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Kinetic control over co-self-assembly using an
in situ dynamic covalent reaction resulting in
a synergistic chemo-photodynamic therapy

Xiaoxia Wu,'* Jie Xing,® Yonglei Lyu,"? Jingjing Yu," Jinghui Yang,"? Dawei Qi," Xin Wang,'# Jie Lin,*

Guoliang Shao,* Aiguo Wu,** and Jianwei Li'->¢*

SUMMARY

Multicomponent self-assembly offers a strategy to explore ordered,
complex, and dynamic nanosystems and to harness the property of
the whole system beyond that of each subcomponent. However, the
spontaneous nature of co-self-assembly makes control of the pro-
cess difficult. Here, we use a thiol-disulfide exchange reaction as
an in situ dynamic covalent reaction to slowly produce disulfide
macrocycles that subsequently trigger the co-self-assembly with
an anticancer drug and a photosensitizer. The gradual concentration
growth of products shows kinetic control over the concentration of
self-assembling disulfides, resulting in a stable co-delivery nanosys-
tem with high drug-loading efficiency (31.78%) and encapsulation
efficiency (95.91%). The nanosystem possesses biocompatibility, tu-
mor-accumulating ability, and biosafety and shows a synergistic
chemotherapeutic and photodynamic anticancer effect in vitro and
in vivo. Our findings suggest that in situ dynamic covalent chemistry
advances control over co-self-assembly, paving the way to more
functional nanosystems with potential applications in biomedicine,
electronics, and renewable energy.

INTRODUCTION

Molecular self-assembly has been playing significant roles in exploring functional
nanosystems for a wide range of applications in catalysis, sensing, and biomedi-
cine.”? A typical example is to fabricate drug delivery systems in which carrier
molecules and drug molecules self-assemble into nanocarriers through noncova-
lent interactions.® In order to efficiently and effectively deliver anticancer drug mol-
ecules to tumor sites, an ideal nanosystem should be stable during the transporta-
tion to cancer cells while also being responsive to releasing the encapsulated drug
in the tumor microenvironment.” Moreover, the nanosystem should also be in an
optimal dimension range of 100-200 nm to achieve the enhanced permeability
and retention (EPR) effect in target solid tumors.>® Last but not the least, the
drug-loading content and encapsulation efficiency of the nanosystem should be
high, which can reduce the side effects brought by the carrier molecule and
enhance the efficacy of the drug molecule.” To equip a single drug delivery nano-
system with all the above-mentioned advantages at the same time, many efforts
have been made to develop a large number of carrier molecules by interplaying
their affinity between the two components.” Unfortunately, the development re-
mains unsatisfactory due to the difficulty in controlling the spontaneous process
in molecular self-assembly.’
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This becomes even more challenging when developing a co-delivery system for
combination therapy, arising from the increased complexity resulting from more
components participating in the self-assembling process.'®'" Chemo-photody-
namic therapy is a typical example of combination therapy, and it has been proven
to be a promising co-delivery nanosystem-based approach to cancer treatment.'?
Together with anticancer drugs for a chemotherapy, quantum dots (QDs) are a
type of representative photosensitizer used for a photodynamic therapy (PDT).
They can damage cancer cells by oxidizing crucial biomacromolecules that absorb
near-infrared (NIR) light and effectively generate reactive oxygen species (ROS)."*
For the preparation of the co-delivery nanosystem, carrier molecules are designed
and synthesized to mediate the self-assembly.'® Through noncovalent binding
with the ligands attached on the surface of QDs, carrier molecules trigger the aggre-
gation of well-dispersed QDs into nanostructures.'>'® As the aggregation is per-
formed in aqueous solutions, drug molecules are encapsulated due to hydrophobic
effects during the process."” However, it is tricky to design the carrier molecule.
Thermodynamically, the affinity between the carrier molecule and the ligands on
the QDs should be strong enough to support the formation of a stable nanocarrier.’
Yet, if the binding is too strong, the size of the resulting nanocarrier would be over
the optimized dimension for the EPR effect. From a kinetic perspective, the strong
binding enables the self-assembly to occur very quickly, resulting in limited loading
amounts of drug molecules.'® Moreover, in most previously reported examples, the
carrier molecules are ready made and are mixed with drug molecules and QDs at the
same time, leaving very narrow windows to show control over the spontaneous co-
self-assembling process.'” ' Consequently, the development of co-delivery nano-
systems has been struggling with two main issues: low drug-loading efficiency and
poor stability in the extracellular matrix or tumor microenvironment, which leads
to nanocarriers aggregation or disassembly, uncontrollable drug release in the
extracellular matrix of tumor tissue, and drug leakage during the delivery process.*

Here, rather than using a ready-made carrier molecule, we used an in situ dynamic
covalent chemical reaction to slowly produce carrier molecules that could bind
with the ligands on the surface of QDs and thereby trigger the onset of co-self-as-
sembly to make a co-delivery nanosystem (shown in Figure 1). Using this strategy,
the monomer of building block 1 participated the dynamic covalent reaction in
situ and gradually produced the disulfide macrocycles that triggered the self-assem-
bly of the QDs. However, the addition of ready-made disulfide macrocycles instantly
induced the self-assembly. Thus, the gradual increase in the concentration of the
carrier molecule represented a strategy for kinetic control over the concentration
of the self-assembling molecules, which could give sufficient time to allow self-
correction to occur during the reversible process of the chemical reaction and co-
self-assembly. This ensured that the system reached an equilibrium and produced
a stable self-assembled nanostructure with maximum drug-loading content at the
end of the reaction. Specifically, the thiol-disulfide exchange reaction was utilized
as the dynamic covalent chemistry to generate the carrier molecules. Doxorubicin
(DOX) and Ag,S QDs were chosen as the anticancer drug and the photosensitizer
to create the co-delivery nanosystem for the chemo-photodynamic therapy, respec-
tively. The drug-loading content (31.78%) and the encapsulation efficiency (95.91%)
of the co-delivery system were both much higher than previously reported
values.'”"?? The resulting co-delivery system exhibited strong cellular uptake and
pH and glutathione (GSH)-controlled drug release in human breast cancer cells
(MCF-7 cells) and a synergistic chemo-photodynamic therapeutic effect under irra-
diation with an NIR laser at 808 nm. This treatment effect was confirmed in vivo;
the co-delivery system was found to have antitumor activity in an MCF-7 cell-derived
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Figure 1. lllustration of co-delivery system for chemo-photodynamic therapy
The multicomponent self-assembly triggered by an in situ dynamic covalent reaction into a co-
delivery system (1-Ag,S-DOX) that had chemo-photodynamic cancer therapy in vitro and in vivo.

breast cancer in a xenograft mouse model. Moreover, the co-delivery system
showed good biocompatibility, and the side effects of DOX during the treatment
were significantly reduced. These findings suggest that in situ dynamic covalent
chemical reactions could be new tools to give control over co-self-assembly in multi-
component systems, providing new approaches to exploring powerful co-delivery
nanosystems for a chemo-photodynamic therapy in this article and more functional
nanosystems for a broad range of applications spanning from catalysis and elec-
tronics to renewable energy in the future.

RESULTS AND DISCUSSION

Design and verification of the DCS strategy

Ag,S QDs are semiconductor nanomaterials with the ability to generate ROS; hence,
they can potentially be combined with drugs to form co-delivery systems for chemo-
therapy and PDT in cancer treatment.”” Thus, Ag,S QDs were chosen to make the
combinatorial therapeutic agent for the target cancer. First, we attached the posi-
tively charged ligand L1, a quaternary ammonium salt, to the surface of Ag,S QDs
(for synthesis and characterization details, see the supplemental information and
Figures S1-S3). The disulfide bonds of L1 could offer the sulfur source to form
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Figure 2. The self-assembly of co-delivery system

(A) Transmission electron microscopy (TEM) images of Ag,S QDs. Scale bar: 25 nm.

(B) Size distributions of Ag,S QDs measured by dynamic light scattering (DLS).

(C) High-performance liquid chromatography (HPLC) analysis of the reactive delivery system 1-Ag,S-DOX after building block 1 was fully oxidized.
(D-F) TEM images of the co-delivery system during the loading process at different times: 6 (D), 24 (E), and 48 h (F). Scale bar: 200 nm.

(G) Size distribution of the 1-Ag,S-DOX nanoparticles with different drug-loading times measured by DLS at room temperature.

Ag,S QDs. Its ammonium groups with positive charges could provide the potential
electrostatic interaction with the deprotonated carboxylic acids of building block 1,
which may promote the formation of self-assembled nanostructures. Additionally,
the hydrophobicity of the alkyl chain in L1 could benefit the loading of hydrophobic
anticancer drugs in the co-delivery system.” Due to the charge repulsion between
the QDs, the obtained Ag,S QDs were adequately dispersed in an aqueous solution,
and transmission electron microscopy (TEM) analysis showed that they had an
average diameter of around 4 nm (see Figure 2A). This size was confirmed by the dy-
namic light scattering (DLS) results that the hydrodynamic diameter was around 6 nm
(Figure 2B).

Our strategy involved loading the drug DOX into nanoparticles as they were being
formed by the QDs noncovalently associating with the carrier molecules generated
by the building block through a dynamic covalent reaction. The most striking differ-
ence between our approach and previous approaches is that the concentration of
the carrier molecules should gradually increase as the dynamic covalent chemical re-
action progresses.”* Thus, the reaction rate should be slow, but the reaction yield
should be high. In the context of biomedical applications, the reaction should also
be biocompatible. We reason that the thiol-disulfide exchange reaction is an ideal
candidate that can meet all these requirements.”® Disulfide bonds are ubiquitous
in protein structures and can slowly form via the oxidation of thiols by oxygen in
the air under physiological conditions. In addition, when a sufficient amount of oxy-
gen is present, the formation of disulfide bonds from thiols can be quantified.”®
Therefore, we equipped dithiol building block 1 with a carboxylic acid group with
the aim of producing dynamic ring-like carrier molecules with negative charges

4 Cell Reports Physical Science 4, 101598, October 18, 2023



Cell Rer_)orts .
Physical Science

that could noncovalently associate with positively charged L1 on the surface of Ag,S
QDs via host-guest interactions.

To verify whether our strategy could result in a high drug-loading content, we pre-
pared a series of the target reactive delivery systems of 1-Ag,S-DOX using various
concentrations of the dithiol building block 1, Ag,S QDs, and DOX in phosphate-
buffered saline (PBS; pH 7.4) to calculate drug-loading efficiency according to the
standard curve of DOX (Figure S4). The maximum drug-loading efficiency
(31.78%) and the corresponding encapsulation efficiency (95.91%) were obtained af-
ter slow oxidation over 2 days using the following combination of reagents: 0.75 mM
building block 1, 0.1 mM Ag,S QDs (the concentration of L1 on Ag,S QDs), and
0.2 mM DOX. This combination showed a significantly higher loading capacity
than previously reported co-delivery systems that used ready-made templates.”’
The components of 1-Ag,S-DOX have been analyzed and calculated using nuclear
magnetic resonance (NMR), inductively coupled plasma optical emission spectrom-
etry (ICP-OES), and high-performance liquid chromatography (HPLC) in Figure 2C.
The concentrations of Ag*, L1, 1, and DOX were 2, 0.4, 0.38, and 0.78 mM, respec-
tively. Four systems of Ag,S-DOX (prepared from Ag,S QDs and DOX), 1-Ag;S (pre-
pared from Ag,S QDs and building block 1), building block 1, and 1-DOX (prepared
from building block 1 and DOX) were used as controls in the multicomponent system
(shown in Figure S5).

We also prepared a pre-oxidized co-delivery system as another control by mixing
Ag.S QDs (0.1 mM L1) and DOX (0.2 mM) in a solution containing disulfide macro-
cycles that were identical to those found in the reactive system 1-Ag,S-DOX: 13
(0.096 mM) and 14 (0.095 mM). However, the drug-loading efficiency and corre-
sponding encapsulation efficiency for this system were 22.80% and 89.32%, respec-
tively, which were lower than those of 1-Ag,S-DOX. Meanwhile, we also prepared a
titrated pre-oxidized co-delivery system using a flow pump as another control by
continuously and slowly adding pre-formed macrocycles into the Ag,S QDs and
DOX mixtures. The resulting drug-loading content and corresponding encapsula-
tion efficiency of this titrated pre-oxidized system were 19.16% and 85.06%, respec-
tively, which were similar to those obtained by the previous control experiments
where disulfide macrocycles were added in one portion, suggesting that the
direct addition of ready-made disulfide macrocycles resulted in lower loading effi-
ciencies of the co-delivery systems. These results demonstrate that using in situ dy-
namic covalent chemistry is a powerful strategy to enhance the drug-loading capac-
ity, which resulted from the kinetic control over the concentration growth of the
carrier molecules that triggered the co-self-assembly process in the multicomponent
system.

Unraveling the mechanism behind the strong loading capacity

To better understand the drug loading directed by the in situ dynamic covalent re-
action, we first monitored the morphological changes in the 1-Ag,S-DOX system us-
ing TEM and DLS. For this, samples were taken 6, 24, and 48 h after the reaction was
initiated, and TEM images of the samples were recorded. The initial sample was
cloudy, as the Ag,S QDs started to aggregate immediately (Figure 2D). As the oxida-
tive reaction proceeded, the solution turned clear again, and the TEM analysis
showed that the size of the aggregates became smaller (Figure 2E) and that the ag-
gregates changed to monodispersed nanoparticles with a diameter of approxi-
mately 60 nm at the end of the reaction (Figure 2F). This size was confirmed by
DLS analysis, which showed that the hydrodynamic diameter was about 70 nm (Fig-
ure 2G). We also studied the morphological changes in a pre-oxidized co-delivery
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system by TEM and DLS at different reaction times of 6, 24, and 48 h in Figure S6. The
TEM analysis showed that the size of the aggregates increased with the increase of
reaction time (Figures S6A-S6C), which was opposite to thatin 1-Ag,S-DOX system.
These sizes were also confirmed by DLS analysis, which showed that the hydrody-
namic diameters increased in the range of 300-800 nm (Figure SéD). In addition,
HPLC analysis indicated that the concentration of the disulfide macrocycles (13
and 14) in the 1-Ag;S-DOX system rose with time (Figure S7). The compositional
change in the reactive co-delivery system with time was investigated by HPLC, as
shown in Figure S8. It could be found that the content of 13 and 14 macrocycles in
the 1-Ag,S-DOX system increased with the increase of oxidation time in the first
24 h and reached a balance within 48 h, suggesting that the dynamic covalent chem-
ical reaction reached up to an equilibrium in self-assembly shown in Figure S8A. In
addition, we also analyzed the content of 13 and 14 macrocycles in the 1 system
shown in Figure S8B. It seemed that building block 1 had slower oxidation than
that in the 1-Ag,S-DOX system, which was attributed to the oxidation effect from
DOX and the template effect of DOX and the Ag,S QDs. These results suggested
a clear morphological transformation of the nanostructures during the dynamic co-
valent self-assembly (DCS) process, showing that the self-assembling process was
kinetically controlled by the gradual concentration increase of the disulfide macro-
cycles (13 and 1y).

Because the TEM analysis showed that the resulting individual 1-Ag,S-DOX nano-
carriers were formed by the aggregation of several Ag,S QDs, we reasoned that
the noncovalent interaction between the macrocycle and L1 on the surface of
Ag,S QDs was the main driving force for the formation of a nanocarrier. We
then elucidated the noncovalent interaction responsible for the formation of 1-
Ag;S-DOX using NMR. As the NMR signal of L1 on the QDs was poor, we used
a model compound, cetyltrimethylammonium bromide (CTAB), to analyze the non-
covalent interaction between the macrocycle and Ag,S QDs (Figure S9A). When 13
and 1, were mixed with CTAB in deuterium water (D,O; PBS, pH 7.4), the signals of
the methylene protons Hs, Has, and Hs of CTAB that were next to the N* head
group had remarkable upfield shifts due to the shielding effect arising from the
negative charge of the deprotonated carboxylic acid group and the electron-rich
cavity of the macrocycle. These results revealed that the disulfide macrocycle
was threaded by the ligand with the inclusion of the part close to the quaternary
ammonium salt.”* In addition, two-dimensional nuclear Overhauser spectroscopy
(2D-NOESY) was also tested to understand the spatial conformation of the result-
ing inclusion complex (Figure S9B). The nuclear Overhauser effect (NOE) correla-
tion signals were observed between protons H, and Hy on the disulfide macro-
cycles and the methylene protons H, and H; (or Hs and Hs) that were next to
the N* head group, confirming the abovementioned threading binding mode.?*
In order to verify the threading binding mode, a control experiment was designed
by using benzoic acid (BA) to replace the macrocycles in the same PBS buffer (pH
7.4). We analyzed its 1D-"H NMR and 2D-NOESY spectra in Figure S10. It could be
found that the signal of the protons Hs, Hs, and Hs of CTAB next to the N* head
group moved upfield because of the electrostatic interaction between the CTAB
and BA (Figure ST0A). However, no NOE correlation signal was observed between
protons H,, Hp, and H. of BA and protons Hs, Hs, and Hs of CTAB (Figure S10B).
These results suggest that the CTAB was unlikely contacted with the aromatic ring
of BA, further proving the threading binding mode in CTAB and disulfide macro-
cycle system. Given that DOX is usually buried in the hydrophobic pocket of lipo-
somes, we concluded that it was encapsulated by the alkyl chain of the ligands
during the noncovalent interaction between the macrocycles and the Ag,S QDs.
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In Figure S11, it was also found that the hydrodynamic diameter of the 1-Ag,S
nanoparticles was about 110 nm, which was larger than the 80 nm of the 1-
Ag,S-DOX nanoparticles (Figure ST1E). Hence, the encapsulation of DOX reduced
the size of the assembled structures—a feature that likely contributed to the forma-
tion of the well-dispersed delivery system (in Figures S11C and S11D). Together,
these findings suggest that using an in situ dynamic covalent reaction provided ki-
netic control over the complex co-self-assembling process, representing a power-
ful approach to preparing nanocarriers that contain both QDs and drugs for cancer
treatment.

Anticancer properties of the nanocarriers prepared by DCS

The hydrodynamic diameter of the nanoparticles was determined to be approxi-
mately 80 nm (Figure S11E). Meanwhile, the stability of the co-delivery system in a
physiological environment was tested by DLS (Figure S12). The size of 1-Ag,S-
DOX in fetal bovine serum (FBS) was larger than that in PBS and DMEM, which
was attributed to the formation of protein corona on the surface of nanostruc-
tures.?®?” In addition, the hydrodynamic diameter of 1-Ag,S-DOX was in the range
of 200-250 nm, which was an ideal size for delivery to tumor tissue via the EPR ef-
fect.” Furthermore, TEM imaging of 1-Ag,S-DOX in FBS for 2 days also indicated
that there was no obvious size increase of 1-Ag,S-DOX, which could confirm the for-
mation of protein corona on the surface of nanostructures in Figure S13. Then, the
zeta potentials of the Ag,S QDs, the 1-Ag,S nanoparticles, and the 1-Ag;S-DOX
nanoparticles were measured as +19.30, —17.43, and —33.83 mV, respectively (Fig-
ure S11F). The zeta potential of the Ag,S QDs was positive due to the positively
charged quaternary ammonium group of the attached ligand. After interacting
with the deprotonated carboxylic acid groups of the disulfide macrocycles, the
zeta potential decreased and became more negative after drug loading. It is ex-
pected that the negative charge of the drug-loaded nanocarriers would decrease
the occurrence of nonspecific interactions between the nanoparticles and cells.*®

To further investigate the application of the co-delivery system in chemo-photody-
namic therapy, we characterized their physicochemical properties. The UV-visible
(UV-vis) spectrum of 1-Ag,S-DOX showed a strong absorption peak of DOX at
480 nm. Compared with the absorption intensity of the sample that only contained
Ag,S QDs at the same concentration, the absorption intensity of the typical peak at
808 nm was enhanced (Figure S11G), showing that 1-Ag,S-DOX has potential in PDT
under irradiation by an NIR light. In Figure S14, the compositional change in the
reactive co-delivery system under the treatment of GSH was investigated by
HPLC. HPLC analysis of the 1-Ag,S-DOX with GSH (5 mM) sample revealed that
the content of 13 and 14 macrocycles decreased and dissociated into monomers
of building block 1 at 8.31 min, which slightly overlap with the peak of DOX
(8.12 min), further confirming the stimuli-responsive disassembly and intelligent
drug release.

In addition, the controllable drug-release performance of the 1-Ag,S-DOX nanosys-
tem was evaluated by investigating the release of DOX in PBS (pH 7.4 or 5.5) with
and without GSH (2 mM). As shown in Figure 3A, at pH 5.5 and in the presence of
GSH (2.0 mM), the percentages of DOX that were cumulatively released reached
60.5% and 77.0% after 24 and 48 h of incubation, respectively. The percentages
were lower (42.1% and 55.0%) at pH 7.4 with GSH. However, in the absence of
GSH, the cumulative amounts of DOX released at the same time points were signif-
icantly lower: 12.6% and 23.7% at pH 7.4 and 16.0% and 25.5% at pH 5.5. These re-
sults indicated that the addition of GSH notably facilitated the drug release and that
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Figure 3. The stimulus-responsive drug-release performance of co-delivery system
A) DOX release curves of 1-Ag,S-DOX in PBS (pH 7.4 or 5.5) with and without GSH (2 mM).
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the value of pH only affected the drug-release performance in the presence of
GSH.”!

The size distribution of the 1-Ag,S-DOX nanocarrier after drug release was also
investigated using DLS and TEM (Figures 3B-3E). Nanoparticle size decreased
significantly after drug release triggered by GSH, suggesting that the co-delivery
system was disassembled, resulting in smaller-sized nanoparticles. This change
was attributed to the breakage of disulfide macrocycles, as the HPLC analysis of
the 1-Ag,S-DOX with GSH sample revealed that the macrocycles were reduced to
building block 1.2 Therefore, considering the microenvironment of tumor cells,
this nanocarrier with GSH- and pH-triggered drug-release functionality holds prom-
ise as a cancer therapy agent. Moreover, this co-delivery system may persist for a
long period in the blood and may achieve rapid renal clearance after drug release
and break down into smaller particles, which may also solve the degradation prob-
lems associated with metal nanomaterials.’”

To estimate the PDT potential of 1-Ag,S-DOX, the generation of ROS during irradi-
ation with an NIR laser at 808 nm was studied. 2,7-Dichlorodi-hydrofluorescein diac-
etate (DCFH-DA) is a fluorescent probe that is oxidized to the intensively fluorescent
2,7-dichlorodi-fluorescein (DCF) by ROS. During irradiation, the generated amount
of ROS increased in all samples that contained Ag,S QDs, suggesting that photoca-
talytic activity was triggered by the excitation at 808 nm (Figures 3F and S15).%°
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When the ability of generating ROS was compared among the samples, the Ag,S QD
sample was more active than the 1-Ag,S and 1-Ag,S-DOX samples. This revealed a
decreased ROS production, attributable to the neutralization of the positive charges
on the nanocarriers by the deprotonated carboxylic groups of the disulfide macro-
cycles, thereby reducing their ability to seize unpaired electrons.” Under the treat-
ment of GSH, the ROS generation ability of 1-Ag,S-DOX enhanced significantly
because of the disassembly of self-assembled nanoparticles. The released Ag,S
QDs had positive charges that could more easily capture unpaired electrons and
consequently achieve higher ROS generation.”* Thus, it could achieve smart PDT
in tumor cells with a high level of GSH concentration.?” This was demonstrated by
the generation of intracellular ROS in MCF-7 cells incubated with 1-Ag,S-DOX
(DOX concentration of 5 ng/mL) using flow cytometry and confocal laser scanning
microscopy (CLSM). The fluorescence of DCF was considerably more intense in irra-
diated MCF-7 cells than in nonirradiated cells (Figure 3G). Yet, there was no obvious
fluorescence in MCF-7 cells alone (control group) or in MCF-7 cells incubated with
free DOX (free DOX group). CLSM images of generated ROS in cells further
confirmed the results in the flow cytometry test (in Figure S16). These results indicate
that 1-Ag,S-DOX could be used as a photosensitizer in PDT with NIR irradiation at
808 nm.

In vitro biocompatibility and cellular uptake of the co-delivery system
Biocompatibility is a critical factor for all nanomedicine delivery systems.? Hence,
the cytotoxicity of each component (excluding DOX) of 1-Ag,S-DOX was first eval-
uated in vitro via the thiazolyl blue tetrazolium bromide (MTT) assay (Figure 4A).3
The viability of MCF-7 cells was above 84% when they were incubated for 24 h
with the 1-Ag,S nanoparticles at concentrations ranging from 0.4 to 80 pg/mL. How-
ever, the Ag,S QDs were deemed cytotoxic, and this was due to their positive sur-
face charge. These results suggest that the negatively charged disulfide macrocycles
effectively interacted with and neutralized the surface charge of the Ag,S QDs, re-
sulting in a nanocarrier with low cytotoxicity and excellent biocompatibility. There-
fore, 1-Ag;S-DOX has potential as a drug delivery system.

DOX inhibits nucleic acid synthesis and exhibits antitumor activity when delivered to
the nucleus of tumor cells.?*?” Thus, it was essential to evaluate the cellular uptake
and localization of 1-Ag,S-DOX. First, the cellular uptake was investigated using
flow cytometry. The fluorescence emission images were recorded between 550
and 660 nm for DOX with excitation at 480 nm. The DOX fluorescence in MCF-7 cells
incubated with 1-Ag»S-DOX (1-Ag,S-DOX group) was more intense than that in
MCF-7 cells incubated without (control group) and with free DOX (free DOX group)
(Figure 4B), indicating that 1-Ag,S-DOX could enter the cancer cells more easily than
the free drug. This result was confirmed when CLSM images of MCF-7 cells incu-
bated with free DOX and 1-Ag,S-DOX for 1 h were analyzed. Furthermore, signifi-
cantly more DOX was present in the nucleus of MCF-7 cells in the 1-Ag,S-DOX
group compared with in the free DOX group (Figure 4C). To have a better under-
standing of the excellent drug delivery capacity of 1-Ag,S-DOX, we also monitored
the cellular uptake and delivery over a range of periods using CLSM. Both the cellular
uptake and the accumulation of DOX in the nucleus increased with incubation time,
up to the 60 min time point (Figures S17 and S18). These results further demon-
strated the applicability of 1-Ag,S-DOX as an anticancer drug delivery system.

In vitro chemo-photodynamic therapy
The performance of 1-Ag,S-DOX as a chemo-photodynamic therapeutic agent was
evaluated by MTT assay. First, its activity as a chemotherapeutic agent (without
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(A) Cell viabilities of Ag,S QDs and 1-Ag,S incubated with MCF-7 cells at different concentrations. Error bars shown represent the SD (mean + SD, n = 6).
(B) Flow cytometry curves of DOX fluorescence in MCF-7 cells incubated with free DOX and 1-Ag,S-DOX.

(C) CLSM images of MCF-7 cells incubated with free DOX and 1-Ag,S-DOX (DOX concentration of 5 pg/mL) for 60 min. MCF-7 cells incubated without
DOX were used as a control. The cells were treated with Hoechst 33342 and LysoTracker Deep Red to stain the nucleus and lysosome, respectively. Scale

bars: 50 um.

irradiation) against MCF-7 cells was investigated (Figures 5A and 5B). MCF-7 cells
were incubated with free DOX or 1-Ag,S-DOX for 24, 48, or 72 h. The viability of cells
exposed to 1-Ag;S-DOX was lower than that of cells exposed to the free DOX group
with the same DOX concentration and incubation time. Furthermore, the half
maximal inhibitory concentration (ICso) of free DOX was 10.83 pg/mL and of
1-Ag,S-DOX was 2.97 ng/mL (see the table in Figure 5D), indicating that 1-Ag,S-
DOX has a better chemotherapeutic effect than free DOX.

We also evaluated the combined chemo-photodynamic therapeutic performance of
1-Ag,S-DOX in MCF-7 cells (Figure 5C). Under laser irradiation at 808 nm (1 W/cm?,
20 s), the MCF-7 cells incubated with 1-Ag,S (1-Ag,S group) for 24 h showed a
reasonably high viability of 52.7%. However, under the same irradiation conditions,
the viability of cells exposed to 1-Ag,S-DOX was 17.1%, which was lower than that of
cells exposed to 1-Ag,S-DOX without irradiation (23.2%). In addition, the ICsg of 1-
Ag,S-DOX with irradiation was 1.83 pg/mL, which was about 5.9 times lower than
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Figure 5. In vitro chemo-photodynamic therapy of co-delivery system

(A-C) Cell viabilities of MCF-7 cells incubated with (A) free DOX, (B) 1-Ag,S-DOX, and (C) 1-Ag,S-DOX without and with irradiation (808 nm, 1 W/em?, 20
s). Error bars shown represent the SD (mean + SD, n = 6).

(D) Table of calculated half maximal inhibitory concentration (ICsg) of free DOX, 1-Ag,S-DOX, and 1-Ag,S-DOX-808 groups incubated with MCF-7 cells
for 24 h.

(E) Fluorescence images of MCF-7 cells incubated with different samples (DOX concentration: 5 pg/mL) with or without 808 nm irradiation (1 W/em?,
1 min). The MCF-7 cells were treated by calcein-AM and propidium iodide (PI) dyes to stain live and dead cells. Scale bar: 100 um.

that of free DOX (Figure 5D). At low concentrations of 1-Ag,S-DOX, chemotherapy
accounted for the majority of synergistic therapy, but the effect of dual therapy can
also be far greater than that of chemotherapy alone. Moreover, dead/live cell im-
ages treated with 1-Ag,S-DOX under 808 nm irradiation were also studied to eval-
uate antitumor ability in Figure 5E. From the imaging of dead/live cells, it could be
found that the number of living cells in the group of 1-Ag,S-DOX-808 was far less
than that of other groups, which is consistent with results in the MTT assay, further
proving the excellent chemo-photodynamic therapeutic ability of 1-Ag,S-DOX in
MCF-7 cells. The above findings indicate that 1-Ag,S-DOX may have a significant
chemo-photodynamic therapeutic effect against tumor cells.

Apoptosis induced by 1-Ag,S-DOX was also investigated using flow cytometry (Fig-
ure S19). The early and late apoptotic cells constituted 3.81 + 0.16% of the popu-
lation when MCF-7 cells were treated with DOX alone, while the percentage
increased to 5.33 £ 0.59% when cells were treated with 1-Ag,S-DOX without irradi-
ation and to 11.97 £ 0.60% when cells were treated with 1-Ag,S-DOX under irradi-
ation. Cell viability was higher in the apoptosis test compared with that in the MTT
assay, which resulted from different experimental conditions of shorter incubation
times and lower DOX concentrations to minimize the interference of DOX fluores-
cence on the propidium iodide (PI) probe. Therefore, under the light of 808 nm, 1-
Ag,S-DOX showed both enhanced apoptotic and antiproliferation activities
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compared with DOX alone, indicating a good chemo-photodynamic effect to inhibit
tumor proliferation.

In vivo biocompatibility and chemo-photodynamic therapeutic effect

Next, we examined the chemo-photodynamic therapeutic effect of 1-Ag,S-DOX
against tumors in vivo and its clinical potential. For this, we studied the antitumor effect
of 1-Ag,S-DOX in a mouse model. First, the in vivo biocompatibility was evaluated in
Institute of Cancer Research (ICR) mice. After tail vein injection of free DOX, 1-AgsS,
or 1-Ag,S-DOX, the major organs of the mice were removed and stained with hematox-
ylin and eosin (H&E) to check the pathological outcomes of the delivery of the molecules
(Figure S20). In mice that received free DOX, minor elevations in leukocyte infiltration
were observed in the alveolar areas of the lungs, and there were pathological lesions
in the heart and liver. By comparison, there were no obvious lesions in the heart, spleen,
lungs, orkidneys of mice thatreceived 1-Ag,S-DOX, indicating that encapsulating DOX
in 1-Ag,S-DOX could reduce its toxicity. Hematology analysis was also assessed using
blood samples from ICR mice as shownin Figure S21. It could be found that there was no
obvious influence on the major markers in hematology analysis under the injection of
the co-delivery system, indicating that 1-Ag,S-DOX has superior biocompatibility
and potential as a drug delivery system.

Secondly, to monitor the accumulation of the co-delivery system, an NIR fluorescent
dye of IR-783 was loaded into co-delivery system. In vivo fluorescence distributions
and in vitro fluorescence images of tumors and major organs after injection of free IR-
783 and 1-Ag,S-DOX marked with IR-783 (1-Ag,S-DOX-783) are shown in Fig-
ure S22. It could be found that the fluorescence signal in the tumor site of the
1-Ag,S-DOX-783 group increased with the time and reached the maximum at
24 h and maintained at a high level, as shown in Figures S22A and S22B, indicating
the superior tumor-accumulating ability of 1-Ag,S-DOX. As displayed in
Figures S22C and S22D, the fluorescence image and the average fluorescence inten-
sity of tumors and major organs at 24 h post-injections showed that the tumor accu-
mulation signal of 1-Ag,S-DOX was significantly higher than the free IR-783 group,
which further confirmed the tumor-accumulating ability. Hence, we conclude that
this co-delivery system possesses good biocompatibility and tumor-accumulating
ability, which is a criterion for any cancer treatment agent.

Given the excellent in vitro antitumor activity of 1-Ag,S-DOX, the in vivo antitumor
activity was assessed using an MCF-7 xenograft model in BALB/c-nu mice (n = 4).
Groups of mice were injected via the tail vein three times with either DOX,
1-Ag;S-DOX, or PBS on days 0, 4, and 8. Some of the groups were subjected to irra-
diation (NIR laser, 808 nm, 2 W/cm?, 5 min) the day after each injection (e.g., the
1-Ag,S-DOX-808 group). The body weight and tumor volume of each mouse were
measured as shown in Figures 6A-6C. Tumor-bearing mice in the 1-Ag,S-DOX
and 1-Ag,S-DOX-808 groups had no obvious weight loss or death during the treat-
ment (Figures 6A and 6B), indicating that the nanocarrier did not cause serious side
effects during the treatment period.”* In contrast, the tumors in the mice injected
with PBS grew uncontrollably (Figure 6C). The tumors in mice treated with 1-Ag,S-
DOX grew at a slower rate than those in mice treated with free DOX, indicating
that 1-Ag;S-DOX had a chemotherapeutic effect.

Irradiation seemed to have enhanced the anticancer effect of 1-Ag,S-DOX, as evi-
denced by the results of the 1-Ag,S-DOX-808 group compared with the free DOX
group and the 1-Ag,S-DOX group. This finding was confirmed by the tumor weights
and images, as shown in Figures 6D and 6E. From these results, it could be
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Figure 6. In vivo chemo-photodynamic therapy of co-delivery system

(A) Changes in body weight of MCF-7 tumor-bearing mice during the treatments with PBS, PBS-808, free DOX, 1-Ag,S-DOX, 1-Ag,S-808, or 1-Ag,S-
DOX-808. PBS with or without irradiation and free DOX were used as controls. The irradiation condition: 808 nm, 2 W/cm?, 5 min.

(B) Survival curve of tumor-bearing mice after different treatments with various formulations.

(C) Relative tumor-growth curves during treatment with various formulations.

(D and E) Tumor weight and tumor photographs after different treatments with various formulations.

(F) Hematoxylin and eosin (H&E), terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and Ki-67 staining of tumors from mice that
received various formulations after 12 days of treatment. Scale bars: 100 pm. Error bars shown represent the SD (mean + SD, n =4, *p <0.05, **p < 0.01,
***p < 0.001).

concluded that the mice that received 1-Ag,S-DOX and underwent irradiation ex-
hibited the most tumor inhibition, confirming the synergistic effects of PDT and
chemotherapy. Moreover, H&E, terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL), and Ki-67 protein staining of tumor slices were utilized to
analyze the antitumor effects of 1-Ag,S-DOX (Figure 6F). Clearly, 1-Ag,S-DOX
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and irradiation caused more extensive apoptosis and necrosis than the other treat-
ments, indicating the tumor inhibition activity of this chemo-photodynamic thera-
peutic agent.*® Together, these results demonstrate that 1-Ag,S-DOX coupled
with irradiation has synergistic chemotherapy and PDT activity against cancer in vivo.

To investigate the systemic toxicity of 1-Ag,S-DOX toward cancer cells in BALB/c-nu
mice, we selected the following standard hematology markers for analysis in Fig-
ure 523.% From the hematology results, it can be concluded that 1-Ag,S-DOX treat-
ment and irradiation did not influence any of the markers (except for platelets [PLTs],
which were affected by irradiation, as shown in the PBS-808 and 1-Ag,S-808 groups'’
results in Figure S23B). As shown in Figure S24, there was no significant histopatholog-
ical damage observed in the H&E-stained organs, which further confirmed the biolog-
ical safety of 1-Ag,S-DOX in vivo. The above results jointly confirm that 1-Ag,S-DOX
has superior biocompatibility and potential as a drug delivery system with synergistic
chemotherapy and PDT application in cancer treatment. Therefore, the strategy of us-
ing an in situ dynamic covalent reaction offers an efficient and effective solution for the
preparation of co-delivery systems for combination therapy, opening a new door in the
development of dynamic nanosystems with a wide range of potential applications in
biomedicine, catalysis, electronics, and renewable energy.

In this study, we have used an in situ dynamic covalent chemical reaction to trigger the
co-self-assembly in a multicomponent system, which resulted in an innovative co-deliv-
ery system with improved drug-loading efficiency and stability and controllable drug
release for chemo-photodynamic therapy against cancer. We have also demonstrated
that the dynamic covalent reaction showed real-time control over the concentration
growth of the hub molecule in the co-self-assembly for the co-delivery system. The re-
sulting co-delivery system (1-Ag,S-DOX) had a high DOX loading efficiency (31.78%)
and encapsulation efficiency (95.91%). Its intelligent drug-release functionality enabled
the release of DOX to be triggered by GSH and the acidic microenvironment within tu-
mor cells. In the presence of GSH, the amount of DOX released could be controlled by
adjusting the pH, achieving stimuli-responsive drug release at the target location in tu-
mor tissues. The nanocarrier also facilitated cellular uptake, efficiently delivering DOX
to the nucleus of tumor cells, and showed synergistic chemotherapeutic and photody-
namic therapeutic effects against cancer cells in vitro. Its antitumor effects were also
observed in vivo. Moreover, the nanosystem also exhibited biocompatibility, tumor-
accumulating ability, and reduced side effects. Therefore, the strategy of using an in
situ dynamic covalent reaction offers an efficient and effective solution for the prepara-
tion of co-delivery systems for combination therapy, opening a new door in the devel-
opment of dynamic nanosystems with a wide range of potential applications in biomed-
icine, catalysis, electronics, and renewable energy.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Jianwei Li (jianwei.li@utu.fi).

Materials availability
This study did not generate new unique materials.

Data and code availability

All data generated during the study are available from the lead contact upon reason-
able request. This study did not generate a code.
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Experimental methods

All methods including preparation of co-delivery system, drug release, and ROS
detection and details of biocompatibility and chemo-photodynamic therapy
in vitro and in vivo can be found in the supplemental experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101598.
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