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Nucleus-targeted therapy holds great promise in cancer treatment; however, a lack of effective nucleus-
specific delivery significantly limits its application potential. Here, we report a nucleus-targeted
synergistic chemo-photodynamic therapy based on the self-assembly of chlorin e6 (Ce6) and
doxorubicin (DOX) tuned by clickable dibenzocyclooctyne (DIBO) functionalized lysine (D-K) and
subsequent reaction with crosslinkers. The assembled nanodrugs with high loading efficiency and long-
term stability show enhanced cellular uptake and accumulation in the nucleus, resulting in greatly
improved in vitro and in vivo chemo-photodynamic efficacy. Notably, D-K can promote the rapid self-

assembly of Ce6 and DOX in aqueous solution, avoiding the introduction of organic solvents or tedious

iigzgti?j 21;?1 ;E}:;ééjorglzozl preparations. In addition, the introduction of the DIBO group can effectively expand the types of self-
assembly material and enhance the self-assembly behaviour through a copper-free click reaction.

DOI: 10.1035/d1sc01073¢ Therefore, we present an effective nucleus-targeted combination drug delivery strategy, which has great
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Introduction

Over the past decade, organelle-targeted therapy has been
emerging as a promising anticancer approach. In comparison
to other apoptosis-associated cellular components, such as
mitochondria and lysosomes, the nucleus plays a critical role in
most biological cellular processes, and exhibits high sensitivity
to various types of DNA damage, making it a promising target
for antitumor therapy. Chemotherapy is one of the most
commonly used treatments for various cancers."” In recent
years, chemotherapy has been combined with other treatment
strategies such as photodynamic therapy (PDT) to overcome the
limitations of traditional single treatments through different
modes of action.*® PDT has been recognized as a potent
strategy for advanced combination treatment.**> However, the
inherent drawbacks of concurrent PDT, including low
bioavailability and poor systemic circulation, are still major
obstacles to its clinical applications.”® To improve the PDT
efficiency, various carriers have been developed, such as
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potential in the treatment of many diseases.

liposomes, and polymeric and inorganic nanoparticles.**”
Unfortunately, most of these carriers suffer from technical
problems of inconvenient preparation, low drug loading effi-
ciency and poor stability."®** In addition, the efficacy of PDT
largely depends on the subcellular localization of photosensi-
tizers (PS) due to the short transient lifetime and diffusion
range of reactive oxygen species (ROS).*® Thus, selective gener-
ation of ROS in specific organelles, such as the nucleus, that are
more susceptible to oxidative damage may significantly improve
therapeutic efficacy. Furthermore, the nucleus-targeting
delivery strategy makes it efficient to transport DOX into the
nucleus, which can induce direct inhibition of the DNA or RNA
synthesis process, while avoiding the P-glycoprotein associated
efflux pumping of DOX. Therefore, an effective strategy that
directly transports PS and DOX into cancer cell nuclei is greatly
needed for improving the combination treatment of PDT and
chemotherapy.

Molecular self-assembly is a versatile process that involves
an organized arrangement of molecules through non-covalent
interactions.”**® Various biomolecules including proteins,
peptides, and even amino acids have been employed as building
blocks for the construction of functional nanomaterials.>** In
particular, amino acids and their derivatives (e.g., fluo-
renylmethyloxycarbonyl (Fmoc) modified amino acids) offer
appreciable advantages over proteins and peptides in the
construction of nanoarchitectured functional systems, due to
their molecular simplicity, biostability, and inherent biocom-
patibility.>** Recent studies show that amino acids can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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spontaneously assemble to form ordered nanomaterials with
various morphologies by simply manipulating the coordination
and noncovalent interactions.>** Although amino acid self-
assembly exhibits benefits for integrating drugs into thera-
peutic nanoparticles,*®*” no studies have actually managed to
develop nucleus-targeted nanodrugs. To accomplish this task,
there is an urgent need for a new amino acid self-assembly
method to achieve selective delivery of therapeutics not only
to the same cells, but also to therapeutically active sites in the
nucleus.

Here, we present a sequential self-click-assembly strategy,
which utilized amphiphilic amino acid D-K mediated self-
assembly to construct multi-component nanoplatforms for
nucleus-targeted delivery of PS and anticancer drugs. As shown
in Scheme 1a, the traditional amino acid protecting group Fmoc
was changed to the dibenzocyclooctyne (DIBO) functional group
in D-K mainly for copper-free click chemistry, which can effec-
tively expand the types of self-assembly material and enhance
the self-assembly behaviour under mild conditions. Ce6 and
DOX molecules can be integrated into the amphiphilic
networks of D-K through multiple weak intermolecular inter-
actions, including -7 stacking, hydrophobic and electrostatic
interactions, and then assembled with azide crosslinkers (4-A)
through a copper-free click reaction to generate a D-KCD/A
multi-component nanoplatform. D-KCD/A could not only
improve the drug loading efficacy, but also enhance the accu-
mulation of Ce6 and DOX in the nucleus, which greatly
enhanced the synergistic effects of in vitro and in vivo PDT and
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Scheme 1 Schematic illustration of D-K tuned self-assembly of Ce6
and DOX for nucleus-targeted synergistic chemo-photodynamic
therapy. (A) Schematic of the formation of D-KCD/A nanoparticles via
D-K tuned self-assembly of Ce6 and DOX based on w—m stacking,
hydrophobic and electrostatic interactions. (B) Schematic illustration
of self-assembled D-KCD/A nanoparticles for nuclear accumulation of
Ceb and DOX to greatly improve the synergistic antitumor efficacy of
chemo-photodynamic therapy.
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chemotherapy (Scheme 1B). Thus, D-KCD/A represents a prom-
ising nucleus-targeted platform for combination therapy, and
may have potential for improving the management of malig-
nant diseases.

Results and discussion
Synthesis of D-K and 4-A

The synthesis of D-K and 4-A is illustrated in Fig. 1. Initially,
Boc-lysine-NHS was reacted with ethylenediamine to afford
compound 1, which was reacted with 4-nitrophenyl
chloroformate-substituted DIBO to get compound 2. The final
D-K was obtained by deprotecting the Boc groups with hydro-
chloric acid. 3-Azido-1-propanol was reacted with triflic anhy-
dride to get compound 3, which was further reacted with
tetraazacyclododecane to afford 4-A. All intermediates and final
compounds were carefully characterized and confirmed by
nuclear magnetic resonance (NMR) and mass spectroscopy
(MS).

Preparation and characterization of D-K tuned self-assembly

We next investigated the capability of D-K to regulate the self-
assembly of nanoparticles loaded with Ce6 and DOX. The
morphology and size of nanoparticles containing different
components were identified using transmission electron
microscopy (TEM) and dynamic light scattering (DLS). As shown
in Fig. 2A and B, loose nanoparticle agglomerates (D-KC) were
formed upon mixing D-K (0.233 mg mL ") and Ce6 (0.08 mg
mL "), and had an average diameter of 250 nm and zeta
potential of about 8 mV (Fig. 2C). However, D-KC was trans-
formed into a compact nanostructure after crosslinking with 4-
A (0.067 mg mL™"), generating D-KC/A with the decrease of
particle sizes and the increase of zeta potentials. Importantly,
we found that the integration of DOX (0.08 mg mL™") into D-KC/
A had no effects on the morphology of the nanoparticles (D-
KCD/A), but a smaller size and higher zeta potential were
observed, indicating that DOX further enhances the hydro-
phobic and electrostatic interactions within nanoparticles. It is
worth noting that the particle size of both D-KC/A and D-KCD/A
measured by DLS was larger than that observed by TEM, which
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Fig. 1 The synthetic route to D-K and 4-A.

Chem. Sci., 2021, 12, 8394-8400 | 8395


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc01073e

Open Access Article. Published on 14 May 2021. Downloaded on 7/23/2025 12:56:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

... |

25
2\cLZ(,-DKC ézo-DKCIA
215 215
£ 10 2 10
Q [
£ 5 £ 5
0 0
100 1000 100 1000
Size(nm) Size(nm)
—, . —Ce6 —DOX
5 1.51-D- KC_ - D-KCIA
©
> 1.
20.
2
£0.0
500 550 600 650 700 0 2 103060
Wavelength (nm) Time (days)

View Article Online

Edge Article

N W
o ©

Zeta Potential (mV)
)

~ %/mED-KCD/A
22 8
=1
c 10 o
Q 7]
£ 5 2
= 0 <00
1_00 1000 300 450 600 750
Size(nm) Wavelength (nm)
500 = Aqueous H
= 400 = Medium -
£ £
£ 300 £
8 200 g
®» 100 »n
0
(SIS S 0 2 4 81224
N & Time (h)
0 o'

Fig. 2 Characterization of various drug nanoparticles based on D-K mediated self-assembly. (A) TEM images, (B) size distributions, and (C) zeta
potentials of different D-K regulated self-assembled nanoparticles. (D) UV-visible absorption and (E) fluorescence spectra of monomeric Ce6,
monomeric DOX and various self-assembled nanoparticles. The excitation wavelength of Ce6 is 400 nm and that of DOX is 488 nm. (F) Long-
term storage stability of various assembled nanoparticles in aqueous solution. The results indicated that assembled nanoparticles with cross-
linking agents exhibited good stability in aqueous solution for at least two months. (G) Serum stability of the assembled nanoparticles after
incubation with cell medium containing 10% (w/w) fetal bovine serum (FBS). The assembled nanoparticles showed a stable dispersion in the cell
culture medium with minimal size increases due to the protein adsorption in the medium. (H) Size change of various assembled Ce6 nano-
particles over time in cell medium containing 10% (w/w) fetal bovine serum (FBS).

may be due to the fact that DLS provided the hydrodynamic
diameter of nanoparticles with a hydride corona, while the TEM
image depicted the real size of dry state samples. In addition,
UV-vis absorption and fluorescence spectroscopy were applied
to investigate the intermolecular interactions to gain insight
into the molecular configuration and arrangement of the self-
assembled nanostructures (Fig. 2D and E). In comparison to
monomeric Ce6, D-KC showed a weak red-shifted absorbance in
both the Soret and Q bands, due to Ce6 aggregation. The
crosslinking of 4-A enhanced the Q-band absorption of Ce6 in
D-KC nanoparticles, indicating the formation of a stable Ce6
complex. The integration of DOX into D-KC/A could enhance
the absorption of Ce6. Moreover, we found that the fluorescence
of D-KC and D-KC/A dramatically decreased due to the aggre-
gation of assembled Ce6 (A, = 400 nm), compared with
monomeric Ce6. However, the fluorescence of Ce6 was partially
restored after integrating DOX; meanwhile, the fluorescence of
DOX (Aex = 488 nm) was greatly quenched. All these data indi-
cate that D-K mediated self-assembly can effectively integrate
Ce6 into nanoplatforms and DOX could coordinate with Ce6
and D-K to further increase the intermolecular hydrophobic and
electrostatic interactions.*® The loading efficiency of both Ce6

8396 | Chem. Sci., 2021, 12, 8394-8400

and DOX was 17%, respectively. Notably, the assembled D-KC/A
and D-KCD/A nanoparticles with cross-linking agents were
stable both in aqueous solution and culture medium (Fig. 2F-
H), thus facilitating further biological applications.

Cellular uptake and nuclear accumulation of various self-
assembled nanoparticles regulated by D-K

To investigate the capability of self-assembled nanoparticles to
improve the cellular uptake and nuclear localization of Ce6 and
DOX, breast cancer 4T1 cells were incubated with free Ce6, D-
KC, D-KC/A or D-KCD/A for 2 h, followed by imaging with
a fluorescence microscope. The cell nucleus was stained with
4,6-diamidino-2-phenylindole (DAPI) for identifying nuclear
accumulation. As shown in Fig. 3A, all self-assembled nano-
formulations were effectively transported into the cells, while
free Ce6 exhibited weak intracellular uptake. Importantly, 4-A
mediated click crosslinking in the nanoparticles facilitated
nuclear translocation, causing a high accumulation of Ce6 and
DOX in the nucleus (Fig. 3B and C). These data demonstrate
that D-K coordinated self-assembly provides a potent strategy to
improve cellular uptake and nuclear targeting of drugs.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Cellular uptake and nuclear accumulation of various self-assembled nanoparticles. (A) Fluorescence images of the intracellular location of
free Ce6 and its various assembled nanoparticles after incubation with 4T1 cells. Scale bars: 10 um. (B) Representative flow cytometry histograms
and (C) quantitative analysis of the uptake of different self-assembled nanoparticles regulated by D-K (PB450: ex 405 nm, em 660 nm; PE: ex

488 nm, em 585 nm).

Cellular transport mechanism and in vitro antitumor efficacy

In consideration of the fact that endocytosis is a critical step in
determining the intranuclear accumulation of nanoparticles,
we evaluated the cellular uptake mechanism of D-KCD/A. As
shown in Fig. 4A, compared with the control group, the cellular
uptake of D-KCD/A nanoparticles was significantly reduced at
4 °C, or by pretreatment with sodium azide (an adenosine
triphosphate consumptive agent). In addition, a low uptake of
D-KCD/A was also observed in cells treated with genistein or
methyl-p-cyclodextrin (M-B-CD), indicating that caveolin and
lipid raft associated pathways are involved in the cellular
internalization process. Taken together, these results suggest
that D-KCD/A is actively transported in cells through multiple
endocytic pathways, leading to enhanced cellular uptake. Next,

© 2021 The Author(s). Published by the Royal Society of Chemistry

we also investigated the nuclear transportation mechanism of
D-KCD/A. Cells were preincubated with ivermectin, a specific
inhibitor of importin (ImP) mediated nuclear import, followed
by incubating D-KCD/A. Minimal inhibition of the nuclear
localization of D-KCD/A was observed (Fig. 4B), indicating that
the intranuclear entry of D-KCD/A was ImP-independent.

To identify the therapeutic potential of D-KCD/A, the
generation of singlet oxygen ('0,) under light irradiation
(660 nm, 100 mW cm 2, 2 min) was measured using singlet
oxygen sensor green (SOSG). It was clear that D-KCD/A had no
effects on the singlet oxygen production efficiency of Ce6 in
NaCl solution (Fig. 4C). In addition, the fluorescence of Ce6 can
be recovered in a high ionic strength environment (Fig. S17),
which further indicated the decomposition of nanoparticles
and the release of Ce6, thus achieving effective PDT activation.

Chem. Sci., 2021, 12, 8394-8400 | 8397
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Fig. 4 Cellular transport mechanism and in vitro cytotoxicity. (A) Effects of various inhibitors (4 °C, NaNs, M-B-CD and genistein) on cellular
uptake of D-KCD/A nanoparticles. (B) Fluorescence images of the cellular location of D-KCD/A nanoparticles in the presence of an importin
inhibitor (ivermectin). Scale bars: 5 um. (C) The singlet oxygen generation capacity of different Ce6 nano-formulations determined by measuring
the absorption intensity of SOSG under 660 nm LED light. (D) Cytotoxicity of free Ce6 and its various assembled nanoparticles with or without
irradiation. (E) Relative viabilities of 4T1 cells after incubation with different concentrations of D-K.

Moreover, cell survival assay clearly revealed that the anticancer  Biodistribution
efficacy of both D-KC and D-KC/A was much higher than that of
free Ce6 (Fig. 4D). Notably, D-KCD/A exhibited the highest
cytotoxicity, confirming the synergistic effects of nucleus-
targeted chemo-photodynamic therapy. Meanwhile, no

We next investigated the in vivo distribution of D-KCD/A in
a 4T1 tumor xenograft mouse model. Free Ce6, D-KC/A, and D-
KCD/A were intravenously injected into the mice and the fluo-
rescence was imaged in vivo and ex vivo. Fig. 5A shows that both
D-KC/A and D-KCD/A rapidly accumulated in tumor tissues, and
generated strong fluorescent signals 8 h after injection. The
strong fluorescence could even be observed for up to 24 h,
indicating their tumor specificity. In contrast, mice treated with

apparent cytotoxicity was observed in any of the treatments
without light stimulation (Fig. 4E), suggesting the good
biocompatibility of D-K. These data indicate the great potential
of self-assembled nanoformulations for cancer treatment.
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Fig. 5 In vivo biodistribution of different self-assembled Ce6 nanoparticles. (A) Whole body fluorescence images of 4T1 tumor-bearing nude
mice at different time points after intravenous injection of free Ce6, D-KC/A and D-KCD/A nanoparticles. (B) Ex vivo fluorescence images and (C)
quantification of fluorescence intensities of the tumors and major organs derived from the mice 24 h after injection.
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Fig. 6

In vivo antitumor effect. (A) Change in tumor volume of mice treated with free Ce6, DOX, D-KC/A and D-KCD/A nanoparticles with

equivalent amounts of Ce6 (2 mg kg™) and DOX (2 mg kg ™) followed by irradiation (660 nm, 200 mW cm~2, 10 min). (B) Weight of the excised
tumors after treatments. (C) Variation in the body weight of mice during different treatments. *p < 0.05, ***p < 0.001. Data are presented as mean

+ SD (n = 5). (D) H&E staining of tumor tissues. Scale bars: 50 pm.

free Ce6 showed weak fluorescence at tumor sites, and the
fluorescence greatly attenuated 24 h after injection, due to low
tumor uptake and fast clearance of free Ce6. Ex vivo imaging of
major organs and tumors harvested 24 h post injection further
confirmed the enhanced tumor accumulation and retention of
self-assembled Ce6 nanoparticles (Fig. 5B), which was also
validated by the quantitative results obtained from the region-
of-interest analyses (Fig. 5C).

In vivo antitumour activity

Based on the above results, we systematically evaluated the in
vivo antitumor efficacy of self-assembled Ce6 nanoparticles in
4T1 tumor-bearing mice. As shown in Fig. 6A, tumor growth was
effectively inhibited by Ce6 loaded D-KC/A nanoparticles under
laser irradiation (660 nm, 200 mW cm 2, 10 min), while
minimal tumor inhibition was observed in mice treated with
free Ce6. Importantly, Ce6 and DOX co-loaded D-KCD/A nano-
particles showed the best anticancer effects, suggesting
enhanced anticancer effects of synergistic chemo-
photodynamic therapy. Furthermore, tumor weights were
measured at the end of the experiment, and demonstrated the
optimal therapeutic effect of D-KCD/A nanoparticles (Fig. 6B),
confirming the importance of combination therapy. Moreover,
hematoxylin and eosin (H&E) staining revealed that self-
assembled Ce6 nanoparticles including D-KC/A and D-KCD/A
caused significant necrosis in the tumor tissue under light
irradiation (Fig. 6D). In contrast, negligible damage was
observed in healthy organs, such as the heart, liver, spleen,
lungs, and kidneys (Fig. S21). Meanwhile, minimal changes in
body weights were observed during treatment (Fig. 6C), indi-
cating their good biocompatibility. All these results suggest that
the D-KCD/A multi-component nanoplatform is a promising
strategy for cancer treatment.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Conclusions

In summary, we present a facile and robust multi-component
amphiphilic amino acid based nanoplatform for enhancing
simultaneous intranuclear delivery of PS and anticancer drugs.
In this strategy, Ce6 and DOX were directly used as building
blocks to construct well-defined nanoparticles through cyclo-
octyne functionalized lysine (D-K) regulated self-assembly,
which could avoid the utilization of any organic solvents or
other tedious post-processing steps. The self-assembled nano-
drugs showed enhanced cellular uptake and nuclear accumu-
lation of Ce6 and DOX, and could not only significantly improve
their cytotoxicity in cancer cells, but also minimize side effects.
Importantly, D-KCD/A could selectively accumulate and retain
in the tumor site, and exhibited optimal tumor growth inhibi-
tion via a multi-modal tumor suppressive effect induced by PDT
and chemotherapy. Notably, the traditional amino acid pro-
tecting group Fmoc was changed to the DIBO functional group,
and thus through changing the azide containing crosslinkers,
a series of novel nucleus-targeting nanomaterials can be
prepared simply and rapidly based on a copper-free click reac-
tion with D-K, which can effectively expand the types of self-
assembly material and enhance the self-assembly behavior
under mild conditions. Therefore, our work proves the great
potential of clickable amino acid derivatives as attractive and
powerful tools for developing a self-assembled multi-
component nucleus-targeted delivery nanoplatform for cancer
treatment.
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