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Enzyme-Assisted Selective Biosynthesis of Polyrotaxane
Assemblies in Living Cells for Precision Supramolecular

Phototherapy

Ya-Hui Song, Zhuo Lei, Ze-Kai Deng, Bing Hu, Guang-Ming Liu, Ying-Ming Zhang,*

Yong Chen, Zhilin Yu, and Yu Liu*

In contrast to conventional bottom-up self-organization in an abiotic
environment, it remains a formidable challenge to construct mechanically
interlocked and biologically active supramolecules in cells and organisms.
Notably, the in-situ formation of polyrotaxane-type nanoarchitectures has not
been reported, and their biological implication is unexplored. Here, it is report
the first selective biosynthesis of polyrotaxane assemblies in living cells for
combined tumor therapy. Four-armed porphyrins appended with lysine and
glutamine residues are enzymatically coupled via overexpressed
transpeptidase in malignant cells. The robust host-guest complexation
between permethylated p-cyclodextrin and porphyrin not only drives the
morphological conversion from disordered polymers to 2D polyrotaxanes, but
also improves the structural integrity and photophysical performance of
porphyrin scaffolds. The chemical modification of the cyclodextrin skeleton
further enables the biofunctional diversification of intracellularly formed
polyrotaxanes, as demonstrated by the covalent incorporation of a targeting
motif and photoactivable prodrug for specific cytoskeletal disruption. The
obtained polyrotaxane assemblies exhibit efficient singlet oxygen generation
up to 221% and prolonged tumor retention over 120 h, resulting in elevated
photocytotoxicity and effective suppression of cell dissemination under light
irradiation. The findings establish a unique in-cellulo assembling evolution for
attaining topologically complex supramolecules and demonstrate an in-situ
nanoformulation of biomedical agents in disease theranostics.

reactions occur in a spatiotemporally or-
dered manner.'””] Nowadays, the creation
of innovative nanomedicines and biotech-
nology increasingly relies on the cell-based
synthetic methodology, which will surely
provide bountiful opportunities to interface
with chemistry and biology.®'! Among
the biocompatible chemical reactions in
living systems, in-cellulo polymerization
is regarded as one of the most feasible
and reliable means in attaining complex
yet ordered nanostructures, ranging from
naturally occurring biomacromolecules
(e.g., DNA, RNA, and polysaccharides)
to artificially synthetic assemblies (e.g.,
metallic nanoparticles,'>13]  amphiphilic
assemblies,!'*1°] and linear polymers, 161!
Scheme 1a). Taking malignant cells as
an example, the pathophysiological hall-
marks, including acidic pH,* redox
dysregulation,[?!23] and aberrant enzy-
matic expression,!?*26] can be fully utilized
as chemical additives and catalysts to
trigger polymerization reactions in these
specific cells and allow us to fabricate
stimuli-responsive antitumor bioagents.
Remarkably, more evidence has revealed
that the in-situ formation of polymeric
species within living cells can induce

1. Introduction

A living cell is a sophisticated biological factory and a
natural matter/energy reservoir where diverse biochemical

high-efficiency molecular accumulation and suppress efflux-
mediated drug resistance, thereby advancing drug-free therapies.
Therefore, it is of paramount importance to precisely manip-
ulate the biosynthetic evolution of in-situ supramolecular
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Scheme 1. a) Reported in-cellulo polymerization with different morphologies; b) Typical structure of CD-threaded polyrotaxane with bulky stoppers;
c) Schematic illustration of in-situ assembly of polyrotaxane assembly fabricated by host-guest complexation and enzymatic polymerization and their
biological consequence, as well as the molecular structures of used PMCD and TPP derivatives.
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Figure 1. UV-vis spectral titration of a) Lys-TPPCPMCD and b) GIn-TPPCPMCD complexation in PBS; Inset: calculation of the K values by the nonlinear
least-squares curve-fitting method ([Lys-TPP] = [GIn-TPP] = 5 um, and [PMCD] = 0-17 um); Fluorescence emission spectra of c¢) Lys-TPP and d) GIn-TPP
before and after addition of PMCD ([Lys-TPP] = [GIn-TPP] = 10 um, and [PMCD] = 10 and 20 um); e) UV-vis absorption and f) fluorescence emission
spectra of TPP monomers and complex monomers; XPS spectra of g) PR-NW and h) PP-NA; and i,j) AFM and k,l) TEM images of i,k) PR-NW and

jl) PP-NA.

assemblies at the cellular level and efficiently produce cal features, such as (poly)rotaxanes, catenanes, and molecu-
biomimetic materials with exceptional topological structures lar knots, has greatly expanded the research scope for biomed-
and biological performance.[2’-3%]

In the realm of supramolecular chemistry, the emergence  based polyrotaxanes (CD-based PRs), a family of promising
of mechanically interlocked molecules with unique topologi- end-capped supramolecules consisting of cyclic saccharides as
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ical and material science.’'*®! In this regard, cyclodextrin-
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wheels and polymer chains as axles, with highly complemen-
tary molecular mobility and constraint, have inventive applica-
tions in supramolecular theranostics and healthcare monitor-
ing (Scheme 1b).***21 On one hand, superior to discrete small-
molecule components, active ingredients are restrictedly con-
strained in the polymeric domain, thus avoiding complex phar-
macokinetics and uncertain curative outcomes arising from pre-
mature release and non-targeted disassociation. On the other
hand, superior to the classic polymeric species with robust cova-
lent linkage, the movable ring molecules can slide back and forth
along the polymer chain to dynamically initiate their conforma-
tional transition in response to environmental variations, thus
enabling the generation of self-adaptive biomaterials for drug
and gene delivery, and tissue engineering. Nevertheless, com-
pared to the large-scale chemical synthesis in an abiotic envi-
ronment and the prior use of well-prepared polyrotaxanes in cell
incubation and intralesional injection, the precision biosynthe-
sis of polyrotaxane-type nanoarchitectures in living organisms is
rarely reported, and their corresponding biological consequence
is largely unexplored, to the best of our knowledge.

Combining the intrinsic merits of intracellular polymerization
methodology and mechanical interlocking topology, we herein
report a selective biosynthesis of highly periodic polyrotaxane
assembly in the tumor microenvironment (Scheme 1c). Four-
armed tetraphenylporphyrin (TPP) derivatives containing lysine
(Lys) and glutamine (Gln) residues were designed and synthe-
sized, which underwent enzymatically coupling reactions in the
presence of overexpressed transglutaminase (TGase) in cancer
cells. More strikingly, the extraordinarily strong host-guest com-
plexation between permethylated p-cyclodextrin (PMCD) and
porphyrin core can not only facilitate the morphological con-
version from randomly stacked polymeric aggregates to highly
ordered 2D polyrotaxanes, but also enhance the structural in-
tegrity and the photodynamic properties of porphyrin scaffolds.
The covalent incorporation of biotin as a cell-targeting agent
and photoactivatable combretastatin A4 (CA4) as a cytoskeleton-
destabilizing prodrug into the PMCD’s skeleton can further con-
fer biofunctional diversity to the resultant polyrotaxane assem-
bly, synergistically resulting in the suppression of tumor cell
dissemination and invasion for precision supramolecular pho-
totherapy. Overall, this is the first demonstration that the enzyme-
activated biosynthetic assembly boosted by host—guest complex-
ation makes topologically interlocked supramolecules a multi-
functional nanoplatform for disease therapy.

2. Results and Discussion

2.1. Synthesis and Characterization of Polyrotaxanes In Vitro and
in Cell Lysate

Two precursors in the TGase-mediated coupling reaction,
lysine- and glutamine-modified tetraphenylporphyrins (Lys-TPP
and GIn-TPP), were synthesized via amide condensation, and
their chemical structures were comprehensively characterized
(Figures S1-S6, Supporting Information). The alkoxy linker in
suitable length could increase the water solubility of the whole
porphyrin guests and, more importantly, adjust the intermolec-
ular distance between two adjacent porphyrin cores to accom-
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modate a PMCD unit. Meanwhile, the biotinylated PMCD (Bio-
PMCD) was synthesized via the Cu(I)-catalyzed azide/alkyne cy-
cloaddition, and the CA4-modified PMCD (CA4-PMCD) bear-
ing a singlet oxygen ('O,)-cleavable aminoacrylate group was
obtained by the esterification with carboxylated PMCD (Figures
S7-S12, Supporting Information).

The molecular binding behaviors between PMCD and two
TPP-derived monomers, Lys-TPP and GIn-TPP, were primarily
studied by spectroscopic titration in phosphate buffer solution
(PBS, Figure 1a,b). Having validated the 2:1 binding stoichiome-
try by Job plots (Figure S13, Supporting Information), the bind-
ing constants (Kg) were accordingly determined by the spectral
changes in UV-vis absorbance. The results showed that the step-
wise K values of PMCD with Lys-TPP were calculated as 1.49 x
10% and 2.30 x 10° m~!, respectively, and Ky ; = 1.77 X 10° and Ky ,
=1.93 x 10° Mm~! were obtained in the case of Gln-TPPCPMCD
complexation. Meanwhile, the addition of PMCD could enhance
and narrow the S-band absorption of the TPP core, accompanied
by a bathochromic shift to some extent. These phenomena in-
dicate that free porphyrins adopted H-type aggregation in aque-
ous solution, while PMCD effectively inhibited their intermolec-
ular aggregation through host-guest interactions.[****] However,
Lys-TPP alone gave much stronger UV-vis absorption than Gln-
TPP at 410 nm, but the complexation-induced spectral changes
of Gln-TPP was more dramatic than the ones of Lys-TPP. This
suggests that GIn-TPP could self-aggregate in a more compact
form than Lys-TPP in solution under the same experimental con-
ditions, because the latter possess ing both positively charged
amino groups and negatively charged carboxyl groups in its long
and flexible side chains may form loose zwitterionic aggregates
via the electrostatic attraction around porphyrin cores at pH 7.2
in PBS. To quantitatively compare their aggregation behaviors,
the aggregation constant (K,,,) of GIn-TPP in PBS was readily
determined as 1.4 x 10* m~! through nonlinear least-squares
regression analysis of concentration-dependent UV-vis spectral
changes using the isodesmic (equal-K) model. In contrast, no re-
liable constant was obtained in the case of Lys-TPP (Figure S14,
Supporting Information). Meanwhile, similar changes were also
observed in the fluorescence emission spectra (Figure 1c,d); that
is, as for the GIn-TPPCPMCD complexation, there was a 2.5-fold
enhancement in intensity with a pronounced 17-nm hypochro-
matic shift, whereas the intensity was basically unchanged in the
case of Lys-TPPCPMCD complexation with a slight hypochro-
matic shift (6 nm). In addition, an obvious nuclear Overhauser
effect (NOE) correlation was found upon complexation with
TPP cores, again corroborating the strong intermolecular com-
munication inside the PMCD’s cavity (Figure S15, Supporting
Information).

Transglutaminase (TGase), one of the characteristic enzymes
highly overexpressed in tumor tissues and closely related to
the metastasis of cancer cells, can catalyze an amine exchange
reaction between the y-carboxamide group of glutamine residues
and the e-amino group of lysine residues, leading to the intra-
or intermolecular crosslinking of the corresponding proteins.!*’!
In our case, the PMCD-involved polyrotaxane network (PR-
NW) using two host-guest complexes and its corresponding
porphyrin-based PMCD-free nanoaggregates (PP-NA) using two
individual TPP monomers were obtained by the TGase-catalyzed
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Figure 2. a) Schematic illustration of the formation of PR-NW and PP-NA under different conditions; b) Molecular mass distribution of 1) PP-NA,
(1) PR-NW, and (I11) biotinylated PR-NW by GPC analysis; c,e,g) UV-vis absorption and d,f,h) fluorescence emission spectra of c,d) PP-NA, e,f) PR-NW
obtained by disembodied TGase, and g,h) biotinylated PR-NW obtained in cell lysate, respectively, with excess amount of PMCD.

coupling reaction in 4-(2-hydroxyethyl)piperazine-1-ethane-
sulfon (HEPES) buffer at 37 °C for 24 h in yields of 29.3% and
40.5%, respectively (Figure 2a). After completing a full dialysis
treatment, molecule weight (My,), degree of polymerization
(DP), and polydispersity (PDI) of PR-NW and PP-NA were mea-
sured by gel permeation chromatography (GPC). As depicted
in Figure 2b, the My, value of PR-NW was determined as 6.65
x 10%, which was 25 times higher than that of PP-NA (2.62
X 10%). Meanwhile, the PMCD-assisted polymerization also
showed a remarkable increase in the DP value from 7 to 178.
The increased DP of PR-NW is attributed to the favorable host—
guest encapsulation by PMCD, which may enhance the whole
molecular rigidity and facilitate the spatial contact between the
active center of TGase and the porphyrin substrates.

The polymerization reaction was also monitored by NMR
spectroscopy, and the disappearance of the characteristic sig-
nals at 6.95 and 7.49 ppm, corresponding to two amide pro-
tons of glutamine, also confirmed the occurrence of the poly-
merization reaction (Figure S16, Supporting Information). By
comparing the integrated areas of the porphyrin’s aromatic pro-
tons and the 1-H in PMCD, the molar ratio of PMCD to por-
phyrin in PR-NW could be calculated as ~2:1, which was con-
sistent with the host—guest binding stoichiometric results. In ad-
dition, the X-ray photoelectron spectroscopy (XPS) results also
demonstrated that the C-O content in PR-NW was significantly
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increased due to the oxygen-rich functional groups in PMCD
(Figure 1g,h).

After the successful synthesis of polymeric assemblies by dis-
embodied TGase, the photophysical properties of PR-NW and
PP-NA were comparatively investigated. Strikingly different from
PP-NA, the PMCD units in PR-NW could simultaneously en-
hance UV-vis absorbance and fluorescence emission intensity.
Combined with the spectroscopic results of Lys-TPP and Gln-
TPP monomers in Figure 1ef, the existence of PMCD in PR-NW
could greatly suppress the z-stacking interaction of porphyrin
cores. Moreover, upon continuous light irradiation at 420 nm,
the UV-vis absorbance and fluorescence emission intensity of
two TPP monomers significantly decreased. In contrast, the neg-
ligible spectral changes in PR-NW suggest that the host-guest
complexation with PMCD significantly enhanced the photosta-
bility of TPP (Figures S17 and S18, Supporting Information). In
addition, compared to two TPP monomers, the decline in UV-vis
absorption and fluorescence emission of PP-NA became smaller,
implying that the cross-linked polymerization also contributes to
the photostability enhancement to a certain extent.

Furthermore, the structural integrity of PR-NW and PP-NA
was comparatively examined by switching the used solvents.
First, when the purely organic solvent (CH,Cl,) was used to dis-
solve PMCD, free host—guest complexes would be completely
disassembled because of the loss of hydrophobic interaction.

© 2025 Wiley-VCH GmbH
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Next, as illustrated in Figure 2c—{, no significant change was ob-
served in the UV-vis absorption and fluorescence emission spec-
tra upon re-addition of PMCD to an aqueous solution of PR-NW,
whereas distinct variation was observed in the spectra of PP-NA.
This observation clearly indicated that the polymeric aggregates
formed by PP-NA possessed a substantial number of structural
defects with exposed porphyrin sites arising from inefficient poly-
merization, which could be encapsulated by excess PMCD in
water. In contrast, due to the complexation-enhanced structural
rigidity, PR-NW gave a higher degree of end-capping efficiency
with satisfactory integrity and periodicity.

The molecular assembling morphology was intuitively char-
acterized by atomic force microscope (AFM) and transmission
electronic microscope (TEM) experiments. AFM images showed
the formation of lamellar structures in PR-NW with an average
height of 1.0 nm, which was basically consistent with the ex-
ternal diameter of PMCD (0.8 nm, Figure 1i). In addition, the
height of PP-NA increased to 6 nm, corresponding to the in-
termolecularly z-stacked nanoaggregates (Figure 1j). Meanwhile,
TEM images also confirmed the TPP monomers mainly formed
amphiphilic nanoparticles, whereas PR-NW and PP-NA gave
monodisperse nanosheets and amorphous aggregates, respec-
tively (Figure 1k,1; Figure S19, Supporting Information). Mean-
while, the Zeta potentials of both two TPP monomers and the
TGase-catalyzed polymeric assemblies are close to zero, which is
mainly attributed to the charge neutralization between the neg-
atively charged carboxyl groups on Lys-TPP and the positively
charged amino groups on Gln-TPP (Figure S20, Supporting In-
formation).

Furthermore, to bridge the gap between aqueous buffer solu-
tion and the living cellular environment, cell lysate was further
used as a reaction medium to mimic the intricate composition
and properties of components inside the cells (Figure 2a).[*l In
this case, a large number of Hela cells was collected and broken
down by ultrasonication, followed by the addition of two biotiny-
lated TPP-containing inclusion complexes as monomers. As ex-
pected, highly polymeric species were observed in the cell lysate
with the My, value of 1.83 X 10° by GPC analysis, which was in
accordance with the data obtained in HEPES (Figure 2b). This
result also substantiates that the host—guest complexes are quite
stable and biocompatible for polyrotaxane formation despite the
overcrowded conditions of the lysate. Similarly, the structural in-
formation of the obtained PR-NW was explored by the spectro-
scopic and microscopic methods, suggesting that the structural
integrity could be maintained in cell lysate (Figure 2g,h).

2.2. ROS Generation, Photocytotoxicity, and Light-Activated Drug
Release

Then, the cell uptake by tumor and normal cells was compar-
atively examined by using Bio-PMCD, and flow cytometry was
employed for dynamic monitoring of cell-uptake efficiency. As
discerned in Figure 3a,b; Figure S21 (Supporting Information),
after incubation for 24 h, the uptake ratios of biotinylated com-
plex monomers (Lys-TPPCBio-PMCD and Gln-TPPCBio-PMCD)
in Hela and MCF-7 cells reached up to 20.3% and 40.7%, respec-
tively, while the 293T cells exhibited a negligible uptake efficiency
of only 1.2% with statistically significant differences among three
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groups, substantiating that the biotinylation of PR-NW could
clearly distinguish cancer cells from normal ones. Confocal laser
scanning microscopy (CLSM) images also revealed that when
treated by two biotinylated complex monomers, stronger red flu-
orescence was exclusively observed by efficient internalization in
the Hela and MCF-7 cells. In the control experiment, in the ab-
sence of Bio-PMCD, red fluorescence was extensively distributed
in both normal and cancer cells upon incubation merely with
TPP monomers (Lys-TPP and GIn-TPP, Figure 3c).

On account of the photosensitive porphyrin arrays in PR-NW
and PP-NA, 9,10-anthryl-bis(methylene)dimalonic acid (ABDA)
was employed as an indicator for singlet oxygen (*O,) and the
corresponding 'O, quantum yields were calculated by fitting
the UV absorbance at 378 nm plotted against time (Figure 3d;
Figures S22 and S23, Supporting Information). As presented in
Table S1 (Supporting Information), the 'O, quantum yields of
PP-NA and PR-NW were obtained as 116% and 221%, respec-
tively, once again demonstrating the significant enhancement
by the host-guest complexation with PMCD to efficiently sup-
press the self-aggregation of TPP cores. Meanwhile, superior
to Lys-TPPCPMCD complex, the 10, generation ability of Gln-
TPP greatly increased after complexation with PMCD. These re-
sults are in accordance with the distinctive molecular aggregation
propensities of two TPP monomers in aqueous solution. Itis also
noteworthy that compared to PP-NA, the host—guest complexa-
tion with PMCD in PR-NW could significantly enhance the 'O,
generation rates and quantum yields of TPP cores, thus high-
lighting the synergistic effect of enzyme-driven polymerization
and host-guest complexation on photodynamic oncotherapy, as
described below.

Having confirmed the complexation-enhanced 'O, generation
by the enzymatically cross-linked PR-NW in an inanimate mi-
lieu, a qualitative study was conducted to investigate the 10, gen-
eration using 2’,7'-dichlorodihydrofluorescein diacetate (DCFH-
DA) as a cell-permeable fluorescent probe for staining reactive
oxygen species (ROS) in cells. Upon coincubation with two bi-
otinylated complex monomers, only faint green fluorescence was
detected in 293T cells after light irradiation, while bright green
fluorescence was observed in Hela and MCF-7 cells, correspond-
ing to the sufficient ROS production in these two cell lines
(Figure 3f).

Subsequently, the cell counting kit-8 (CCK-8) assay reveals that
the cell viability remained above 85% after coincubation in dark
for 24 h even at a high TPP monomer concentration up to 30
um (Figure S24, Supporting Information). Upon light irradiation
at 420 nm for 5 min, both individual inclusion complexes could
cause moderate cytotoxicity in Hela cells (Figure S25, Support-
ing Information). Comparatively, the photocytotoxicity of can-
cer cells was significantly enhanced upon coincubation with two
biotinylated inclusion complexes (Lys-TPPCBio-PMCD + Gln-
TPPCBio-PMCD), whereas a high survival rate was exclusively
achieved in normal cells (Figure 3e,g,h). Taking the TPP concen-
tration at 0.5 uMm as an example, the relative cellular viability was
obtained as high as 70.2% after incubation with the biotinylated
inclusion complexes in 293T cells, but they exerted a great cy-
totoxicity effect, and the corresponding viability was sharply de-
clined to only 7.9% in Hela cells. In addition, the TPP monomers
(Lys-TPP + GIn-TPP group) showed undifferentiated cytotoxic-
ity (31.5%) toward 293T cells. Overall, these cytotoxicity results

© 2025 Wiley-VCH GmbH
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substantiated that the equipment with Bio-PMCD greatly en-
riched the porphyrin photosensitizers in cancer cells, which
could minimize off-target toxicity toward normal cells and main-
tain potent phototoxicity toward cancer cells.

To further elucidate the mechanism underlying photo-induced
cell death, the JC-1 fluorescent probing system was introduced
to evaluate the effects of 10, generation on mitochondrial mem-
brane potentials. After pre-treatment of Hela cells with two bi-
otinylated complex monomers and followed by light irradiation,
CLSM images were collected to verify the relative intensities of
JC-1 aggregates (red fluorescence) and monomers (green fluo-
rescence). As can be seen from Figure S26 (Supporting Informa-
tion), no significant difference in fluorescence signals was ob-
served between irradiated and non-irradiated cells in the blank
group. In sharp contrast, the irradiated Hela cells displayed a
remarkable green-fluorescence emission enhancement in the
group of two complex monomers, accompanied by the charac-
teristic apoptotic morphological alteration with cellular shrink-
age. In addition, bio-TEM analysis also revealed that the damaged
mitochondria were extensively distributed at the organelle level
(Figure 3i). In our case, the incubation with biotinylated inclu-
sion complexes can seriously induce mitochondrial dysfunction
under light irradiation, which is responsible for the programmed
cell death under oxidative stresses caused by the elevated intra-
cellular ROS level.

By virtue of the chemically modifiable characteristics of CD’s
skeleton, CA4-PMCD was further synthesized by covalently
conjugating the chemotherapeutic agent CA4 through a 'O,-
responsive aminoacrylate linker, with the final goal of achiev-
ing complexation-enhanced synergistic photodynamic therapy
and chemotherapy (Figure 3j). First, the similar 'O, quantum
yields in the cases of TPP@CA4-PMCD and TPP@PMCD com-
plexes demonstrated minimal consumption of 'O, by the CA4-
release process during photoactivation (Figure 3d). Next, high-
performance liquid chromatography (HPLC) was exploited to ver-
ify the light-activated drug release with and without PMCD. As
discerned from Figure 3k, no obvious CA4 was detected using the
physical mixture of TPP-Gln and aminoacrylate-bearing CA4 pre-
cursor (CA4-OH) upon exposure to light irradiation at 420 nm.
Surprisingly, a considerable amount of CA was released from the
TPP-GIncCA4-PMCD complex under the same conditions, and
the 10,-triggered drug release promptly proceeded after light ir-
radiation in 30 s. In view of the short half-life of 1O, in water (~3.5
ps) and cell (0.6 ps), the host-guest complexation with PMCD

www.small-journal.com

can not only promote the 'O, production of TPP cores, but also
draw the aminoacrylate and porphyrin sites much closer, which
could eventually facilitate intermolecular contact with 10, to ac-
celerate the photooxidation process of drug release.[*743]

Subsequently, the biological impact of the complexation-
induced '0,-responsive drug release on tubular aggregation was
further investigated in Hela cells. As shown in Figure 3m, the
pristine tubulins stained with the tubulin tracker were uniformly
distributed around the nuclei with filament-like structures. Re-
markably, after light irradiation for 2 min, closely aggregated
tubulins were observed in the selected cell line upon incuba-
tion with the biotinylated CA4-bearing inclusion complexes. In
addition, control experiments reveal that no significant change
was found in microtubule morphology without CA4-PMCD un-
der the same condition. More interestingly, it was found that
the in-cellulo formation of polyrotaxanes network could pro-
long the drug retention after cell feeding by thoroughly replac-
ing culture media; that is, tubulins were largely clustered with
each other by the treatment of biotinylated CA4-bearing com-
plexes, whereas the incubation with individual Gln-TPPCBio-
PMCD complex could not dramatically change the cytoskeletal
structures in cancer cells (Figure S27, Supporting Information).
Accordingly, benefitting from the dual synergy of Bio-PMCD
and CA4-PMCD, a higher photocytotoxicity was clearly observed
in the examined concentration range of TPP monomers from
0.25 to 1 pm (Figure 3l). In addition, CCK-8 assays of free Bio-
PMCD and CA4-PMCD under identical conditions showed that
Bio-PMCD exhibited negligible cytotoxicity while CA4-PMCD
gave moderate cytotoxicity, likely due to the release of CA4
via the photo-induced bond cleavage (Figure S28, Supporting
Information).

2.3. Inhibitory Effect of Formed Polyrotaxanes on Cell
Dissemination

To shed more light on the role of in-situ polymerization in alter-
ing cellular migration behaviors, the wound healing migration
assay was also conducted.[*>% As quantified by Image ] analy-
sis of normalized wound areas, PR-NW and PP-NA gave signifi-
cant anti-migratory effect at 48 h after scratching with a low per-
centage of wound closure (17% and 30%, respectively). However,
Hela cells without any treatment showed an obvious migration
healing ability and the wound healing rate reached up to 98%

Figure 3. Flow cytometry results in a) Hela and b) 293T cells incubated with complex monomers for 0, 6, and 24 h; c) CLSM images of two TPP monomers
and their biotinylated inclusion complexes with PMCD in Hela, MCF-7, and 293T cells, respectively ([Lys-TPP] = [GIn-TPP] = 5.0 um and [Bio-PMCD]
= 10.0 um); d) Decomposition rates of ABDA at 378 nm versus light irradiation time by two TPP monomers and their inclusion complexes before and
after polymerization. Phototoxicity of two TPP monomers and their biotinylated inclusion complexes in e) Hela g) MCF-7 and h) 293T cells (light power
density: 220 mW cm~2, 3 min for Hela cells; 5 min for MCF-7 and 293T cells). f) CLSM images of ROS generation using DCFH-DA as probe in three
types of cell lines incubated with biotinylated inclusion complexes ([Lys-TPP] = [GIn-TPP] = 0.5 um and [Bio-PMCD] = 1.0 uwm, light power density:
220 mW cm™2, 5 min). i) Bio-TEM images of Hela cells incubated with biotinylated inclusion complexes and PBS as control (red boxes show zoom
areas and red arrows highlight disrupted mitochondria); j) Schematic representation of the PMCD-boosted release of CA4; k) HPLC retention time of
CA4, TPP-GIn, and CA4-OH mixture, and TPP-GInCCA4-PMCD complex ([GIn-TPP] = 10 um, and [CA4-PMCD] = [CA4-OH] = 20 um). The detection
wavelength in each trace was set as 254 nm; |) Phototoxicity of two TPP monomers and their biotinylated CA4-bearing inclusion complexes in Hela cells
(ILys-TPP] = [GIn-TPP] = 0.5 um and [CA4-PMCD] = 1.0 um, light power density: 220 mW cm~2, 2 min); m) CLSM images of Hela cells incubated with
PBS, biotinylated inclusion complexes, and biotinylated CA4-bearing inclusion complexes, respectively ([Lys-TPP] = [GIn-TPP] = 0.25 um, [Bio-PMCD]
= 0.7 uM, and [CA4-PMCD] = 0.3 um, light power density: 220 mW cm~2, 30 s). Data denote mean + S.D. (n = 3). ns p >0.05, “p < 0.05, “p < 0.01,
% <0001,
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Figure 4. a) Microscopic images of wound healing of Hela cells upon incubation with PBS, TPP monomers, and complex monomers; b) Schematic
illustration of cell transwell assays to evaluate cell invasion ability; c) Representative images of Hela cells incubated with PBS, TPP monomers, and
complex monomers for 24 h in transwell assay; d) Biodistribution of GFP-labeled Hela cells in major organs and e) tumor volume changes after local
administration of PBS, PR-NW, and PP-NA at tumor sites on day #7 (H, Lu, L, S, and K stand for heart, lung, liver, spleen, and kidney, respectively). Data

denote mean + S.D. (n = 3).

(Figure 4a). Meanwhile, a transwell assay was conducted to ex-
plore the longitudinal invasion capacities of Hela cells after dif-
ferent treatments (Figure 4b). Compared to PBS as a control, the
invasion capacity of Hela cells through Matrigel as the extracellu-
lar matrix on top of the porous membrane was largely inhibited
after treatment by PR-NW and PP-NA (Figure 4c).

To further validate the inhibitory effect on cancer cell dissem-
ination in the animal body, a tumor-bearing mouse model was
established using the green fluorescent protein (GFP)-labeled
Hela cells. Local administration of three formulations (PR-NW,
PP-NA, and PBS) was performed at the tumor site every 3 days
after tumor implantation. The ex vivo fluorescence images re-
vealed strikingly distinct biodistribution patterns; that is, on day
#7, PR-NW showed weak fluorescence signals exclusively in liver,
while PP-NA and PBS induced substantial hepatic-—renal metas-
tasis (Figure 4d). As a result, benefitting from the exceptional
suppression of cell migration at both cell and animal levels, tu-
mor growth was greatly inhibited with minimal tumor volume
changes (Figure 4e). These findings jointly demonstrate that PR-
NW could significantly inhibit cancer cell dissemination, which
is mainly contributed to its larger surface area and specific cell
selectivity of biotinylated polymerizable inclusion complexes in
polyrotaxane network.
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2.4. In Vivo Application of Formed Polyrotaxanes for Tissue
Targeting and Phototherapy

Prior to the in vivo evaluation of the polyrotaxane network on
combined phototherapy, the tissue-targeting specificity and re-
tention prolongation at the tumor site were initially explored.
After intravenous administration of the two biotinylated inclu-
sion complexes, the formed PR-NW was predominantly accu-
mulated in tumor tissues with minimal off-target fluorescence,
while the nonspecific TPP derivatives showed systemic distribu-
tion in the tumor-bearing BALB/c nude mice (Figure 5b). More-
over, to visualize the tumor-targeting specificity and retention
duration of the in-situ formed polyrotaxanes, the biodistribution
in mice was monitored by in vivo fluorescence imaging at peri-
odic intervals by intravenous injection via the tail vein. The ad-
ministration of biotinylated inclusion complexes exhibited con-
centrated red fluorescence exclusively in tumor region at 24 h
post-injection. In the tumor-bearing mice xenografted by TGase-
overexpressing Hela cells, persistent red fluorescence at tumor
sites was clearly observed up to 120 h post-administration. In
contrast, the one by TGase-deficient MCF-7 cells showed com-
plete fluorescence disappearance within 48 h, demonstrating
a rapid metabolic clearance in the absence of TGase-mediated

© 2025 Wiley-VCH GmbH
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Figure 5. a) Schematic illustration of the establishment of the tumor model in mice and the tail vein injection of the drug; b) Tissue targeting and
retention time in tumor-bearing mice with MCF-7- and Hela-derived xenograft; Changes in c,f) tumor volumes and d,j) tumor weights of the mice in
different groups during 14-day treatment; e,h) Representative photographs of tumors in different groups on day #14. (I: PBS, II: biotinylated complex
monomers + hv, lI: biotinylated complex monomers + dark, IV: TPP monomers + hv, V: TPP monomers + dark, VI: GIn-TPPCBio-PMCD complex + hv,
VII: GIn-TPPCBio-PMCD complex + dark in d and e; I: PBS, II: biotinylated CA4-bearing complex monomers + hv, IlI: biotinylated complex monomers
+ hv, IV: CA4 in j,h); and i) H&E staining images of tumor-bearing nude mouse treated by different samples sacrificed on day #14. The scale bars are
200 pm. Data denote mean + S.D. (n = 3). “p < 0.05, “p < 0.01.

polymerization. This observation aligned with our findings from  formation). Overall, these results substantiate that the enzymatic
the confocal microscopy experiments, in which HelLa cells main-  polymerization could significantly enhance tumor retention du-
tained the pronounced red fluorescence of porphyrin after 72hin  ration through the in-situ formation of polyrotaxane network.

fresh medium, whereas MCF-7 cells showed negligible fluores- Motivated by the complexation-enhanced ROS generation,
cence signals at the same time point (Figure S29, Supporting In-  photoactivated drug release, and inhibition on cancer cell
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dissemination, the therapeutic outcomes of intracellularly poly-
merized polyrotaxane networks were further examined in
murine models (Figure 5a). Under such circumstances, given
the relatively higher cytotoxicity of Gln-TPPCBio-PMCD com-
plex than its Lys-TPP counterpart, the former complex was se-
lected as a non-polymeric control for subsequent evaluation on
in vivo antitumor efficacy. Meanwhile, benefitting from the tar-
geted tumor accumulation and enhanced ROS generation, re-
markable tumor regression was achieved upon the formation of
biotinylated PR-NW under light irradiation on day #14; in con-
trast, exponential tumor volume expansion was observed in other
experimental groups (Figure 5c—e). Finally, the combined thera-
peutic effect in mice was further evaluated after the introduction
of CA4-PMCD. Although tumor growth was greatly suppressed
by the treatment of biotinylated inclusion complex, the presence
of CA4-PMCD gave the best curative effect by the combination
of targeted photodynamic and photoactivable chemotherapeutic
treatments (Figure 5f-h). In addition, as shown in Figures S30
and S31 (Supporting Information), the body weights in all exper-
imental groups were stably maintained throughout the 14-day
observation period, implying the favorable biosafety profiles of
TPP derivatives, PP-NA, and PR-NW. Accordingly, hematoxylin
and eosin (H&E) staining of tumor tissues and key organs was
conducted (Figure 5i; Figures S32 and S33, Supporting Informa-
tion). Among all the examined groups, the most significant cell
apoptosis/death was observed in tumors, and meanwhile, no dis-
cernible pathological alteration or tissue damage was observed in
the treatment groups of TPPs and their complex monomers.

3. Conclusion

In conclusion, the selective biosynthesis of polyrotaxane assem-
blies in living cells was first realized via the TGase-triggered cou-
pling reaction for combinational cancer therapy. Spectroscopic
and microscopic studies revealed that the inclusion complex-
ation of PMCD with Lys-TPP and GIn-TPP could greatly en-
hance the structural rigidity and integrity, thereby leading to
morphological conversion from amorphous aggregates to regu-
lar 2D networks. Moreover, by leveraging the macrocyclic con-
finement for molecular segregation and conformational fixa-
tion, the TPP cores were constrained in the PMCD’s cavity
and the photophysical pathway of photosensitive fluorophores
revived to dramatically augment the efficiencies of both fluo-
rescence emission and 'O, yield. After equipment of the bi-
otinylated PMCD, the discrete host-guest complexes could be
selectively self-assembled into polyrotaxane networks in can-
cer cells. The complexation-enhanced 'O, production could fur-
ther promote the self-photocleavage of aminoacrylate linker and
the release of CA4 drug. This leads to the significant cyto-
toxicity toward the cancer cells through inducing cytoskeleton
destruction and mitochondrial dysfunction. In vivo studies in
the murine model confirmed the chemo-photodynamic thera-
peutic efficacy of the in-situ formed polyrotaxane networks to
efficiently inhibit tumor growth and metastases with satisfac-
tory biosafety issues. To be envisioned, our work featuring the
enzyme-triggered intracellular biosynthesis of polyrotaxane as-
semblies will enrich the toolbox of function-oriented topologi-
cally complex supramolecules and expedite the development of
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precise and personalized supramolecular nanomedicines in the
future.

4. Experimental Section

General Methods and Materials: 'H and '3C NMR spectra were
recorded through a Bruker AV400 instrument in the indicated solvents
at 25 °C. Dynamic light scattering (DLS) experiments were conducted on
a DynaPro NanoStar DLS detector. UV-vis data were collected on a Shi-
madzu UV-3600 spectrophotometer. Fluorescent measurements were per-
formed on a JASCO FP-750 spectrometer. The Zeta potentials were exam-
ined on a Brookhaven ZETAPALS/BI-200SM at 25 °C. Transmission elec-
tron microscopic (TEM) images were recorded on FEI Tecnai G2 F20 un-
der 200 kV. X-ray photoelectron spectroscopy (XPS) was conducted on
Kratos Analytical Ltd (Axis Ultra DLD). Atomic force microscope (AFM)
were conducted on Bruker Dimension Icon. Gel permeation chromatog-
raphy (GPC) was conducted on DAWN HELEOS 8+. The confocal laser
scanning microscopic (CLSM) imaging experiments were conducted with
a Zeiss LSM880 instrument. The flow cytometric experiments were con-
ducted with NoVoCyte 2060R Agilent Technologies. In vivo imaging was
carried on CRi Maestro.

Cell Lines and Animals: Human cervical cancer cells (Hela), human
breast cancer cells (MCF-7), and human renal epithelial (293T) cells were
obtained from the cell bank of the Chinese Academy of Sciences. Hela cells
and MCF-7 cells were cultured in DMEM high glucose medium (Gibco),
containing 10% fetal bovine serum (FBS) at 37 °Cin a 5% CO, humidified
environment incubator (Thermo Scientific, USA).

Animals and Ethical Statement: BALB/c nude mice for tumor suppres-
sion assessment in vivo were purchased from Beijing FHK Bioscience Co.
Ltd. All the animals were acclimated under standard laboratory conditions,
including a ventilated room, a suitable temperature (25 + 1 °C), controlled
humidity (60 & 5%), and a 12 h light/dark cycle. All procedures were con-
ducted in accordance with the “Guiding Principles in the Care and Use
of Animals” (China) and also assessed by the Animal Experimentation
Ethics Committee of Nankai University, and the assigned approval number
is 2021- SYDWLL-000079.

Detection of In Vitro ROS Yields of Different Components: Commercial
9,10-anthracenediyl-bis (methylene)dimalonic acid (ABDA) was utilized
as a tracer agent to assess the differences in 10, production efficiencies
among various samples. Specifically, each sample and ABDA were dis-
persed together in 3 mL of deionized water, with final concentrations of 10
and 50 pwm, respectively. Subsequently, the mixed solution was irradiated
with white light (>420 nm) at a power of 220 mW cm™2. The efficiency
of 10, generation was measured by monitoring the UV-vis absorbance
change of ABDA at 378 nm at different irradiation time intervals. Rose Ben-
gal (RB) was used as a standard for evaluating the 'O, quantum yield of
photosensitizers (®pg), which could be calculated by the following Equa-
tion (1).

kPS/kRB

Dpg = D
P e Aps/Ars

M

where kpg and kpg represent the decomposition rate constants of ABDA
with photosensitizers (PS) and RB, respectively. Aps and Agg represent
the integration areas of PS and RB under the absorption band in the wave-
length range above 420 nm. @y is a known constant with a value of 75%.

Determination of Aggregation Constant (K,g,):  The value of K, is cal-
culated by Equation (2). In Equation (2), € denotes the apparent extinction
coefficient obtained from the spectra; ¢ and ¢, are the extinction coeffi-
cients for the free and the aggregated species, respectively; K, is the
aggregation constant; and c is the total TPP concentration in the sample.

2K,gp0 + 1= VAKc + 1

2K g7 2

e =

(gf _ga) t &, (2)
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Flow Cytometry Assay: Flow cytometry experiments were conducted
to compare the cellular uptake efficiency of Lys-TPPCBio-PMCD and Gln-
TPPCBio-PMCD complexes between cancer cell lines (Hela and MCF-7)
and normal cells (293T). Cells were seeded at 5 x 10° cells per well in a
24-well plate and further cultured for 24 h. Then, following incubating for
0, 6, and 24 h, followed by flow cytometry assay in PC5.5 channel.

Confocal Laser Scanning Microscopy (CLSM): To observe the internal-
ization of the assemblies, Hela, MCF-7, and 293T cells plated in confocal
dishes were co-incubated with Lys-TPP + GIn-TPP, Lys-TPPCBio-PMCD
and GIn-TPPCBio-PMCD, respectively, for 12 h. Subsequently, the cells
were treated with PBS, then examined through confocal laser scanning
microscopy (CLSM, Olympus, FV1000).

In Vitro Cytotoxicity Tests:  The cytotoxicity of assemblies or photosensi-
tizers to normal cells (293T cells) and tumor cells (Hela and MCF-7 cells)
in light or dark conditions was determined by the CCK-8 assay. Initially,
Hela, MCF-7, or 293T cells were plated in 96-well plates at a density of 5
x 103 cells per well. After 24 h of incubation, the original medium was re-
placed by samples at different concentrations. 12 h later, after replacing
with fresh culture medium, each well was irradiated with light for 5 min
(420 nm, 220 mW cm~2). Following an additional hour of incubation, the
medium was replaced with fresh culture medium containing 10% CCK-8,
and the cells were further incubated at 37 °C and 5% CO, for 4 h. Finally,
a microplate reader (ALL SHENG, AMR-100) was used to measure the
absorbance of the plates at 450 nm to evaluate cell viability.

To further expand the system’s functionality, CA4-PMCD was sub-
sequently introduced for synergistic chemo-photodynamic combination
therapy. While maintaining identical experimental conditions, the light ir-
radiation duration was strategically reduced to 2 min due to considerations
of enhanced toxicity profiles, thereby enabling systematic evaluation of its
phototoxic effects.

Wound Healing Assay: ~ For the wound healing assay, Hela cell monolay-
ers were established by seeding in 6-well culture plates and allowing cellu-
lar adhesion for 24 h until achieving 80-90% surface confluency. Then the
confluent cell monolayers were wounded with a P200 pipet tip, and cells
were washed with PBS repeatedly and incubated with PP-NA and PR-NW
at a concentration of 10 pum for another 24 and 48 h. The wound healing
area was photographed under a microscope. Quantitative analysis of mi-
gratory capacity was conducted through digital image processing (Image
J) by measuring wound margin retraction distances relative to baseline
measurements.

Statistical Analysis: ~ Statistical analyses were performed using Origin
and SPSS software. Statistical data denote mean + S.D. unless otherwise
noted. Details of the statistical tests performed, P values, and the num-
ber of replicates were provided in the figure legends. A threshold for sig-
nificance of p < 0.05 was used for all experiments. A p-value < 0.05 was
considered statistically significant, dubbed as “p < 0.01 was dubbed as **,
and p < 0.001 was dubbed as ™, p > 0.05 (non-significant) was dubbed

as ns.
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