic potential,
greatly accelerating the process of artificial enzymes-armed probi-
otics in clinical translation.

8. 3D printing of tough supramolecular hydrogels

Polymer hydrogels are a typical class of soft materials which
consist of a physically or chemically crosslinked network and large
amount of water. Hydrogels such as jellies are usually recog-
nized to be mechanically weak, limiting their applications at load-
bearing conditions. In the last two decades, various tough hydro-
gels have been developed by the designs of network structures
and invoking of energy dissipation mechanisms, enabling hydrogels
to be structural materials with versatile applications in biomedi-
cal and engineering fields [72-79]. For practical applications, it is
highly desired to engineer tough hydrogels into sophisticated ar-
chitectures. However, this topic receives much less attention, when
compared to the rapid development of tough hydrogels. There are
only a few attempts to process tough hydrogels by extrusion or
compression molding at specific conditions [80,81], and the result-
ing structures/shapes of tough gels are relatively simple and have
low resolution and fidelity. Three-dimensional (3D) printing is a
powerful additive manufacturing technology to process materials
into elaborate structures. Extrusion-based 3D printing has been ap-
plied to develop scaffolds for cell culture by using soft and weak
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Fig. 7. (a) Schematic of DLP-based 3D printing of tough hydrogels by in situ formation of carboxyl-Zr** coordination complexes. Photos of printed gel architectures of
Kelvin cell (b) and cubic lattice (c). Photo of printed gel film with hollow pyramid-like bulges on the surface (d), assembled capacitive pressure sensor with the printed gel
sandwiched by a pair of conductive carbon fabric sheets (e), and real-time variations of relative capacitance AC/Cy of the pressure sensor to monitor the dripping of water
droplets from different height H (f). Reproduced with permission [85]. Copyright 2022, Wiley-VCH.

hydrogels (e.g., gelatin and alginate gels) as the ink [82,83]. Digital
light processing (DLP) based 3D printing with “bottom-up” projec-
tion is only applicable to several systems (e.g., poly(ethylene gly-
col) diacrylate), because most gels have relatively low stiffness and
cannot resist the influence of gravity [84]. It is urgently desired yet
highly challenging to realize printing of tough hydrogels into elab-
orate 3D architectures.

Recently, we reported a versatile system of tough supramolec-
ular hydrogels suitable for DLP-based 3D printing to develop so-
phisticated architectures with tunable mechanical performances
(Fig. 7a). The aqueous precursor solutions containing concen-
trated acrylic acid (AAc; 5mol/L), commercial photo-initiator (2,2’-
azobis(2-methylpropionamidine) dihydrochloride, V-50), and ap-
propriate amount of Zr*t ions can be rapidly polymerized to form
tough supramolecular hydrogels when exposed to digital light [85].
During the DLP printing process, carboxyl groups of the reaction-
produced poly(acrylic acid) (PAAc) form strong coordination com-
plexes with the Zr** ions, leading to timely formation of tough
metallosupramolecular hydrogels [86-89]. The gelation and tough-
ening processes are fast, favoring the creation of 3D architectures
of hydrogel with a high fidelity. The as-printed supramolecular hy-
drogels possess excellent mechanical properties and anti-swelling
behavior in the precursor solution, enabling continuous DLP print-
ing to develop tough gels with various architectures such as Kelvin
cell and cubic lattice (Figs. 7b and c). When being swelled in wa-
ter, the printed gels further increase their stiffness and toughness
because of the increase in local pH and thus the rearrangement of
coordination complexes [85,86].

The DLP-based printing of tough hydrogels is meaningful for the
design of structural elements that are important for the assem-
bly of soft devices or machines with versatile functions. As shown
in Fig. 7d, structured surface with an array of hollow pyramid-
like bulges is created on a tough hydrogel film by DLP printing.
This film is further sandwiched by a pair of carbon fabric sheets
to devise a capacitive pressure sensor (Fig. 7e). The presence of
hollow pyramid-like bulges affords the sensor with a high sensi-
tivity (2.6 kPa~1) to applied pressure. This pressure sensor can be
used to monitor the pressure variation on the surface of the de-
vice when a water drop is dripped on. As shown in Fig. 7f, this
device exhibits high sensitivity and stability to detect the impact
of a water droplet falling from a height of 5 cm. Other tough hy-

drogels should be also processed by DLP printing technology given
that dense associative interactions are quickly formed in situ as the
physical crosslinks to immediately toughen the networks [90-94].
Engineering of tough hydrogels by 3D printing technologies opens
opportunities of gel materials in diverse fields, especially when ex-
cellent mechanical properties and elaborate architectures are both
required.

9. Hydroplastic foaming graphene frameworks for acoustic and
conductive polymer composites

Graphene, with a 2D topology, has emerged as an advanced
nanofiller to improve the electronic, mechanical and thermal prop-
erties of polymer composites [95-98]. Following the traditional
mixing protocol, graphene has exhibited high efficiency in enhanc-
ing the functions over other nanofillers. However, due to the strong
- interaction force between graphene sheets, sheet aggregation
is unavoidable in polymers, hindering the theoretical properties
of graphene-based composites. Recently, we have invented a hy-
droplastic foaming (HPF) method [99] to achieve the fabrication of
graphene aerogel with precise regulation of nano-scale wall, which
can effectively avoid the sheet stacking in composites. Based on
this thought, two major advances [100,101] have been realized so
far.

The first development is the fabrication of a cellular graphene
acoustic absorber with ultra-high efficiency in acoustic absorption
(Fig. 8) [101]. We revealed the embedding of ultrathin graphene
drums into commercial polymer foams by HPF method can re-
markably improve its average absorption efficient ~320% from
200Hz to 6000 Hz. We demonstrated the graphene drum with ul-
trathin thickness serves as intrinsically resonant elements to dissi-
pate sound transport by large out-of-plane resonance [102-104].
We found that the thinner graphene nanofilm exhibits stronger
resonant effect by prototype test and theoretical modeling. Nu-
merical results showed that the out-of-plane resonance ampli-
tude increases monotonically as thickness decreases, indicating the
high efficiency of ultrathin graphene drums introduced by HPF.
We experimentally validated the graphene-based composite foam
(PFGA) with a thickness of 30 mm exhibited a high absorption
coefficient above 0.8-0.9 to cover a wide frequency range from
200 Hz to 6000 Hz, including the usual noise range, extending from
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Fig. 8. (a) The proposed structure model of graphene-based, which includes the
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multiple mechanisms of the graphene-based absorber to achieve superior absorp-
tion by the resonance of ultrathin graphene and air friction damping in the pores.
Reproduced with permission [101]. Copyright 2022, Wiley-VCH.

residential, vocal to traffic and industrial noises. Moreover, the spe-
cific noise reduction coefficient (NRC) and greater efficiency of
PFGA surpassed most of the reported sound-absorption materi-
als, such as the conventional porous materials, composites and ul-
tralight aerogels, in which air friction mechanism dominates. We
further proved the resonances of graphene drums mainly acted
on low-frequency sound attenuation (200-1000Hz) and the air-
friction attenuation was the predominant mechanism at high-
frequency of 4000-6000Hz. The resonance and friction damping
collectively work in the frequency from 1000Hz to 4000 Hz. Inte-
grating with prototype devices, we demonstrated the graphene ab-
sorber effectively attenuates the sound wave propagation in prac-
tical buzzer and audio environments. The graphene absorber pro-
vides an effective strategy to explore the superior resonance damp-
ing of 2D sheets, endows commercial foams with superior eco-
nomic values, and satisfies the urgent demands for acoustic ab-
sorption from noise protection, instruments to building design, and
acoustic devices.

Besides, the continuous GAs can prevent the sheets aggrega-
tion in composites and address the weak tunneling transport of
a polymer gapped connection [105-108]. We demonstrated the hy-
perbolic graphene aerogels (HGAs) from HPF exhibited the positive
Gaussian curvature, which can act as a geometrically optimal filler
to fabricate highly conductive silicon rubber composites [100]. We
measured the electrical conductivity (o) and thermal conductivity
(k) of HGA composites (PGCs) with a series of containing and as-
sessed the efficiency parameter (8) in the frame of the scaling re-
lationship. The high efficiency in PGCs exceeds the efficiency previ-
ously achieved in functional nanocomposites of diversely topologic
nanofillers, as shown in Fig. 9. The S, value of PGC (93) is nearly
2 orders of magnitude higher than that of the mixing composites,
in which phonon transport is blocked by the gapped polymer be-
tween nanofillers. By comparison, the PGC has a breakthrough ef-
ficiency, achieving nearly 1 order of magnitude higher than that of
nanocomposites with conventional polyhedral network. We veri-
fied the hyperbolic network forms face-to-face contact of 2D sheets
and provided more conductive paths than that of the polyhedral
network with the line-line contact configuration. Moreover, we de-
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2022, American Chemical Society.

veloped the analytical formulas based on the two-dimensional rep-
resentative volume element (RVE) model with unit depth to ana-
lyze the contact areas and conductivities of hyperbolic (HGAs) and
polyhedral (FDGAs) structures. The superior efficiency originates
from the hyperbolically curved conformations of graphene sheets
with tight facial contact and broader conductive paths. The poly-
mer composites with hyperbolic graphene networks exhibit high
thermal (31.6W m~! K1) and electrical (13,911 S/m) conductivi-
ties at an exceptionally low volume fraction of only 1.6%. The hy-
perbolically curved graphene network is beneficial for the curva-
ture design of 2D sheets and other fillers, provides an effective
method to manipulate the 3D structure of functional composites,
and can be extended to sensors and energy storage.

10. Aggregate photophysics of the through-space interactions

Clusteroluminescence (CL) is a photophysical phenomenon ob-
served in non-conjugated molecules that exhibit unconventional
luminescence in their clustering state [109]. In recent years, CL has
garnered significant theoretical and practical interest. Traditional
theories of through-bond conjugation are unable to explain this
phenomenon, posing a challenge in the design of high-efficiency
luminogens with CL (CLgens) [110]. Recent studies suggest that
through-space interactions (TSIs) play a crucial role in CL [111],
unlike in fused-ring luminophores where through-bond conjuga-
tion dominates. Intramolecular TSIs refer to the spatial electronic
communication among different isolated units, inducing a narrow
energy gap that corresponds to CL. However, establishing a clear
structure-property relationship of TSIs remains a significant chal-
lenge, as it is a crucial aspect of aggregate photophysics construc-
tion [112].

To address the above-mentioned challenge, our group has fo-
cused on understanding the nature of through-space interactions
(TSIs) and manipulating their strength in small molecules with
non-conjugated structures. As shown in Fig. 10a, we designed
and synthesized three triphenylmethane-based molecules with dif-



X. Deng, K. Chen, K. Pang et al.

QO
\/@/X X=Cl TPMI-CI
Br TPMI-Br
O H/\/N\ I TPMLI

Chinese Chemical Letters 35 (2024) 108861

Primary and secondary through-space interactions

415-425 nm <
500 nm Ao/ M
5 H
<
2
[}
c
2
£
= Through-bond
o conjugation
kS Through-space
N conjugation
g (~420 nm) Through-space
g charge transfer
(500 nm)
/ TPMI-Br
L
380 420 460 500 540 580 620
Wavelength (nm) Nuclear coordinate
b C Through-space charge transfer
7 j Traditional New
mechanism mechanism
_—
Through-bond Through-space
conjugation conjugation

Tetraphenylethylene (TPE)

Fig. 10. (a) Multi-level through-space interactions in triphenylmethane-based clusteroluminogens. Reproduced with permission [113]. Copyright 2022, licensed under CC-BY.
(b) Schematic illustration of the through-space conjugation in tetraphenylethylene. (c) Pillararene-induced intramolecular through-space charge transfer. Reproduced with

permission [117]. Copyright 2022, Wiley-VCH.

ferent heteroatoms (TPMI-CI, TPMI-Br, TPMI-I) [113]. Excitation-
dependent photoluminescence (PL) spectra demonstrated that the
crystal of TPMI-Br exhibits two emission peaks: short-wavelength
emission around 420nm and long-wavelength emission around
500nm. The intensity ratio of these two peaks could be ad-
justed by the excitation wavelength. The crystal of TPMI-Br also
shows white-light emission under 365 nm excitation. Furthermore,
the long-wavelength emission is intensified as the heteroatom is
switched from Cl to Br and I. Systematic experimental characteri-
zation and quantum-mechanical calculations revealed that the blue
emission around 420 nm is induced by through-space conjugation
(TSC) of triphenylmethane (TPM) [114], and the long-wavelength
emission around 500nm is derived from through-space charge
transfer between the donor of TPM and acceptor of halogen-
substituted phenylmethanimine. Based on these results, we have
introduced the concept of primary and secondary through-space
interactions, which not only reveal the nature of TSIs in CLgens
but also provide an effective strategy for manipulating the CL per-
formance through the heavy-atoms effect.

Building on the concept of TSIs in nonconjugated CLgens, we
explored the luminescent properties of the traditional conjugated
chromophores of tetraphenylethane (TPE), a widely-studied lu-
minogen with aggregation-induced emission (AIE) effect [115].
Previous research attributed the blue emission of TPE around
460nm to through-bond conjugation among four phenyl rings
across the central double bond (Fig. 10b, left). However, our sys-
tematic theoretical calculations revealed that the middle double
bond was elongated and broken in the excited state, becoming
a quasi-double bond, which is not a typical m-conjugated struc-
ture [116]. The true emissive species is the through-space conju-
gation among four phenyl rings (Fig. 10b, right). We found that
TSC is a widely-present interaction in twisted structures, regard-
less of whether they are conjugated or nonconjugated molecules.
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With this in mind, we designed a donor (D)-acceptor (A) molecule
with two D/A moieties connected by a macrocycle of pillararene
(Fig. 10c) [117]. The crystal structure revealed that the D and A
parts were almost entirely separated due to the strong steric hin-
drance caused by the pillararene. Interestingly, the separated D/A
structures exhibited two emission peaks in the aggregate state:
a short one around 420nm from the isolated D/A units and a
long-wavelength emission around 530nm corresponding to the
through-space charge transfer between the p-A units. This finding
provides a novel strategy for designing D/A-based chromophores.
Additionally, the pillararene-based D/A structures displayed re-
sponsiveness to viscosity and polar guests. The theory of TSIs
promises to bring about a paradigm shift in photophysics, mov-
ing from molecular to aggregate systems and from conjugated lu-
minophores to CLgens. The development of TSIs theories will ad-
vance the practical application of CLgens as a novel luminescent
material.

11. The nested texture in poly(L-lactic acid) (PLLA) spherulitic
films

Polymorphism, which exists widely in semi-crystalline poly-
mers, significantly influence the thermal [118], permeable [119],
mechanical [120] or optical [121] properties of polymer materials.
Recently, we have observed a nested spherulitic texture (Fig. 11a)
[122] in spin-coated PLLA, a promising biodegradable [123] and
biocompatible [124-127] material, after isothermal crystallization.
In such PLLA films, a small &’ spherulite nests in the center of a
large o spherulite, as evidenced by that the two spherulites ex-
hibit different cross-extinction as well as disparate Raman signals.
More importantly, within a textured film, the two forms of PLLA
spherulites show significant difference in degradation, indicating
that it may possible to balance the degradation and mechanical
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properties of a PLLA-based materials by tailoring the spherulitic
morphology.

On this basis, we investigated the forming mechanism, as well
as the influencing factors, of the nested texture [128]. Generally,
the isothermal nucleation of the nested «’ spherulite is caused by
the pre-sediment of high molecular weight (MW) PLLA chains dur-
ing spin-coating. After melting the dried films followed by isother-
mal crystallization, these localized aggregations of high MW chains
tend to nucleate as o’ form. Consequently, higher MW and larger
polydispersity of PLLA can promote the fractional precipitation and,
in a result, facilitate the occurrence of the nested and polymorphic
texture. Furthermore, chain conformation in solutions play a cru-
cial role in guiding the localized aggregation of high MW chains.
In poor solvents, PLLA chains tend to collapse and separate, leading
to easier pre-sediment of high MW chains. Otherwise, in good sol-
vents, the entanglements of PLLA chains with different MW bring
difficulties in chain separation and hence the localization of high
MW chains aggregation becomes harder (Fig. 11b). Therefore, weak
solubility and low temperature of the solvent are critical factors
to the formation of the nested morphology, as well. By simply al-
tering the composition or temperature of the solvents, it is able
to control the texture morphologies. Considering the universality
of the polydispersity in polymers, the fractional precipitation dur-
ing film fabrication might be one of the reasons for polymorphism
formation. More importantly, this work provides a novel strategy
to modulate the properties of polymer materials by tailoring the
polymorphic texture [129].
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12. The isotropically dyeing process of single crystals grown
from hydrogels

A transparent single crystal can incorporate chromophores or
luminophores inside, forming dye inclusion crystal (DIC) [130]. This
unusual structure provides a platform to investigate the crystalliza-
tion mechanism [131]. Moreover, the dye-incorporation is able to
enhance the optical, thermal or mechanical properties of the host
single crystals, which is significant for the non-linear optical (NLO)
crystal martials [132] or other optical materials. In the related re-
ports, for instance, dye-doped NLO crystals exhibit improved trans-
mittance [133] and second harmonic generation efficiency [134],
reinforced hardness [135], increased laser damage threshold [136],
as well as enhanced thermal stability [137].

Conventionally, potassium dihydrogen phosphate (KDP) single
crystal, a typical NLO material [138-140], which grows within
methylene blue (MLB) (Fig. 12a) or aniline blue (ALB) (Fig. 12b)
aqueous solution can only be stained anisotropically. This is
given by the specific electrostatic interaction between ionic dye
molecules and certain crystal facets, and hence the incorpora-
tion of dyes into specific region of a crystal. However, the non-
uniformity limits the optical application of such dyed NLO crystals.
Therefore, we used silica hydrogels, which contain MLB or ALB, as
growing media of KDP single crystals [141]. Interestingly, these gel-
grown crystals were stained isotropically with dyes being occluded
along with gel-networks (Fig. 12¢ for MLB and Fig. 12d for ALB),
while maintain their single-crystallinity. Moreover, we found an
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enrichment of ALB from gel media into gel-grown KDP single crys-
tals, where the content of dyes was much higher than that in the
original gels. This was given by the strong binding interaction be-
tween ALB molecules and gel-networks, and consequently the ac-
cumulation of ALB onto the gel-networks.

As we demonstrated the accommodation of dye molecules
along gel-networks by investigating the shortened PL lifetimes of
the dyes in gels, the dyeing mechanism of KDP in the presence
of silica gels, which is different with that of KDP stained in solu-
tions, can be deduced. First, dyes bind to the gel-networks owing
to their attraction such as H-bond. Second, the interconnected gel-
networks withstand the advancing fronts of growing crystals and
hence physically bind to all the growing surfaces, leading to their
isotropic occlusion by growing crystals. In a result, the dyes carried
by gel-networks are uniformly incorporated into KDP single crys-
tals (Fig. 12e). This work provides a novel bio-inspired strategy for
the synthesis of versatile DIC materials.

13. Conclusion

In conclusion, we briefly review the breakthroughs made by
the laboratory in eleven research directions in 2022. The first
is the developments and catalytic performances of dinuclear
organoboron catalysts. The second is polyester synthesis through
cationic copolymerization of cyclic anhydride. The third is ring-
opening polymerization of carbon dioxide based valerolactone. The
fourth is improvements of machine learning-assisted biomaterial
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research. The fifth is development of methods for characteriza-
tion of biomacromolecule RNA transcription and manipulation of
nucleoside modification. The sixth is the establishment of arti-
ficial enzymes-armed Bifidobacterium Longum probiotics to tune
down gut inflammation. The seventh is the processing of tough
supramolecular hydrogels by 3D printing technologies. The eighth
is the research of hydroplastic foaming graphene frameworks for
acoustic and conductive polymer composites. The ninth is break-
through of aggregate photophysics of the through-space interac-
tions. The tenth is the forming mechanism of a newfound nested
texture in PLLA spherulitic films. The final is the isotropically dye-
ing mechanism of KDP single crystals grown from hydrogels. We
believe that these excellent accomplishments and scientific view-
points will provide great prospects in promoting the preparation,
mechanism research and practical application of versatile func-
tional polymer materials.
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