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The complexity of multi-component molecular assembly demands precise control strategies to enhance
both efficiency and selectivity. Heterogeneous nucleation and the autocatalytic secondary pathway, as
key regulatory strategies, have attracted widespread attention for their crucial roles in crystal growth and
amyloid protein aggregation. Here, we apply a heterogeneous nucleation strategy to supramolecular
polymer systems and report the first direct observation of surface-enrichment-induced primary
nucleation and a spontaneous fragmentation-driven autocatalytic secondary process. A heterogeneous
nucleating agent promotes primary nucleation, facilitating supramolecular chiral induction. The resulting
chiral polymers undergo a catalytic cycle of fragmentation and re-growth at their termini, with the
fragments also acting as seeds for nucleation and growth. These pathways play a crucial role in the
polymerization process and are essential for chiral transfer and asymmetry amplification, enabling the
achievement of maximum enantioselectivity with as little as 0.5% molar equivalent of the heterogeneous
nucleating agent. Furthermore, we reveal the existence of an optimal equivalent in their catalytic kinetics,

arising from a surface assembly mechanism. In this mechanism, monomers adsorbed on the surface of
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Accepted 14th February 2025 e heterogeneous nucleating agent assemble wi ose in solution, rather than through surface

diffusion and assembly. This process resembles the surface-catalyzed Eley—Rideal mechanism. Our study

DOI: 10.1039/d4sc07894b highlights the potential of heterogeneous nucleation as an effective strategy for controlling

rsc.li/chemical-science supramolecular polymerization and offers new insights into its underlying mechanism.

Various approaches—such as template utilization,"*® seed

Introduction

Supramolecular polymerization, observed in both natural and
synthetic systems, involves the polymerization of monomers
through non-covalent interactions, exhibiting dynamic and
reversible behavior."® While prevalent in biological systems
such as actin filaments* and tubulin,® achieving the precise
control evident in these systems remains challenging in
synthetic supramolecular polymers. As a result, researchers are
increasingly focusing on kinetically regulating supramolecular
polymer systems by shifting from traditional single-step self-
assembly to multistep noncovalent synthetic strategies.®**
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incorporation,” ™ artificial molecular chaperones,**>* pH* and
temperature modulation, and application of external fields
such as light,* electric,***” and flow****—have been employed to
accelerate assembly processes and regulate the product
distribution.

Nucleation can be significantly accelerated at phase inter-
faces or when additional particles are introduced into solutions,
a phenomenon known as heterogeneous nucleation. In bio-
logical systems, heterogeneous nucleation plays a crucial role in
protein aggregation. For instance, studies have shown that lipid
membranes induce the nucleation and aggregation of AP
proteins on their surface.*® In artificial supramolecular poly-
merization systems, researchers have explored chiral templates,
such as biomacromolecules like peptides,** DNA,**** and poly-
saccharides,*** to induce chirality in achiral monomers. These
chiral templates function similarly to heterogeneous nucleating
agents, which are typically regarded as co-assembling with the
substrate. However, the potential of heterogeneous nucleation
to further enable catalytic cycles and a secondary pathway in
supramolecular polymerization remains largely unexplored.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These mechanisms, akin to the role of a catalyst, could signif-
icantly enhance chiral induction effects with minimal hetero-
geneous nucleating agents, while allowing chiral inducers to
avoid interfering with the assembly and morphology of the final
products. Furthermore, the mechanisms of surface assembly in
heterogeneous nucleation systems require more comprehensive
quantitative analysis.

Herein, we demonstrate the critical role of the fragmentation-
induced secondary pathway in promoting chiral transfer and
asymmetry amplification in heterogeneously catalyzed supra-
molecular polymerization (Scheme 1). We report that the poly-
saccharide  carboxymethyl cellulose (CMC) acts as
a heterogeneous nucleating agent, effectively catalyzing the
supramolecular chiral polymerization of achiral meso-tetraphe-
nylsulfonato porphyrin (TPPS) monomers. CMC promotes the
formation of TPPS supramolecular polymers with a predominant
p-helical chiral form, achieving maximum enantioselectivity even
at molar equivalents as low as 0.5% (calculated based on polymer
repeating units relative to TPPS monomers). Real-time super-
resolution fluorescence microscopy reveals a surface
enrichment-induced primary nucleation and a substantial
spontaneous fragmentation-induced secondary pathway, which
together account for the high efficiency of CMC in chiral transfer
and asymmetry amplification. Structure-function relationship
analysis indicates that flexible side chains with carboxyl end
groups and high degrees of polymerization enhance the func-
tionality of CMC as an efficient chiral heterogeneous nucleating
agent. Furthermore, kinetic analysis reveals an optimal equiva-
lent in the catalytic process, attributed to the assembly of TPPS
monomers on the CMC surface with those in solution, rather
than through surface diffusion, akin to the Eley-Rideal mecha-
nism. This study reveals the intrinsic catalytic properties of
heterogeneous nucleating agents in controlling supramolecular
polymerization, with a focus on regulating assembly rates and
selecting pathways to enhance chiral transfer and asymmetry
amplification.
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Results and discussion

Carboxymethyl cellulose (CMC) was selected as a potential
heterogeneous nucleating agent for several reasons: (1) CMC
has an approximately spherical morphology in acidic aqueous
solution (pH = 1) with a diameter of approximately 50 nm
(Fig. S11t%), thus providing a substantial specific surface area
conducive to the adsorption of TPPS monomers and the
induction of nucleation. (2) Under the assembly conditions of
TPPS, the carboxyl groups of CMC are protonated, and are
anticipated to form double hydrogen bonds with the sulfonic
acid groups of TPPS, thus pre-organizing TPPS onto the surface
with a high local concentration. (3) CMC is a readily available
chiral polymer,*” which could potentially induce the formation
of single-handed TPPS supramolecular polymers, consequently
enhancing the enantioselectivity of the resulting products.

CMC accelerates nucleation and enhances enantioselectivity
of TPPS supramolecular polymerization

To investigate the effect of CMC as a heterogeneous nucleating
agent, the supramolecular polymerization process of TPPS with
varying equivalents of CMC was monitored in real-time.
Kinetics data were fitted using a self-similar autocatalytic
model**** where the initial step (ko) involves the formation of
nuclei, alongside a catalytic pathway (k) mediated by
a porphyrin array (Fig. 1B, S2 and Table S17). The nucleation
rate constant (k,) and the catalytic rate constant (k.) were
enhanced when the equivalent of CMC (based on repeating
units) increased from 0 to 0.05% but subsequently decreased
with further increases in equivalent. This indicates that CMC
can accelerate nucleation as expected and suggests the presence
of an optimal equivalent, with reasons discussed later in the
subsequent surface assembly mechanism section (Fig. 5).
Self-assembly of TPPS generates racemic supramolecular
polymers, while CMC can induce TPPS to form P-type helical
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Scheme 1 Schematic representation of the competitive pathways of TPPS homogeneous nucleation and heterogeneous nucleation with CMC

as the nucleating agent.
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(A) Schematic of the competitive pathways of self-assembly and heterogeneous catalytic assembly. (B) Kinetic curves of the TPPS

assembly at different equivalents of CMC. The spectra were obtained by monitoring the absorbance at 434 nm, which show the characteristic
peaks of protonated TPPS monomers. The monomer concentration of TPPS was set at 3 uM. (C) kg and k. obtained from data fitting. (D) CD and
UV-vis spectra of TPPS assemblies without and with the addition of different concentrations of CMC. The monomer concentration of TPPS was
set at 0.033 mM. (E) The CD/CDax Values at 495 nm for TPPS assemblies versus different concentrations of CMC.

supramolecular polymers, achieving pathway selection for
TPPS. Therefore, there exists a competitive relationship
between CMC-catalyzed enantioselective supramolecular poly-
merization of TPPS and the racemic self-assembly of TPPS in
solution. CD spectroscopy was employed to evaluate the rate
ratio of these two pathways. At low CMC equivalents, the
homogeneous self-assembly pathway still dominated (Fig. 1A),
resulting in a weak CD signal of the assembly product (Fig. 1D
and S31). With increasing CMC concentrations from 0 to
approximately 0.5% molar equivalent, the CD signal gradually
increased, and reached a plateau (Fig. 1E, S4 and S24 ESI
Section 5.2 for the fitting model). At this point, the heteroge-
neous catalytic pathway predominated, fully suppressing the

5540 | Chem. Sci., 2025, 16, 5538-5546

self-assembly pathway. When the equivalent of CMC was
further increased, it did not further enhance the enantiose-
lectivity. Therefore, the threshold of 0.5% molar equivalent
(concentration of 0.16 uM calculated by using repeating units)
can be referred as the critical saturated equivalent of CMC
(Fig. 1E). This indicates the high efficiency of chiral transfer of
CMC compared to previously reported polymers.*>***

Chiral transfer was amplified through an autocatalytic cycle of
fragmentation and growth

To understand how CMC can efficiently induce the enantiose-
lective supramolecular polymerization of TPPS, the assembly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Schematic diagram illustrating primary and fragment-induced secondary processes of TPPS facilitated by CMC. (B) Real-time CLSM

overlay images showing the assembly of TPPS on the surface of a CMC aggregate. (C) Statistical analysis of the thickness of the TPPS layer on the
CMC aggregate surface over time. (D) Statistical analysis of the fluorescence density of TPPS at various radii around the CMC aggregate, fitted
according to Fick's law. (E) CLSM overlay images at various time points depicting the growth process of TPPS fragmented from the CMC
aggregate surface. (F) CLSM image displays the longitudinal extension of linear TPPS assemblies growing from the CMC surface in solution. Note:

scale bar 5 um.

process was monitored using multi-channel confocal fluores-
cence microscopy in situ (Fig. 2B and Movie S17). TPPS assem-
blies emit their own fluorescence (Fig. S91), while CMC was
made visible for observation by labeling it with a fluorescein dye
(Fig. s107).

Three stages of CMC-induced TPPS assembly were identified
(Fig. 2A and B): (1) rapid adsorption of TPPS onto the CMC
aggregate surface. The adsorption reached near saturation
within 1 minute after the addition of TPPS. (2) A slow nucleation
period, with no significant growth observed at around 12
minutes, indicating the system was in the nucleation stage. (3) A
rapid growth process, occurring between 15 and 24 minutes.
Quantitative statistical analysis of the thickness of the TPPS
layer on the CMC aggregate surface over time revealed a typical
nucleation-growth process (Fig. 2C and S57). During this period,
a sea urchin-like assembly structure formed on the CMC
surface, indicating radial growth of TPPS on the CMC.

During the growth period, besides the abundant TPPS
assemblies attached onto CMC aggregates, numerous discrete
TPPS nanowires appeared at 21 and 23 minutes (Fig. 2B). These
nanowires predominantly clustered around the CMC aggre-
gates, with fewer found in more distant regions. The fluores-
cence density of TPPS at various radii around the CMC
aggregate was statistically analyzed (Fig. 2D). The results
aligned well with Fick's law (Fig. 2D, S6, and ESI Section 3.2} for
the Fick's diffusion model), indicating that these TPPS nano-
wires fragmented from the CMC surface and subsequently
diffused into the solution. Furthermore, real-time imaging

© 2025 The Author(s). Published by the Royal Society of Chemistry

demonstrated that these fragments actively promoted TPPS
growth (Fig. 2E, S6, and Movie S1t), confirming that the frag-
ments act as seeds for nucleation and growth. Additionally, the
increasing number of fragments, along with the progressively
larger size of the central CMC-TPPS assemblies, suggests that
the broken ends of these assemblies, attached to the CMC
surface, are undergoing further catalytic cycles of re-growth and
fragmentation. Moreover, this phenomenon was not limited to
the surface: sea urchin-like TPPS aggregates in solution also
exhibited longitudinal extension of TPPS assemblies on the
CMC surface, along with numerous nearby TPPS fragments
(Fig. 2F, Movies S2 and S3t). These observations further indi-
cate that TPPS undergoes radial growth on the surface of CMC
in solution, accompanied by a significant spontaneous frag-
mentation process.

The significant autocatalytic pathways enable chiral inducers
to avoid interfering with the assembly and morphology of the
final products, unlike classical template co-assembly methods.
In situ confocal fluorescence imaging demonstrated the gener-
ation of abundant TPPS assemblies in the system, with only
a small amount of CMC present, and a notable proportion of
TPPS assemblies evidently not bound to CMC (Fig. 3A). TEM
results revealed that the morphology of TPPS assemblies
induced by CMC resembled nanowires formed by self-assembly,
with a diameter of approximately 20 nm (Fig. 3B, S12 and S137),
which further aggregated into bundles. CMC showed a spher-
ical morphology with a diameter of around 50 nm, with no
binding observed between the two (Fig. 3B, S11 and S13+).

Chem. Sci., 2025, 16, 5538-5546 | 5541
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Fig. 3 (A) CLSM overlay images illustrating the final state of the TPPS assembly solution with 0.5% equivalent CMC. Red dots: TPPS assemblies
and green dots: CMC labeled by fluorescein. (B) TEM images of TPPS assemblies without addition of CMC, pure CMC, and TPPS assemblies with
addition of 5% equivalent CMC. (C) Nano-flow cytometry analysis of pure CMC and TPPS assemblies, and a support vector machine (SVM)
classification method was established. (D) Classification of the signals of TPPS assemblies induced by 5% equivalent CMC. (E) NMR spectra of the
precipitate obtained by centrifuging a solution containing TPPS assemblies with 5% equivalent CMC, redissolved in D,O, compared with the NMR
spectra of pure CMC. (F) Fluorescence spectra of the precipitate obtained by centrifuging a solution containing TPPS assemblies with 5%
equivalent CMC-AHC, redissolved in H,O, compared with the fluorescence spectra of the supernatant. £, = 344 nm.
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Moreover, nano-flow cytometry analysis of the final state of
the assembly solution, based on fluorescence and scattering,
clearly indicated that the predominant TPPS assemblies in the
solution were not associated with CMC (Fig. 3C and D). Addi-
tionally, the assembly product was isolated by centrifugation,
re-dissolved in water (or deuterated water), and characterized
using NMR and fluorescence (Fig. 3E, F, S8 and S91). NMR did
not detect characteristic signals of CMC, and fluorescence
spectroscopy also did not detect trace amounts of CMC in the
TPPS assemblies, further demonstrating that in the final state of
assembly, the vast majority of TPPS assemblies do not co-
assemble with the nucleating agent CMC.

According to the above observations, it is proposed that the
high efficiency of CMC in inducing TPPS supramolecular chiral
polymerization can be attributed to two main factors. On the
one hand, CMC itself, acting as a heterogeneous nucleating
agent, was found to effectively promote TPPS primary nucle-
ation, thereby achieving supramolecular chiral induction. On
the other hand, the generated supramolecular chiral polymers
undergo spontaneous fragmentation, which leads to two
secondary pathways. First, the broken ends of these assemblies,
attached to the CMC surface, undergo further catalytic cycles of
re-growth and fragmentation. Second, this fragmentation-re-
growth catalytic cycle generates a large number of chiral frag-
ments, which then serve as seeds for nucleation and growth.
Considering that the proportion of repeating units at the
surface relative to the total repeating units of a single CMC
particle is approximately 7%, the extent of chiral polymerization
achieved on this surface is approximately 0.3% with the addi-
tion of a 0.5% equivalent of CMC (see ESI Section 3.57).
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Therefore, the fragmentation-induced secondary pathway may
make a significant contribution of around 99.7%, resulting in
the rapid asymmetry amplification of supramolecular chirality.

Structure-function relationship of chiral induction in
heterogeneous nucleation

To investigate the active sites and structural characteristics of
CMC in efficient chiral induction, a systematic study of the
structure-activity relationship was conducted. Using 10%
equivalent of soluble starch (SS), which lacks side-chain modi-
fication and has a different main chain structure, as a control,
the final TPPS assemblies exhibited almost no CD signal
(Fig. 4C, S19 and S207). This indicates that the side chains of
CMC serve as key active sites for adsorbing monomers.
Hydroxyethyl cellulose (HEC), differing from CMC only in the
absence of carbonyl groups in the side chains, showed a critical
saturated catalytic equivalent of 4%, much higher than 0.5% of
CMC (Fig. 4D, S15 and S16t1). This suggests a weaker binding
between HEC and TPPS, necessitating a higher concentration to
achieve the same induction effect, confirming that the carboxyl
group is the key active site of the nucleating agent. To validate
the hypothesis that CMC adsorbs TPPS monomers mainly
through hydrogen bonding between the carboxyl group of CMC
and the sulphonic group of TPPS, acetic acid was introduced as
a hydrogen bonding competitor. Acetic acid was supposed to
destroy the interactions between CMC and TPPS by forming
hydrogen bonds with TPPS competitively, and thereby block the
chiral transfer from CMC to TPPS assemblies. A significant
reduction in CD intensity (Fig. 4B and S211) of the TPPS

OH

OH
oH™ \?/5’\ ‘L
0

HEC

CH,0H

OH
]ln/%g\
HO TG l
OH O nH
ss

HOOC, oy

L-HGA
180
B . c 200{ ——SA
RoS ———L-HGA
N ——SS
=) S ~J100
()] b (=]
e} e Q
E h ° M
=435 s € o
5 N E \/
°$ b o
(3 N -100
N
90 -200

0.0 0.5 1.0 400

[Acetic Acid] (mM)

Fig. 4

450
A(nm)

500 550 104 102 1

Equivalent of polysaccharide
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and acetic acid concentration. (C) CD spectra of TPPS assemblies induced by 10% equivalent SS, L-HGA, and SA. (D) CD intensity of TPPS

assemblies versus equivalents of CMC, HEC, and SA, respectively.
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assemblies upon addition of acetic acid was observed, con-
firming that CMC induces single enantiomer assembly mainly
through hydrogen bonding.

However, sodium alginate (SA), a water-soluble poly-
saccharide with carboxyl groups, increased the critical saturated
catalytic equivalent to 5% (Fig. 4D, S17 and S187). This suggests
that the flexible side chains in CMC may also play a key role.
They may help retain appropriate degrees of freedom for the
combined TPPS, allowing TPPS to adjust its conformation and
spatial position, thereby facilitating the binding between TPPS
towards nucleation.

Furthermore, 1-hexaguluronic acid (1-HGA) was used to
assess the influence of molecular weight on the efficiency of the
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nucleating agent. Despite the same equivalent, the induction
effect of oligosaccharides was notably weaker than that of
polysaccharides CMC (Fig. 4C, S19 and S207). This underscores
that heterogeneous nucleating agents require a certain degree
of polymerization, aligning with our initial hypothesis that such
agents require a specific surface area to sustain the stable
formation of nuclei and initiate the primary nucleation process.

The nucleating agent presents an optimal equivalent, and the
heterogeneous nucleation follows the Eley-Rideal mechanism

Kinetic results indicate that there is an optimal equivalent for
heterogeneous nucleation, as the assembly rate of TPPS
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(A) Schematic representation of the CMC-induced heterogeneous nucleation-growth process of TPPS via the E-R mechanism. (B) CD

kinetic curves of TPPS assembly with the addition of different equivalents of CMC, with the monomer concentration of TPPS set at 0.033 mM. (C)
Apparent rate constant of TPPS assembly as a function of CMC equivalents, with fitting results using the E-R mechanism. (D) Fitting of CD/
CDpmax—ICMC] curves at different TPPS concentrations using the E-R mechanism. (E) Fitting of CD/CD,ox—[CMC] curves at different TPPS

concentrations using the L—H mechanism.
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significantly decreased in the presence of high equivalents of
the nucleating agent CMC (Fig. 5B, C, S26, and Table S57).
Excess nucleating agent inhibits the assembly process. To
investigate the cause of this phenomenon, we compared two
common surface catalytic mechanisms: the Langmuir-Hin-
shelwood (L-H) mechanism,** where substrates adsorb and
diffuse on the surface to form products, and the Eley-Rideal (E-
R) mechanism,” where the catalyst first adsorbs one substrate
that reacts with another in solution. We hypothesize that this
inhibitory trend arises from the decreasing concentration of
free TPPS monomers in solution as CMC concentration
increases, which slows the growth rate. This suggests that TPPS
monomers adsorbed on the CMC surface assemble with those
in solution, resembling the E-R mechanism of surface catalysis
(Fig. 5A).

Based on this hypothesis, heterogeneous assembly kinetic
models based on E-R mechanism were developed (see ESI
Section 5.41), and the relationship between the apparent rate
constant and varying equivalents of CMC was fitted using this
model. The results indicate a good fit (Fig. S27 and Table S67),
validating that CMC primarily promotes TPPS assembly
through the E-R mechanism. Additionally, the curves of enan-
tioselectivity (CD/CDyyax) against varying concentrations of CMC
at different TPPS concentrations were fitted to kinetic models
based on the E-R and L-H mechanisms (Fig. 5D, E, S24, and
S25; see ESI Sections 5.2 and 5.3t for the kinetic models for E-R
and L-H mechanisms, and original spectra in Fig. S2, S22 and
S237). The results demonstrate that the E-R mechanism model
fits the curves well, while the L-H mechanism model performs
poorly, further supporting our speculation regarding the E-R
mechanism.

Conclusions

This research demonstrates that CMC, as a heterogeneous
nucleating agent, exhibits high efficiency in chiral induction,
achieving maximum enantiomeric selectivity at low molar
equivalents. This high efficiency in inducing TPPS supramo-
lecular chiral polymerization can be attributed to two main
factors. First, CMC itself promotes TPPS primary nucleation,
facilitating supramolecular chiral induction. Second, the
generated supramolecular chiral polymers undergo a catalytic
cycle of spontaneous fragmentation and re-growth at their
termini, with the resulting fragments also acting as seeds for
nucleation and growth. Furthermore, exploring structure—
function relationships reveals that key factors—such as the
polymerization degree, flexibility of side chains, and the affinity
between CMC and TPPS—significantly influence nucleation
efficiency, aiding in the rational design of heterogeneous
nucleating agents. Kinetic analysis reveals that an optimal
equivalent exists in heterogeneous nucleation, following the E-
R mechanism. In this process, TPPS monomers adsorbed on the
CMC surface assemble with those in solution rather than
through surface diffusion.

In summary, our study demonstrates that the surface
enrichment-induced primary nucleation, along with substantial
spontaneous fragmentation-induced autocatalysis, accounts for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the high efficiency of the heterogeneous nucleation strategy.
Unlike classical template co-assembly strategies, most assem-
blies remain unbound to the nucleating agent, allowing it to not
interfere with the final assembly structure and morphology,
akin to the role of a catalyst (or catassembler as proposed by
Tian et al***’). This work advances the mechanistic under-
standing of heterogeneous nucleation and highlights its
potential as an effective pathway control strategy in supramo-
lecular polymerization systems.
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