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Chlorambucil (Cbl) is a DNA alkylating drug in the nitrogen mustard family, but the clinical applications of
nitrogen mustard antitumor drugs are frequently limited by their poor aqueous solubility, poor cellular
uptake, lack of targeting, and severe side effects. Additionally, mitochondria are the energy factories for
cells, and tumor cells are more susceptible to mitochondrial dysfunction than some healthy cells, thus
making mitochondria an important target for tumor therapy. As a proof-of-concept, direct delivery of Cbl
to tumor cells” mitochondria will probably bring about new opportunities for the nitrogen mustard family.
Furthermore, IR775 chloride is a small-molecule lipophilic cationic heptamethine cyanine dye with poten-
tial advantages of mitochondria targeting, near-infrared (NIR) fluorescence imaging, and preferential
internalization towards tumor cells. Here, an amphiphilic drug conjugate was facilely prepared by co-
valently coupling chlorambucil with IR775 chloride and further self-assembly to form a carrier-free self-
delivery theranostic system, in which the two components are both functional units aimed at theranostic
improvement. The theranostic IR775-Cbl potentiated typical “1 + 1 > 2" tumor inhibition through specific
accumulation in mitochondria, which triggered a remarkable decrease in mitochondrial membrane
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potential and ATP generation. In vivo biodistribution and kinetic monitoring were achieved by real-time
NIR fluorescence imaging to observe its transport inside a living body. Current facile mitochondria-target-
ing modification with clinically applied drugs was promising for endowing traditional drugs with targeting,

rsc.li/biomaterials-science imaging, and improved potency in disease theranostics.

in modern science and biomedicine.! Current strategies for
tumor treatments mainly consist of surgical resectioning,
radiotherapy, and chemotherapy. Although various emerging
modalities have been extensively studied, chemotherapy
remains the mainstay of clinical tumor treatment.> However,
conventional chemotherapeutic drugs inevitably face some
intractable problems,> such as nonspecific biodistribution,
lack of selectivity, severe side effects, limited aqueous solubi-

Introduction

Tumors remain the most serious disease that threatens
human health. The fight against tumors is a major challenge
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lity, low bioavailability, frequent development of multidrug re-
sistance (MDR), and in vivo rapid metabolism.* In addition,
conventional chemotherapy lacks a concurrent diagnostic
modality. The development of nanomedicine has brought
hope to relieving or even resolving these challenging issues.>”
Various nanomedicines have been prepared from organic
small molecules,®® polymers,'®"* and inorganic materials."
Their formulated nanostructures
liposomes,"**
fibers,>® which are frequently combined with therapeutic
agents and diagnostic probes for kinetic tracing and prognosis
monitoring.*'%*

mainly exist as

18,19

> vesicles,'® micelles,'” nanosheets or nano-

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/biomaterials-science
http://orcid.org/0000-0001-9202-1543
https://doi.org/10.1039/d4bm00003j
https://doi.org/10.1039/d4bm00003j
https://doi.org/10.1039/d4bm00003j
http://crossmark.crossref.org/dialog/?doi=10.1039/d4bm00003j&domain=pdf&date_stamp=2024-05-08
https://doi.org/10.1039/d4bm00003j
https://pubs.rsc.org/en/journals/journal/BM
https://pubs.rsc.org/en/journals/journal/BM?issueid=BM012010

Published on 22 March 2024. Downloaded on 1/19/2026 11:55:21 PM.

Biomaterials Science

However, there are still many uncertainties that constantly
hinder the clinical application and achievements of nanomedi-
cal technologies,>** such as low drug accumulation, potential
toxicity issues associated with overdosing of nanocarrier or
ingredients, and limited improvement in therapeutic efficacy,
meaning their clinical transformation has a long way to
20.>**” In this situation, some diagnostic and therapeutic
systems formed by the typical covalent binding or physical
loading of small-molecular drugs and diagnostic probes are no
exception in that diverse nanocarriers are frequently needed to
complete the drug delivery process in many cases.”®*® Based
on the abovementioned information, extra-smart carrier-free
drug conjugates have attracted increasing attention due to
their promising self-assembly characteristics without the aid
of nanocarriers,’** and the potential immunotoxicity caused
by nanocarriers is expected to be avoided to some extent.**?’
Some old chemotherapeutic drugs are called alkylating agents,
because they can kill tumor cells by alkylating DNA to inhibit
tumor growth.*® Chlorambucil (Cbl) is a type of traditional
DNA alkylating agent. Although Cbl is a clinically approved
drug, its low water solubility, poor cellular uptake, poor target-
ing, and susceptibility to rapid degradation in an aqueous
environment lead to a short half-life in vivo, often requiring a
higher dosage to achieve the desired therapeutic effect;
however, increasing the dosage can induce a high risk of
serious side effects due to off-target alkylation, which defi-
nitely limits its extensive clinical application.?” Therefore, it is
necessary to further optimize Cbl, improve its solubility and
stability, and increase its accumulation at the site of action to
achieve improved efficacy and reduced side effects.*®?°

In addition, mitochondria have become an important
target for tumor therapy due to their unique functions.
Currently, many chemotherapeutic agents are used in combi-
nation with the mitochondrial therapy to be further optimized.
A mitochondrion is an essential organelle that is indispens-
able for the production of intracellular energy.*® Notably, the
number and metabolic activity of mitochondria in tumor cells
have been proven to be higher than those of normal cells, and
their rapid proliferation is dependent on sufficient energy and
biosynthetic products being produced by mitochondria.*’ In
addition, the intrinsic mitochondrial membrane potential of
tumor cells is higher than that of normal cells,*® which makes
the mitochondria of target cells targetable by lipophilic
cations.*>** Heptamethine cyanine dyes have lipophilic cat-
ionic moieties, making them potentially able to target
mitochondria.**** Some of them can selectively accumulate in
tumor cells due to the overexpression of organic anion-trans-
porting polypeptides.’®*” This unique feature has inspired
their employment for tumor imaging and targeted therapy.*®*°
Notably, IR775 chloride, a heptamethine cyanine dye, which
has not yet been widely explored for tumor theranostics, also
shows good biodegradability, potential mitochondrial target-
ing, and multiple imaging capabilities.*”3%>*

In this work, a mitochondria-targeting prodrug conjugate
was facilely developed via covalent modification of a tra-
ditional alkylating chemotherapeutic drug (Cbl) with IR775
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chloride, affording the resultant IR775-Cbl with enhanced
water solubility and cellular uptake compared to Cbl, with
tumor cell mitochondria targeting capability and significantly
higher molar potency for tumor treatment, which not only
increases the accumulation of therapeutic agents at the site of
action but also reduces potential toxicities associated with
potential off-target alkylation (Scheme 1). The aqueous self-
assembly of IR775-Cbl could readily formulate into narrowly
dispersed nanoparticles in the absence of additional excipi-
ents. Upon efficient cellular uptake and mitochondrial target-
ing towards tumor cells, remarkable mitochondrial dysfunc-
tion and rapid cell death were achieved towards tumor cells
in vitro. The presence of the IR775 moiety afforded the result-
ing drug conjugate with near-infrared (NIR) fluorescence for
in vivo tumor imaging. The mitochondria-targeting hepta-
methine cyanine-chlorambucil formulated polymeric nano-
particle was evaluated to exhibit typical “1 + 1 > 2” tumor inhi-
bition efficacy in vivo compared with that of Cbl and IR775.

Results and discussion

Preparation and characterization of the IR775-Cbl conjugate

As depicted in Scheme 1 and Scheme S1,f IR775-Cbl was
obtained by a facile two-step procedure. First, IR775-OH was
obtained from the replacement of meso-Cl in IR775 by the
thiol group of 3-mercapto-1-propanol in N,N-dimethyl-
formamide (DMF), affording the intermediate with a yield of
~63%."" As indicated in the 'H HNR spectrum of IR775-OH
(Fig. S17), the meso-Cl of IR775 was replaced readily by the
thiol group, suggesting its successful preparation. The final
drug conjugate IR775-Cbl was obtained by the reaction of
IR775-OH and Cbl under the catalysis of 1-(3-dimethyl-
aminopropyl)-3-ethylcarbodiimide hydrochloride (EDC) and
4-dimethylaminopyridine (DMAP)>*> and was characterized by
its ESI-HRMS, 'H NMR and *C NMR spectra (Fig. S2-S47).
The photophysical features of IR775-Cbl were then examined
accordingly. The UV-vis absorption spectra of IR775-Cbl,
IR775, and Cbl dissolved in DMSO showed that IR775 had a
characteristic absorption at ~795 nm in the NIR region, Cbl
had a peak at ~265 nm, and IR775-Cbl showed slight red-shift-
ing of the characteristic absorption of IR775 and Cbl, which
further confirmed the successful conjugation of IR775 and Cbl
into the resultant IR775-Cbl (Fig. 1A).

Benefiting from the existence of hydrophobic and hydro-
philic segments in IR775-Cbl, its aqueous self-assembly was
performed via typical solvent displacement in the absence of
any additives. The absorption spectrum of its aqueous dis-
persion was further recorded for deliberate observation
(Fig. S57), and the absorption at 600-900 nm was obviously
broadened with wide double peaks. The two peaks are the
characteristic absorption peaks of typical H-aggregates, which
presumably resulted from molecular intermolecular and intra-
molecular interaction of IR775-Cbl in self-assembled
aggregates.>®>* Then, the fluorescence emission spectra of
IR775-Cbl were recorded in DMSO and water, corresponding to
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Scheme 1 Schematic illustration of the synthesis of heptamethine cyanine-chlorambucil conjugate (IR775-Cbl) as well as its formulation with
Pluronic F-127 (PF127) into polymeric nanoparticles for tumor theranostics. IR775-Cbl can induce specific mitochondrial dysfunction and trigger
rapid cell death by bringing alkylating agents into the mitochondria and undergoing probable alkylation, and its efficacy is much higher than that of

Cbl or IR775, achieving a “1 + 1 > 2" therapeutic effect.

the free molecular state and aggregation state, respectively
(Fig. 1B). The emission intensity of IR775-Cbl in aqueous solu-
tion was much weaker than that in DMSO at the same content,
which probably resulted from the aggregation-caused quench-
ing (ACQ) effect in the aggregates.”®

In addition, the fluorescence intensity of IR775 in water
was decreased compared to that in DMSO, but not as much as
that of IR775-Cbl. This may be due to IR775-Cbl being able to
actively self-assemble in water, resulting in a stronger ACQ
effect (Fig. S61). After that, dynamic light scattering (DLS) and
transmission electron microscopy (TEM) were utilized to
characterize the size and morphology of IR775-Cbl aggregates
in water. The zeta potential was recorded to be about +35 mV
due to the lipophilic cationic moiety within the IR775 part.
Many spherical nanoparticles with a relatively narrow distri-
bution were found to be ~70 nm in the TEM image, and the

2616 | Biomater. Sci, 2024, 12, 2614-2625

average hydrodynamic diameter was determined to be
~100 nm, which was larger than that found by TEM analysis.
The aqueous dispersion was green and uniform, as observed
from the sample photograph (Fig. 1C inset). Finally, the stabi-
lity of IR775-Cbl aggregates was examined after one week of
storage at room temperature, and the size variation was not
obvious, suggesting favorable stability for the self-assembled
drug aggregates (Fig. 1D).

Cellular uptake and mitochondrial targeting of IR775-Cbl

The cellular uptake and intracellular trafficking of IR775-Cbl
nanoparticles were detected by CLSM imaging (Fig. 2A). EMT6
cells were pretreated with IR775-Cbl for 1 h to 12 h, and mito-
chondria were co-labeled with Mitotracker Green. CLSM
imaging showed that the red fluorescent pixels of IR775-Cbl
co-localized well with the green pixels of the mitochondria.

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4bm00003j

Published on 22 March 2024. Downloaded on 1/19/2026 11:55:21 PM.

Biomaterials Science

A
1.4
® 4, —IR775Cbl
g [ —IR75
@® —
2 10} ol
[
o L
2 o8}t
@© A
T o6t
N I
© 04f
£ I
-
S o2p
0 %m V.

300 400 500 600 700 800 900
Wavelength / nm

20

15+

Intensity / %
)

[}
A

.l _\ <D,>=100 nm
a

0 1
10’ 10° 10° 10*

Size / nm

View Article Online

Paper
B
100
| — IR775-Cbl in DMSO
° —— IR775-Cbl in Water
oy 80
—
-
2 60}
%)
c
5
< 40+
1
[T
20+
0 e
700 750 800 850 900
Wavelength / nm
D .
10" ¢
10° 3
€
E 102 L ———" ————"
" 3
=
()]
V 1
10 F
100 ! 1 ! ! ! L ! f

Time /d

Fig. 1 Chemical characterization of IR775-Cbl and its aqueous self-assembly. (A) Absorbance spectra recorded for IR775-Cbl, IR775 and Cbl in
DMSO. (B) Fluorescence spectra obtained for IR775-Cbl in DMSO and its aqueous dispersion. (C) Hydrodynamic diameter distribution recorded for
the aqueous dispersion of IR775-Cbl. Insets: its typical TEM image and photograph. (D) Hydrodynamic diameters recorded for the aqueous dis-

persion of IR775-Cbl at room temperature.

Their co-localization analysis confirmed

remarkable mitochondrial co-localization even after 12 h of

corresponding

incubation, which benefited from the lipophilic cationic
moiety of the IR775 segment in IR775-Cbl,>® and Pearson
coefficients were all around 0.6, indicating effective co-localiz-
ation. Another compound, TPE-Cbl, was successfully syn-
thesized as a control (Fig. S71). The CLSM images of cells incu-
bated with TPE-Cbl indicated minimal mitochondrial co-local-
ization with the Pearson coefficients determined to be less
than 0.1 (Fig. S8t). Herein, the mitochondria targeting ability
of IR775-Cbl presumably resulted from the IR775 moiety.
Furthermore, flow cytometry analysis was employed to quanti-
tatively analyze the cellular uptake of IR775-Cbl upon diverse
incubation durations, suggesting a time-dependent endocyto-
sis process (Fig. 2B and C). In addition, EMT6 cells and
normal macrophage Raw 264.7 cells were incubated with the
aqueous dispersion of IR775-Cbl. Flow cytometry analysis
showed that the rate of IR775-Cbl uptake by tumor cells was
much higher than that of normal cells; specifically, the intern-

This journal is © The Royal Society of Chemistry 2024

alization of EMT®6 cells was ~2.5-fold compared to that for Raw
264.7 cells upon 12 h of incubation (Fig. S9t). It was specu-
lated that IR775-Cbl could promote active transport into cells
via organic anion-transporting polypeptides (OATPs) over-
expressed on tumor cells,*® which indicated that IR775-Cbl
could be preferentially taken up by tumor cells. EMT6 cells
pretreated with the OATPs inhibitor, sulfobromophthalein
sodium (BSP), exhibited decreased uptake of IR775-Cbl com-
pared with unpretreated cells, which further supports above-
mentioned findings (Fig. S107).

In situ mitochondrial damage triggered by IR775-Cbl

As examined above, the covalent conjugation of IR775 with Cbl
endowed IR775-Cbl with mitochondria targeting potency,
which probably improved the therapeutic efficacy.”””” In
addition, the mitochondrial morphology was observed by
CLSM imaging via co-staining with Mitotracker Green
(Fig. 3F). The mitochondrial morphology in the groups of Cbl,
IR775, and the mixture of IR775 and Cbl was close to that of

Biomater. Sci, 2024,12, 2614-2625 | 2617
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Fig. 2 Cellular uptake and intracellular trafficking of IR775-Cbl. (A) Confocal laser scanning microscopy (CLSM) images of EMT6 cells upon incu-
bation with IR775-Cbl for varying durations at ~1 uM. Mitochondria were co-stained with Mitotracker Green (green channel). (B) Flow cytometry ana-
lysis of EMT6 cells upon incubation with IR775-Cbl for different durations at ~5 uM. (C) Statistical analysis of the mean fluorescence intensity in (B).

the untreated control group with a pristine rod structure,
whereas the treatment with IR775-Cbl was observed to afford
the fragmented and dispersed morphology corresponding to
mitochondrial damage.”® The damage to the mitochondria
was further visualized by transmission electron micrograph
(TEM) analysis (Fig. 3G). The blank and control groups show
normal mitochondria with clear cristae and intact membranes
(white arrows), whereas in the electron micrographs of IR775-
Cbl-treated cells, the mitochondria were found to be severely
damaged, showing vacuoles and membrane degradation (red
arrows).

First, CLSM imaging of EMT6 cells after diverse treatments
was performed by co-staining with Rhodamine 123 (Rh123) to
detect mitochondrial membrane potential that was closely
related with mitochondrial functions and integral to various
cell death and survival pathways (Fig. 3A).>° The fluorescence
intensity of Rh123 in the IR775-Cbl group decreased dramati-
cally, indicating a significant decrease in mitochondrial mem-
brane potential. The fluorescence signal of the Cbl group was
like that of the untreated group; thus, Cbl did not induce
obvious mitochondrial damage or dysfunction. This indirectly
reflected that Cbl itself found it hard to approach mitochon-

2618 | Biomater. Sci, 2024, 12, 2614-2625

dria. In addition, a subtle decrease in fluorescence was found
for the IR775 group as well as the IR775/Cbl mixture group
compared with the blank group, which probably resulted from
the entry of IR775 into the mitochondria.

Second, another probe, JC-1, a sensitive marker for mito-
chondrial membrane potential, was further adopted to stain
the cells after diverse treatments to examine the states of mito-
chondrial membrane potential (Fig. 3B). CLSM imaging
revealed that the green fluorescence in the IR775-Cbl group
was significantly stronger than the red fluorescence, and the
red fluorescence corresponding to the J-aggregate almost
disappeared.

On the contrary, the untreated control group and the three
extra groups all exhibited strong red fluorescence and relatively
weak green fluorescence, and a gradual fluorescence transition
from red to green indicated a significant loss of mitochondrial
membrane potential and probable depolarization of the mito-
chondria. The result indicated prominent mitochondrial
damage of tumor cells upon treatment with IR775-Cbl.
Furthermore, the change in the ratio of red to green fluo-
rescence was used as an indicator of the mitochondrial con-
dition,*® which was quantitively determined by FACS analysis

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 In vitro evaluation of mitochondrial damage initiated by the IR775-Cbl conjugate. (A) CLSM images of Rh123-stained EMT6 cells after

different treatments for 6 h at ~2.5 pM. (B) CLSM images of JC-1-stained EMT6 cells upon diverse treatments for 6 h at ~2.5 pM. (C) Flow cytometry
analysis of JC-1-stained EMTG6 cells after different treatments for 8 h to evaluate the mitochondrial membrane potential at ~2.5 pM. (D) Statistical
analysis of fluorescence intensity in (C). (E) Relative ATP levels for EMT6 cells upon diverse treatments for 24 h at ~2.5 pM (mean + SD, n = 3). (F)
CLSM imaging of mitochondrial morphology in EMT6 cells after diverse treatments for 8 h at ~10 pM; the cells were stained with Mitotracker Green.
(G) Transmission electron microscopy (TEM) micrographs of EMT6 cells. The control group shows normal mitochondria with clear cristae and intact
membranes (white arrows), while the IR775-Cbl group image shows severely damaged mitochondria showing vacuoles and membrane degradation

(red arrows).

via JC-1 staining (Fig. 3C and D). The flow cytometry dot plot
showed the gating of JC-1 (red)-aggregates and JC-1 (green)-
monomer populations. The increasing ratio of red to green
fluorescence further verified the impairment of mitochondrial
membrane potential upon incubation with IR775-Cbl. These
results indicated that treatment with IR775-Cbl could trigger
the depolarization of the mitochondrial membrane as well as
the resulting dysfunction, which would initiate subsequent
apoptosis and necrosis of tumor cells.®®

To further evaluate the mitochondrial dysfunction, the cel-
lular ATP level was accordingly measured for these groups
(Fig. 3E). When EMT6 cells were incubated with different
samples for 24 h, the ATP production was analyzed for these

This journal is © The Royal Society of Chemistry 2024

groups. The resultant IR775-Cbl group showed the most sig-
nificant ATP decrease, up to ~98%. These observations defi-
nitely demonstrated that IR775-Cbl could induce mitochon-
drial dysfunction of tumor cells.®

In vitro cytotoxicity and cell apoptosis

Mitochondrial dysfunction is associated with mitochondria-
associated cell death pathways.** Potential cell apoptosis and
necrosis induced by IR775-Cbl were analyzed by flow cytometry
with Annexin V-FITC/Propidium iodide (PI) double staining
(Fig. 4A and B). EMT6 cells were incubated with Cbl, IR775 or
IR775/Cbl mixture, and resultant IR775-Cbl nanoparticles, and
the untreated group served as a control. The flow cytometry

Biomater. Sci, 2024,12, 2614-2625 | 2619
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Fig. 4 In vitro cytotoxicity evaluation of IR775-Cbl. (A) Cell apoptosis and necrosis analyzed by a flow cytometer with Annexin V-FITC/PI double

staining after different treatments at ~10 pM. (B) Statistical analysis of flow cytometry data in (A) (mean + SD, n = 3). (C) Cell viability determined by
an MTT assay for EMT6 cells after different treatments for 48 h. (D) Bright field images of EMT6 cells upon incubation with IR775-Cbl for different
durations at ~10 uM. Yellow arrows indicate the typical shrinkage tendency of cells, and red arrows indicate some shrunken, rounded cells under the

influence of the drug conjugate.

analysis showed that the percentage of normal cell numbers in
the control, Cbl, IR775, IR775/Cbl mixture and IR775-Cbl
groups were ~93.46%, ~85.76%, ~71.78%, ~71.22% and
~47.82%, respectively, and the proportions of necrosis
induced by Cbl, IR775 and the IR775/Cbl mixture were
~9.99%, ~9.84%, and ~10.48%, while that of the IR775-Cbl
group was as high as ~46.40%. The high rate of necrosis in the
IR775-Cbl group most probably resulted from the impairment
of mitochondrial function, the existence of mtDNA was more
sensitive to possible alkylation due to the lack of a mitochon-
drial nucleic acid excision repair mechanism,*®®*®* and even
alkylation of mitochondrial proteins could potentially enhance

2620 | Biomater. Sci, 2024, 12, 2614-2625

its cytotoxicity and lead to rapid cell death.®*®> Overall, the
inhibition efficacy of alkylating drugs could be improved via
functionalization with mitochondrial targeting moieties.*®
Furthermore, the MCF-7 cell line, one of the most exten-
sively studied human breast cancer cell lines, was selected to
evaluate the cellular inhibition potency of the drug conjugate.
Typical Annexin V-FITC/PI double staining of MCF-7 cells after
diverse treatments was performed and quantitatively evaluated
by flow cytometry analysis (Fig. S11f). Compared with other
groups, IR775-Cbl led to a higher rate of cell necrosis at the
same dosage, which mostly resulted from the highly specific
accumulation of IR775-Cbl in the mitochondria. Apart from

This journal is © The Royal Society of Chemistry 2024
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probable in situ alkylation by an in situ high dosage of IR775-
Cbl in the mitochondria, the rigid hydrophobic segment in
IR775-Cbl could in principle also destroy the mitochondrial
membrane mainly composed of amphiphilic lipids and
proteins.®*

In addition, MTT assays were employed to evaluate the
in vitro cytotoxicity of IR775-Cbl against EMT6 cells (Fig. 4C).
As observed, the cytotoxicity of Cbl was almost negligible over
the whole concentration range, while the tumor cell inhibition
of IR775 and IR775/Cbl mixture were also compromised in the
tested range. Notably, the cytotoxicity of IR775-Cbl was much
higher than that of the other experimental groups, and the tox-
icity increased along with the increase in administrated
dosage. The content range of Cbl was further improved for
cytotoxicity analysis (Fig. S127). Taken together, the ICs, values
of IR775-Cbl and Cbl were determined to be ~1.87 pM and
~409.3 pM, respectively, indicating a remarkable ~218.8-fold
enhancement in cytotoxicity for Cbl after rational modification
with IR775.%® An extra human tumor cell line was accordingly
also examined. MTT assays against MCF-7 cells were per-
formed to examine the tumor cell inhibition potency
(Fig. S13%). The tumor cell inhibition efficacy of IR775-Cbl was
most prominent among the four groups, and the curve trend
agreed with the result towards EMT6 cells. For comparison,
the cytotoxicity of non-targeting TPE-Cbl was evaluated,
suggesting unapparent cellular toxicity (Fig. S14}). Thus, the
cytotoxicity of IR775-Cbl was postulated to mainly benefit from
its mitochondrial targeting potency.®®

Meanwhile, the morphological change in EMT6 cells was
recorded with their bright field imaging (Fig. 4D). For compari-
son, the untreated blank cells were employed as the sample at
0 h. The untreated cells exhibited an adherent stretching con-
figuration without abnormal shape change, upon incubation
with IR775-Cbl for 4 h; some cells became slightly shrunken,
whereas with an extension in incubation time to 8 h, most of
the cells became round, and the ability to adhere to the
culture dish became very weak. At 24 h, hardly any cells were
found in the culture dish after gentle PBS washing (Fig. S157).
The cell TEM images further visualize the changes in cell mor-
phology. The cells of the control group for the blank group
had an intact morphology and well-maintained cell mem-
branes, while the cells of the IR775-Cbl group showed obvious
damage with ruptured cell membranes and solidified nuclei
(Fig. S161). The morphological change further verified the
inhibition effect of IR775-Cbl towards EMT6 cells.

In vivo NIR imaging and tumor inhibition

Besides acting as a mitochondria-targeting moiety in IR775-
Cbl, IR775 is also an NIR-emissive fluorogen; thus, it can be
used for real-time fluorescence imaging in tumor theranos-
tics.®” To afford IR775-Cbl with optimized pharmacokinetics,
an aqueous dispersion of IR775-Cbl@PF127 was formulated
from the co-assembly of IR775-Cbl and Pluronic F-127
(PF127).°® The formulation content of IR775-Cbl in the resul-
tant dispersion was determined from the standard curve of
IR775-Cbl (Fig. S171). TEM analysis revealed spherical nano-
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structures for self-assembled micelles with an average size of
~80 nm, and the hydrodynamic diameter was measured by
DLS to be ~135 nm (Fig. S18At). The zeta potential of the
IR775-Cbl@PF127 dispersion was recorded to be nearly
neutral at ~—1.23 mV due to the protection of hydrophilic
corona. In addition, the size variation was insignificant after
one week of storage at room temperature; thus, the micellar
dispersion displayed favorable aqueous stability (Fig. S18BY).
In addition, the serum stability was explored in FBS and 1640
cell culture medium containing 10% FBS at 37 °C, (Fig. S197).
The results showed that IR775-Cbl@PF127 maintained good
stability in FBS and 1640 culture medium containing 10%
FBS, with insignificant changes in hydrodynamic diameter,
showing good colloidal stability.®® In contrast, IR775-Cbl
showed insignificant changes in particle size in FBS, but fluc-
tuated more in 1640 containing 10% FBS. This suggests that
the co-assembly of PF127 with IR775-Cbl improved its colloidal
stability in serum, which is favorable for subsequent bio-
medical applications.”® The in vivo biodistribution was evalu-
ated against EMT6 tumor-bearing mice (Fig. 5A). Upon intrave-
nous injection with an aqueous dispersion of IR775-
Cbl@PF127 for 3 h, the fluorescence signal at the tumor site
reached its maximum, which remained strong and observable
over the whole duration of the experiment even up to 24 h
post-injection (Fig. 5A). Thus, IR775-Cbl@PF127 could effec-
tively accumulate and be retained at the tumor site for over
24 h. The biodistribution of IR775 in vivo was also analyzed by
fluorescence imaging (Fig. S201). As observed, IR775 did not
significantly accumulate at the tumor site. At the same time,
the fluorescence imaging of the main organs and tumors was
observed 24 h after treatment. Besides the liver and kidneys,
IR775 exhibited strong fluorescence in the heart and lungs,
indicating potential organ toxicity, and PF127@IR775-Cbl
could alleviate above shortcomings.

Encouraged by the superior tumor cell inhibition of IR775-
Cbl, in vivo tumor inhibition was evaluated to examine the
therapeutic efficacy of IR775-Cbl. Previously, the cellular
uptake of IR775-Cbl@PF127 was evaluated at the cellular level.
The cellular uptake efficiency was significantly improved com-
pared to IR775-Cbl, suggesting the possibility of enhanced
efficacy (Fig. S211). EMT6 tumor-bearing mice were established
by subcutaneous injection of EMT6 cells into the flanks of
female BALB/c mice (Fig. 5B). The mice were divided into six
groups and treated by tail vein injection. The mice were treated
every three days, and the body weight and tumor volume of the
mice were recorded simultaneously during all six treatments.
Compared with the PBS group, the Cbl group, the
IR775 group, and the IR775/Cbl mixture group showed only
mild tumor inhibition, while the IR775-Cbl group further
exhibited much better inhibition than that of the abovemen-
tioned three groups. Notably, the IR775-Cbl@PF127 group
exhibited the most significant tumor inhibition, which pre-
sumably benefited from its favorable pharmacokinetics com-
pared with the IR775-Cbl group (Fig. 5C-E).”* Moreover, repre-
sentative H&E images of collected tumors from each group
showed that more dense cells with highly condensed nuclei
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Fig. 5 In vivo tumor imaging and inhibition. (A) Fluorescence imaging of EMT6 tumor-bearing mice upon intravenous injection with IR775-
Cbl@PF127 and typical fluorescent images of major organs and tumors collected at 24 h post-injection. (B) Schematics for in vivo tumor inhibition
against EMT6 tumor-bearing mice. (C) Tumor growth curves during the treatment process. (D) Typical tumor photographs collected from various
groups after diverse treatments. (E) Tumor weight of (D). (F) Body weight of EMT6 tumor-bearing mice in various groups in the treatment process.
(Mean + SD, n = 4). (G) Representative H&E images (20%) of tumor samples collected from different groups after diverse treatments.

appeared in the IR775-Cbl and IR775-Cbl@PF127-treated
groups, which were generally considered to be dead tumor
cells (Fig. 5G).

During the whole treatment process, no significant differ-
ence in body weight was observed among all the treatment
groups, indicating no obvious systemic toxicity during the
treatments (Fig. 5F). Finally, histological analysis of the major
organs was performed for the mice in different groups, and no

2622 | Biomater. Sci,, 2024,12, 2614-2625

obvious signal of organ damage was observed in any of the
groups; thus, potential side effects towards major organs were
minimal (Fig. S22). Meanwhile, hemolysis tests revealed that
IR775-Cbl@PF127 displayed a minimal hemolytic ratio, <5%
even at an equivalent IR775-Cbl dosage of 20 pM. For compari-
son, a native IR775-Cbl aqueous dispersion showed a slightly
elevated hemolytic ratio, <12% at 20 pM, which was also accep-
table in practical applications.”” The presence of PF127 defi-
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nitely reduced the positive charge exposure of IR775-Cbl and
further enhanced the biocompatibility of the drug aggregates
for in vivo applications (Fig. $237).”®> These results suggested
that current theranostic conjugate-formulated polymeric nano-
particles had superior safety and minimal side effects, which
lays down a solid foundation for promising clinical
translation.

Conclusions

In summary, Cbl is one of the oldest chemotherapeutic agents
commonly used for the treatment of chronic lymphocytic leu-
kemia, ovarian cancer, and low-grade malignant non-
Hodgkin’s lymphoma. This work asked whether there were
new opportunities to potentiate its native chemotherapeutic
efficacy via covalent modification with a mitochondria-target-
ing NIR fluorophore. Upon facile tethering with IR775, the
resultant IR775-Cbl conjugate could readily self-assemble into
spherical nanostructures with favorable aqueous stability. Cbl
has rarely been used for the treatment of breast tumor due to
its limited efficacy and serious side effects, while the resultant
IR775-Cbl demonstrated superior inhibition towards a breast
tumor model. IR775-Cbl was observed to selectively target the
mitochondria of tumor cells, triggering serious mitochondrial
dysfunction and rapid cell death, and achieving a significant
“1 + 1 > 2” amplifying effect in vitro and in vivo compared with
IR775 or CbI or an IR775/Cbl mixture. Furthermore, the pres-
ence of IR775 in IR775-Cbl guaranteed that the drug conjugate
could be discernable for real-time monitoring in vivo. The
current facile modification strategy with a mitochondria-target-
ing NIR dye is promising for endowing traditional drugs with
subcellular targeting, imaging, and remarkable therapeutic
efficacy. The simple nature of this method is helpful for pro-
moting clinical translation. Furthermore, the application field
of this work is not limited to tumor theranostics and is prob-
ably suitable for other diseases.
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