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Palbociclib is the world's first CDK4/6 kinase inhibitor to be marketed. However, it is not effective in the
treatment of triple negative breast cancer (TNBC) due to the loss of retinoblastoma protein expression.
Thus, combinatorial chemotherapy is indispensable for TNBC treatment. Herein, a carrier-free
nanomedicine self-assembled from palbociclib dimers and Ce6 for enhanced combined chemo-
photodynamic therapy of breast cancer is reported. The dimeric prodrug (Palb-TK-Palb) was synthesized
by conjugating two palbociclib molecules to the connecting skeleton containing a ROS-responsive
cleavable thioketal bond. The Palb-TK-Palb/Ce6 NP co-delivery nanoplatform was prepared through the
self-assembly of Palb-TK-Palb, Ce6 and DSPE-PEG2000. This novel carrier-free formulation as an
efficient therapeutic agent showed efficient therapeutic agent loading capacity, high cellular uptake and
huge therapeutic performance against breast cancer cells. The results of in vitro antitumor activity and
cell apoptosis demonstrated that Palb-TK-Palb/Ce6 NPs presented a better inhibitory effect on the
growth of cancer cells due to the palbociclib and Ce6 co-delivery nanomedicine-mediated synergistic
chemo-photodynamic therapy. The ICsq values of Palb-TK-Palb/Ce6 NPs in MDA-MB-231 cells were
around 1-2 uM and 2 pM and the Palb-TK-Palb/Ce6 NPs showed an increase in apoptosis up to 91.9%.
In general, the carrier-free nanomedicine self-assembled from palbociclib dimers and Ce6 provides

rsc.li/rsc-advances

1. Introduction

According to Global Cancer Statistics 2020, breast cancer is the
most commonly diagnosed cancer among women and remains
the second principal cause of cancer-related death." Among all
subtypes of breast tumors, triple negative breast cancer (TNBC)
is considered nearly fatal for its high metastatic capacity, rela-
tively poor prognosis and lack of effective treatment options.**
Currently, chemotherapy is the main treatment for early and
late stage TNBC. Palbociclib is a specific inhibitor of cell cycle
protein-dependent kinase 4/6 (CDK4/6). Recently, it has become
a star drug for breast cancer, especially for estrogen receptor-
positive breast cancer.* Since TNBC is short of retinoblastoma
protein expression, which is critical for the response of CDK4/6
inhibitors, palbociclib is not very effective in the treatment of
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options for combinatorial chemo-photodynamic therapy.

TNBC.? In addition, concomitant administration of palbociclib
with cytotoxic paclitaxel or doxorubicin against TNBC had an
antagonistic effect.*” Even so, palbociclib is still able to inhibit
the cyclin D3-CDK6 and reduce the flow of glucose-derived
carbon into the pentose phosphate and serine synthesis path-
ways, leading to a significant increase of reactive oxygen species
(ROS) level in tumor.® Preclinical evidence reveals that palbo-
ciclib can lead to tumor regression, resulting in a net decrease
in tumor burden.>* Palbociclib is now in clinical trials for
treatment of TNBC patients who are overexpressing the
androgen receptor (AR)."'> We therefore hypothesized that
combination of chemotherapy mediated by palbociclib and
photodynamic therapy (PDT) could produce a synergistic and
enhanced effect against TNBC.

PDT uses photosensitizer (PS) to convert molecular oxygen
into ROS with high cytotoxicity in cells and tissues under laser
irradiation at specific wavelength, thereby inducing tumor cell
necrosis and apoptosis to achieve the therapeutic purpose.”*™**
This therapy provides the advantages of high accuracy, good
controllability, and low side effects on healthy tissues.'®
However, most photosensitizers have poor water solubility, poor
stability and low intracellular accumulation in tumor cells, and
these drawbacks limit their wide application in biological
media."®" The utilization of nanocarriers is the most common
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strategy to improve the water solubility of photosensitizers.*
Nevertheless, disadvantages including low drug loading effi-
cacy, complicated synthesis carriers induced bio-insafety etc.,
restrict the practical use of carrier-based nanomedicines.”>**
Meanwhile, it is also encouraged to use minimum amount of
excipient as possible the large-scale industry.>*>*

Recently, carrier-free nanomedicines were proposed for
efficient cancer therapy. Among them, drug-drug conjugates
especially drug dimers nano-assemblies were the most
commonly used.**” Drug dimers are prodrugs by conjugating
two same therapeutic agents directly or via a short stimuli-
responsive linker.”*** As a result, the carrier-free nano-
medicines formed by the self-assembly of drug dimers in the
absence of non-therapeutic carriers demonstrate several
outstanding properties such as high biosecurity and free from
the carrier-induced immunogenicity and toxicities, simple drug
compositions and preparation procedures and high drug
loading rates.”® Dimers of podophyllotoxin (PPT),** SN-38,*
CPT* and PTX**** with different linkers have exhibited high
drug delivery potential. However, palbociclib-based dimers have
been rarely reported to date.*” In addition to its unique prop-
erties, the drug dimers could also co-assemble with other
therapeutic agents for synergistic treatments. For instance, the
oxidation-responsive cabazitaxel dimers (CTX-S-CTX) were self-
assembled with PPa to obtain pCTX-S-CTX/PPa nanodrugs for
self-enhancing chemo-photodynamic therapy.** The PPa-
generated ROS together with the endogenous ROS synergisti-
cally facilitated the release of CTX.

Herein, inspired by the background and findings above, we
designed and developed a carrier-free nanomedicines self-
assembled with ROS-responsive palbociclib dimer prodrug
and photosensitizer Chlorin E6 (Ce6) for combined chemo-
photodynamic therapy of TNBC. Drug dimers (Palb-TK-Palb)
through conjugating palbociclib with ROS-responsive cleav-
able thioketal linkages was synthesized. The prodrugs could
be fabricated into drug nanoparticles (Palb-TK-Palb/Ce6 NPs)
with Ce6 via reprecipitation method. This novel carrier-free
nanoplatform could significantly improve the water solu-
bility and stability of palbociclib and Ce6, thereby increasing
effective accumulation at cancer cells sites. When the co-
delivery systems were irradiated with a 660 nm laser in
breast cancer cells, ROS was generated, and the endogenous
ROS together with Ceé6-generated ROS synergistically trig-
gered the cleavage of Palb-TK-Palb for controlled release of
palbociclib to perform chemotherapy. Moreover, the gener-
ated ROS also performed PDT to promote combined thera-
peutic effects. Overall, the carrier-free nanomedicine system
might be considered an effective strategy to enhance syner-
gistic effect and improve the therapeutic efficiency of TNBC
treatment.

2. Materials and methods

All chemicals and reagents were obtained commercially and
were used as received. Chlorin E6 (Ce6) was purchased from
Macklin Biochemical Technology Co., LTD (Shanghai, China).
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
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[methoxy(polyethylene glycol)-2000] (ammonium salt) (DSPE-
PEG2000) was obtained from Avanti Polar Lipids (USA). 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide
(MTT) was purchased from Sangon Biotech (Shanghai, China).
Hoechst 33342, Total Glutathione Assay Kit, Lipid Perox-
idation MDA Assay Kit, Calcein/PI Cell Viability/Cytotoxicity
Assay Kit and Annexin V-FITC Apoptosis Detection Kit were
purchased from Beyotime Biotechnology (Shanghai, China).
Human triple-negative breast cancer MDA-MB-231 cell line
was purchased from the Cobioer Biosciences (Nanjing, China).
The products were purified by Biotage Isolera™ Spektra
Systems. 'H and '*C NMR were performed on a Bruker 400
spectrometer.

2.1. Synthesis of Palb-TA-Palb

2-(7-Azabenzotriazol-1-yl)-N,N,N',N-tetramethyluronium hexa-
fluorophosphate (HATU, 160.0 mg, 0.42 mmol) and N,N-diiso-
propylethylamine (DIPEA, 79.7 mg, 0.63 mmol) were added
sequentially to a mixture dichloromethane solution (20 mL) of
TK-COOH  (3,3"(propane-2,2-diylbis(sulfanediyl))dipropionic
acid, 25.1 mg, 0.10 mmol) at 0 °C. After stirring for 30 min,
palbociclib hydrochloride (100.2 mg, 0.21 mmol) was added to
the mixture. The resulting mixture was stirred for 24 h at room
temperature and then was concentrated by rotatory evaporator.
After purification by column chromatography over silica gel
eluting with a gradient of CH;0H/CH,Cl, (0 to 10%), Palb-TA-
Palb was obtained as yellow powder (yield: 87%).

'H-NMR (CDCl;, 400 MHz): 6/ppm 8.85 (s, 2H, -CH-), 8.31-
8.21 (m, 2H, -CH-), 8.11-8.03 (m, 2H, -CH-), 7.35-7.43 (m, 2H,
-CH-), 5.92-5.81 (m, 2H, -CH-), 3.87-3.78 (m, 4H, -CH,-),
3.73-3.63 (m, 4H, -CH,-), 3.24-3.12 (m, 8H, ~CH,-), 2.95-2.91
(m, 4H, -CH,-), 2.72-2.63 (m, 4H, -CH,-), 2.55 (s, 6H, -CH3),
2.38 (s, 6H, -CH3), 2.36-2.31 (m, 2H, -CH-), 2.13-2.00 (m, 4H, -
CH,-), 1.94-1.84 (m, 4H, -CH,-), 1.79-1.65 (m, 8H, -CH,-), 1.64
(s, 6H, -CH,). ">*C NMR (CDCl;, 100 MHz): 6/ppm 202.5, 169.7,
161.4, 158.4, 157.9, 157.1, 155.6, 145.6, 143.1, 141.6, 131.1,
113.9, 108.0, 56.2, 54.2, 49.9, 45.3, 41.5, 33.2, 31.5, 30.9, 28.1,
25.8. HRMS (ESI): m/z calculated for CsoH7oN1406S, [M + H]
1111.5117; found 1111.5105.

2.2. Synthesis of Palb-TK-Palb

A solution of 4-nitrophenyl chloroformate (411.4 mg, 2.10
mmol) in CH,Cl, (2 mL) was dropwise added to a mixture
dichloromethane solution (20 mL) of TK-OH (3,3"-(propane-
2,2-diylbis(sulfanediyl))bis(propan-1-ol), 25.1 mg, 0.11 mmol)
and DIPEA (516.1 mg, 4.00 mmol) at 0 °C. The resulting
mixture was stirred overnight at room temperature and
concentrated by rotatory evaporator. The crude product was
dissolved in DMF (6 mL) immediately and palbociclib hydro-
chloride (100.1 mg, 0.21 mmol) was added. The resulting
mixture was stirred for 24 h at room temperature and then was
concentrated by rotatory evaporator. After purification by
column chromatography over silica gel eluting with a gradient
of CH3;0H/CH,Cl, (0 to 10%), Palb-TK-Palb was obtained as
yellow powder (yield: 62%).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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"H-NMR (CDCl;, 400 MHz): é/ppm 8.91 (s, 2H, -CH-), 8.26~
8.10 (m, 4H, -CH-), 7.39-7.31 (m, 2H, -CH-), 5.93-5.81 (m, 2H,
-CH-), 4.27-4.16 (m, 4H, -CH,-), 3.73-3.62 (m, 8H, —-CH,-),
3.23-3.10 (m, 8H, -CH,-), 2.75-2.66 (m, 4H, -CH,-), 2.55 (s, 6H,
-CH3), 2.39 (s, 6H, -CH3), 2.37-2.32 (m, 2H, -CH-), 2.13-2.03
(m, 4H, -CH,-), 2.00-1.93 (m, 4H, -CH,-), 1.93-1.83 (m, 4H, -
CH,-), 1.76-1.65 (m, 4H, -CH,-), 1.62-1.60 (m, 4H, -CH,-), 1.59
(s, 6H, -CH,). '*C NMR (CDCl;, 100 MHz): 6/ppm 202.5, 161.4,
158.2, 157.3, 155.6, 155.2, 145.8, 143.3, 141.8, 137.0, 130.8,
127.0, 113.6, 107.6, 64.6, 56.3, 54.2, 43.6, 31.5, 31.0, 29.2, 28.1,
26.8, 25.7. HRMS (ESI): m/z calculated for C5oH,4N;,04S, [M +
H]" 1171.5328; found 1171.5341.

2.3. Synthesis of Palb-CC-Palb

A solution of 4-nitrophenyl chloroformate (411.4 mg, 2.10
mmol) in CH,Cl, (2 mL) was dropwise added to a mixture
dichloromethane solution (20 mL) of CC-OH (nonane-1,9-
diol, 25.1 mg, 0.10 mmol) and DIPEA (516.2 mg, 4.01 mmol)
at 0 °C. The resulting mixture was stirred overnight at room
temperature and concentrated by rotatory evaporator. The
crude product was dissolved in DMF (6 mL) immediately and
palbociclib hydrochloride (100.2 mg, 0.21 mmol) was added
to the mixture. The resulting mixture was stirred for 24 h at
room temperature and then was concentrated by rotatory
evaporator. After purification by column chromatography
over silica gel eluting with a gradient of CH;0H/CH,CI, (0 to
10%), Palb-CC-Palb was obtained as yellow powder (yield:
71.2%).

"H-NMR (CDCl;, 400 MHz): §/ppm 8.89 (s, 2H, -CH-), 8.27-
8.14 (m, 2H, -CH-), 8.16-8.09 (m, 2H, ~-CH-), 7.41-7.33 (m, 2H,
-CH-), 5.93-5.83 (m, 2H, -CH-), 4.17-4.06 (m, 4H, -CH,-),
3.72-3.63 (m, 8H, -CH,-), 3.22-3.08 (m, 8H, -CH,-), 2.55 (s, 6H,
-CHj,), 2.39 (s, 6H, -CH;), 2.38-2.33 (m, 2H, -CH-), 2.13-1.97
(m, 4H, -CH,-), 1.94-1.83 (m, 4H, -CH,-), 1.73-1.61 (m, 12H, -
CH,-), 1.37-1.28 (m, 10H, -CH,-). *C NMR (CDCl;, 100 MHz):
6/ppm 202.6, 161.4, 158.2, 157.2, 155.2, 145.7, 143.4, 141.8,
136.9,130.8,127.0,113.7,107.6, 65.8, 63.0, 54.2, 49.8, 43.6, 31.5,
29.7, 29.5, 29.3, 29.2, 29.1, 29.0, 28.9, 28.1, 25.9, 25.7. HRMS
(ESI): m/z calculated for CsoH,4N;,05S, [M + H]' 1107.5887;
found 1107.5881.

2.4. Preparation of NPs

The NP-1-NP-7 were formed with Palb-TK-Palb and different
weight DSPE-PEG2000. 2.0 mg Palb-TK-Palb and DSPE-PEG2000
(0%, 10%, 15%, 20%, 25%, 27.5%, 30% weight of Palb-TK-Palb)
were dissolved in 1 mL of DMSO. Then, the mixture was added
dropwise to 10 mL of deionized water under stirring vigorously.
After 2 h, DMSO and the not self-assembled Palb-TK-Palb were
removed through dialysis against distilled water (MWCO =
1000). Palb-TK-Palb NPs, Palb-TA-Palb NPs and Palb-CC-Palb
NPs were also prepared similarly with 0.75 mg DSPE-PEG2000
(27.5% weight of dimer prodrug).

The Ce6 loaded nanoparticles (Palb-TA-Palb/Ce6 NPs, Palb-
TK-Palb/Ce6 NPs and Palb-CC-Palb/Ce6 NPs) were also
prepared similarly. Starting feeding amount of NPs was 2.0 mg
Palb-TK-Palb (Palb-TA-Palb or Palb-CC-Palb), 0.75 mg DSPE-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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PEG2000 and 2.0 mg Ce6. The preparation of SPC/Ce6 NPs as
controls was the same as the above, except that SPC/Ce6 NPs
were prepared by using 1-palmitoyl-2-linoleoyl-sn-glycero-3-
phosphocholine (SPC) rather than dimer prodrug.

The concentration of Ce6 and palbociclib was determined by
the UV absorbance at 660 nm and 366 nm according to the
standard calibration curve of Ce6 and palbociclib in DMSO.

2.5. Size and morphology of NPs

The size of NPs with different proportions was first character-
ized by dynamic light scattering (DLS) using Zetasizer Nano ZSP
instrument (Malvern Instruments Ltd) at room temperature.
Then, the size and morphology of Palb-TK-Palb NPs and Palb-
TK-Palb/Ce6 NPs were measured by DLS and TEM (JEM-
1400plus system (JEOL, Japan)).

The storage stability of Palb-TK-Palb/Ce6 NPs was examined.
After storing at 4 °C for 1, 5 and 12 days, the particle size was
examined by DLS. The Palb-TK-Palb/Ce6 NPs were incubated
under 100 mM H,O, or PBS (0.05 M, pH 5.0) at 37 °C for 48 h.
The changes in size were monitored by DLS.

2.6. The drug loading content (DLC) and drug loading
efficiency (DLE)

In brief, a certain amount of NPs was lyophilized and weighed.
The concentration of palbociclib and Ce6 in NPs was deter-
mined through UV-vis spectra according to the standard curve
of palbociclib and Ce6. The DLCs and DLEs were calculated by
the following equation:

DLC (100%) = (weight of drug in NPs/weight of NPs) x 100%

DLE (100%) = (weight of drug in NPs/weight of added drug) x
100%

2.7. Cell culture

Medium consisting of DMEM and 10% FBS was used to culture
the human triple negative breast cancer MDA-MB-231 cells.
MDA-MB-231 cells were kept at 37 °C in a humidified environ-
ment with 5% CO,.

2.8. Cell uptake

MDA-MB-231 cells were seeded into 96-well microplates (Per-
kinElmer) and cultured at 37 °C for 24 h. Cells were treated with
free Ce6, SPC/Ce6 NPs, and Palb-TK-Palb/Ce6 NPs (2 uM
equivalent Ce6) for 4 h. Hoechst 33342 (Aex = 346 nm, Aep, = 460
nm) was used to stained the cell nuclei for 10 min. Then, the
cells were washed and photographed by the high content
analysis system.

Flow cytometry was also used to observe the uptake of Ce6-
loaded NPs. MDA-MB-231 cells were seeded into 6-well plates
and incubated at 37 °C for 24 hours. After 4 hours of incubation,
cells were washed, collected and suspended in PBS. Untreated
cells were used as controls. The fluorescent intensity of Ce6 was
measured by flow cytometry (BD, USA).

RSC Adv, 2023, 13, 1617-1626 | 1619
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2.9. Cellular ROS detection

DCFH-DA was used as an ROS indicator to determine the
intracellular ROS production. MDA-MB-231 cells were seeded
into CellCarrier 96-well microplates (PerkinElmer) and cultured
at 37 °C for 24 h. Cells were incubated with different formula-
tions for 4 h. Cells were washed and cultured in fresh medium
with DCFH-DA (Aex = 488 nm, Ae;; = 525 nm) for 30 min. Then,
the cells were washed with PBS and fresh medium was added.
After 660 nm laser irradiation (20 mW em™>) for 1 min, the cells
were photographed by the high content analysis system.

2.10. Measurement of cellular lipid ROS levels

MDA-MB-231 cells were seeded into 6 cm dishes and cultured at
37 °C for 24 h. Cells were incubated with different formulations
(2 uM equivalent Ce6, 3.6 pM equivalent palbociclib) for 4 h.
The cell culture medium was renewed with fresh medium. After
660 nm laser irradiation (20 mW cm™?, 2 min), the cells were
further incubated for 20 h at 37 °C. Cells were collected and
assayed utilizing the Lipid Peroxidation MDA Assay Kit (Beyo-
time Biotechnology, China).

2.11. Chemo-photodynamic synergistic therapy

The synergistic therapeutic effect of Palb-TK-Palb/Ce6 NPs
against MDA-MB-231 cells using MTT method was evaluated.
MDA-MB-231 cells were seeded into 96-well plates and cultured
at 37 °C for 24 h. Cells were incubated with different formula-
tions for 4 h. The cell culture medium was renewed with fresh
medium. For dark group, the cells were cultured in dark for
another 20 h. For laser group, after irradiated with 660 nm laser
(20 mW e¢m™?) for 1 min, the cells were cultured in dark for
another 20 h. The cells were photographed by the high content
analysis system. Then, cells were further incubated with MTT
solution for 4 h. After removing the medium, 200 uL of DMSO
was added to each well. The absorbance at 570 nm was
measured with the microplate reader (Bio-Tek, Winooski, VT,
USA). The cells without any treatments were used as the control.
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2.12. Cell apoptosis

MDA-MB-231 cells were seeded into 6 cm dishes and cultured at
37 °C for 24 h. Cells were incubated with different formulations
(2 uM equivalent Ce6). After 4 h incubation cells were irradiated
with 660 nm laser (20 mW c¢m™?) for 1 min. The non-treated
cells were used as controls. Cells were collected and assayed
utilizing Annexin V-FITC Apoptosis Detection Kit (Beyotime
Biotechnology, China).

2.13. Live/dead cell staining

MDA-MB-231 cells were seeded into CellCarrier 96-well micro-
plates (PerkinElmer) and cultured at 37 °C for 24 h. Cells were
incubated with different formulations (2 uM equivalent Ce6).
Cells were washed with PBS and fresh medium was added after
4 hours of incubation. After 660 nm laser irradiation (20 mW
cm %) for 1 min and the cells were incubated for 20 h. Then,
cells were stained with calcein-AM and PI for 30 min. The cells
were photographed by the high content analysis system.

3. Results and discussion

3.1. Design and synthesis of palbociclib dimer prodrug

The synthetic route of the palbociclib dimers bridged with
a ROS-responsive thioketal linker is shown in Scheme 1. Briefly,
Palb-TA-Palb containing a thioketal and linked by an amide
bond was synthesized via a one-pot amide condensation reac-
tion using palbociclib and TK-COOH, which was synthesized
according to our previous work.*” Carbamate bond connected
Palb-TK-Palb and Palb-CC-Palb with or without thioketal were
synthesized by a similar method, except that their linkage
skeletons were first prepared as chloroformates using TK-OH
(3,3-(propane-2,2-diylbis(sulfanediyl))bis(propan-1-ol)) and
nonane-1,9-diol. The synthesized products were confirmed by
'H NMR spectrum, *C NMR spectrum and mass spectrum
(Fig. S1-S97).
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Scheme 1 Synthetic routes of target palbociclib dimer prodrugs.
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3.2. Preparation and characterization of carrier-free
nanomedicines

Since drug dimers could be fabricated into drug nanoparticles
(NPs) and further co-assemble with other drugs to form multi-
functional nanomedicines, the self-assembly abilities of Palb-
TK-Palb were subsequently investigated. DSPE-PEG2000 was
added to improve the performance of nanoassemblies for
improving the function of NPs and the weight content of DSPE-
PEG2000 was meticulously optimized. The different Palb-TK-
Palb NPs were prepared using the reprecipitation method*
with 0, 10%, 15%, 20%, 25%, 27.5% and 30% of DSPE-PEG2000,
respectively. It was found that Palb-TK-Palb NPs with 27.5%
DSPE-PEG2000 exhibited minimal PDI and maximum count
rate (Table S17). Therefore, we will choose this composition
ratio to prepare Ce6-loaded nanoparticles in the subsequent
experiments.

Then, dynamic light scattering (DLS) and transmission
electron microscopy (TEM) assays were utilized to characterize
the particle size and morphology of the obtained NPs. The
results revealed that the particle size of Palb-TK-Palb NPs was
around 70 nm. After encapsulating Ce6, the sizes of Palb-TK-
Palb/Ce6 NPs was slightly increased to about 80 nm (Fig. 1A).
The findings indicated that Ce6 could be effectively encapsu-
lated by Palb-TK-Palb NPs to form chemotherapeutic agent
palbociclib and photosensitizer Ce6 co-delivery carrier-free
nanomedicines. TEM images showed that both prepared NPs
were generally spherical in shape with good monodispersity
(Fig. 1B and C). The difference in particle size of nanoparticles
measured by DLS and TEM might be caused by the different
experimental conditions: the particle sizes determined by DLS
were examined in the hydrated state in solution, while TEM

Palb-TK-Palb NPs 100

Mean Particle Size (nm)
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revealed the morphology of the micelles in the dehydrated
state.*® In addition, the Palb-TK-Palb/Ce6 NPs had good stability
and the particle size remained unchanged within two weeks
(Fig. S10AY). Subsequently, the ROS and pH responsive behavior
of the Palb-TK-Palb/Ce6 NPs were investigated since the Palb-
TK-Palb dimers had thioketal bond and carbamate linkers. As
shown in Fig. S10B, T after treatment with 100 mM H,O, or pH =
5.0 PBS for 48 h incubation, the both particle sizes were
increased significantly and new peaks appeared, which can be
on account of the degradation of the sensitive linker groups
triggered by ROS or pH, resulting in the destruction of Palb-TK-
Palb/Ce6 NPs. The DLS graphs (as shown Fig. S107) of different
nanomaterials display components with hydrodynamic diame-
ters larger than 100 nm. This might be agglomerated aggregates
of free (not aggregated) DSPE-PEG2000 strands.” The possible
ROS-triggered degradation mechanism of Palb-TK-Palb was
further studied by HR-MS. It was found that the peaks of Palb-
SH and Palb-SO;H were found in HR-MS spectrum after Palb-
TK-Palb was incubated with 200 mM H,0, for 48 h (Fig. S11A%).
Therefore, we provided the possible ROS-triggered degradation
mechanism of Palb-TK-Palb (Fig. S11B¥).

After verifying the successful response of the Palb-TK-Palb/
Ce6 NPs to ROS and pH, we further employed a dialysis
method to confirm the in vitro palbociclib and Ce6 release
behavior from Palb-TK-Palb/Ce6 NPs in a high concentration
ROS and simulated acidic environment (Fig. 1D and E). Both
palbociclib and Ce6 are released rarely and slowly under phys-
iological conditions. In contrast, the release rate was dramati-
cally accelerated under pH = 5.0 and 200 mM H,0, conditions.
The release of palbociclib and Ce6 reached the maximum at 2
and 10 h, respectively. In contrast, it was found that palbociclib
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Fig.1 The mean particle size of Palb-TK-Palb NPs and Palb-TK-Palb/Ce6 NPs measured by DLS (A). The TEM images of Palb-TK-Palb NPs (B)
and Palb-TK-Palb/Ce6 NPs (C). The release profiles of palbociclib (D) and Ce6 (E) from Palb-TK-Palb/Ce6 NPs under pH = 7.4 PBS buffer
solution or in a high concentration ROS and simulated acidic environment. Data are shown as mean + SD (n = 3).
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various concentrations. (C) The standard curves of palbociclib. (D) UV-vis spectra of Ce6 at various concentrations. (E and F) The standard curves

of Ce6 at 366 nm or at 660 nm.

released moderately after treatment with low pH or H,0, for
48 h incubation. This result could be explained by the fact that
the thioketone and carbamate bond are stable in physiological
conditions (pH = 7.4) and easily destroyed in ROS and acidic
conditions. This demonstrated that Palb-TK-Palb/Ce6 NPs
could maintain the superior stability under physiological
conditions control drug release in the cancer cell
microenvironment.

Next, the spectroscopic properties of palbociclib and Ce6 in
DMSO, Palb-TK-Palb NPs, Palb-TK-Palb/Ce6 NPs and SPC/Ce6
NPs in water were studied with the UV-vis spectrometer
(Fig. 2A), in which the palbociclib and Ce6 showed a absorption
peak at 270 and 366 nm, 404 and 660 nm, respectively. Both
palbociclib and Ce6 showed concentration-dependent absor-
bance intensity (Fig. 2B and D). The loading capacities of pal-
bociclib and Ce6 in Palb-TK-Palb/Ce6 NPs were determined to
be 39.66% =+ 1.24% and 33.91% + 1.66% by using the standard
curves measured by UV-vis spectrometer (Fig. 2C, E and F). The
Palb-TK-Palb/Ce6 NPs had the highest DLC of palbociclib and
a moderate DLC of Ce6 among three nanoparticles (Table 1).
The high drug-loading capacity suggested that the co-delivery
Palb-TK-Palb/Ce6 carrier-free nanoplatform are capable of
encapsulating both palbociclib and Ce6 efficiently.

Table 1 The drug loading content (DLC) of Palb-TA-Palb/Ce6 NPs,
Palb-TK-Palb/Ce6 NPs and Palb-CC-Palb/Ce6 NPs

Nanoparticle DLC of palbociclib (%) DLC of Ce6 (%)
Palb-TA-Palb/Ce6 NPs 24.71 + 2.61 29.32 +1.22
Palb-TK-Palb/Ce6 NPs 39.67 £ 1.24 33.91 £+ 1.66
Palb-CC-Palb/Ce6 NPs 33.51 £ 2.25 36.00 £+ 2.64

1622 | RSC Adv, 2023, 13, 1617-1626

3.3. Cellular uptake efficiency

Before systematically investigating the bioactive properties of
Ce6-loaded carrier-free nanomedicines, the cytotoxicity of
different nanoparticles against MDA-MB-231 breast cancer cells
were preliminarily examined. All of Palb-TA-Palb, Palb-TK-Palb
and Palb-CC-Palb NPs showed no obvious cytotoxicity to MDA-
MB-231 cells before encapsulating Ce6 even the concentration
of palbociclib was high as 10 uM (Fig. S12At), indicating the
high biosecurity and free from the carrier-induced toxicities.
Thus avoiding the toxic and side effects on normal tissues
under non-light conditions. When exposed to 660 nm laser
irradiations for 1 min, both Palb-TA-Palb/Ce6 and Palb-CC-Palb/
Ce6 NPs also revealed little cytotoxicity (Ce6 concentration: 0.1-
1 pM). In contrast, Palb-TK-Palb/Ce6 NPs showed a moderate
phototoxicity and the cell viability reduced to 60% at 1 pM of
Ce6 (Fig. S12Bt). Therefore, the subsequent experiments were
conducted using Palb-TK-Palb/Ce6 NPs formulation due to the
weak phototoxicity against breast cancer cells mediated by Palb-
TA-Palb/Ce6 and Palb-CC-Palb/Ce6 NPs.

Subsequently, the confocal laser scanning microscopy
(CLSM) and flow cytometry were used to investigate the cellular
uptake ability of different formulations. It was found that Palb-
TK-Palb/Ce6 NPs can fully enter the cells at 2 h incubation and
the cellular uptake did not increase when incubation time was
longer than 4 h (Fig. S131). Therefore, the cellular uptake of Ce6,
Palb-TK-Palb/Ce6 NPs and SPC/Ce6 NPs after 4 h incubation
was further studied. As shown in Fig. 3A, almost no red fluo-
rescent signal of Ce6 appeared mediated by free Ce6 due to its
poor aqueous solubility and moderate red fluorescent signal
appeared treated by SPC/Ce6 NPs, which was used as control. In
contrast, a considerable amount of the red fluorescent signal

© 2023 The Author(s). Published by the Royal Society of Chemistry
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with different samples for 4 h.

could be observed after treated by Palb-TK-Palb/Ce6 NPs, which
was consistent with the results obtained by flow cytometry
(Fig. 3B), indicating high cellular uptake of Palb-TK-Palb/Ce6
NPs. The results suggested that drug dimers co-assemble with
Ce6 could improve its water solubility and cellular internaliza-
tion, which is necessary for the following delivery procedure.

3.4. Intracellular ROS generation

Since palbociclib could induce a significant increase of ROS
level in tumor when reducing the flow of glucose-derived carbon
into the pentose phosphate and serine synthesis pathways,® it

A

Control Palbociclib

Ce6

SPC/Ce6 NPs

Fig. 4

Palb-TK- Palb/Ce6 NPs

encouraged us to survey intracellular ROS generation capability
of MDA-MB-231 cells after treated with different formulations
using the DCFH-DA fluorescent probe. As shown in Fig. 4A,
ignorable green fluorescence was observed in MDA-MB-231
cells (control), Ce6-treated and palbociclib-treated cells, sug-
gesting that free Ce6 or palbociclib alone could produce enough
ROS because of the low cellular uptake efficiency. Neither Palb-
TK-Palb NPs nor SPC/Ce6 NPs induced to produce sufficient
amount of green fluorescence. As a comparison, the cells
treated with Palb-TK-Palb/Ce6 NPs showed obviously green
fluorescence, indicating that a significant quantity of ROS was

B

Palb-TK- Palb NPs

1.6+

1.44

Lipid ROS (%)

Intracellular ROS generation capacity. (A) Confocal fluorescence images of MDA-MB-231 cells treated with 2 uM palbociclib, Ce6, Palb-

TK-Palb NPs, SPC/Ce6 NPs and Palb-TK-Palb/Ce6 NPs under 660 nm laser irradiations (20 mW cm™~2) for 1 min. (B) The intracellular lipoperoxide
levels in MDA-MB-231 cells incubated after treatment with different formulations for 24 h under 660 nm laser irradiations (20 mW cm™2, 1 min).

Data are shown as mean & SD (n = 3).
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generated under light irradiation. This is mainly attributed to
the good cellular internalization ability of Palb-TK-Palb/Ce6 NPs
and synergistic ROS generation of palbociclib and Ce6-induced
PDT.

The lipid ROS levels were further detected using thio-
barbituric acid (TBA) as the probe because the severity of lipid
peroxidation is an important indicator of oxidative stress. The
results showed that the treatment with different groups except
Palb-TK-Palb/Ce6 NPs had no significant change in lipid per-
oxidation levels. Palb-TK-Palb/Ce6 NPs had led to a 40%
increase of lipid peroxidation levels in cancer cells, suggesting
most intense oxidative stress occurred in MDA-MB-231 cells,
which attributed to its high intracellular ROS generation ability

of Palb-TK-Palb/Ce6 NPs and the subsequent oxidative stress
response.

3.5. Chemo-photodynamic synergistic cytotoxicity

Then, the antitumor effect of combined chemo-photodynamic
therapy mediated by carrier-free nanomedicines was further
evaluated using the MTT assay in vitro. It was found that all the
samples showed no cytotoxicity against MDA-MB-231 cells
without light irradiations when the Ce6 concentrations gradu-
ally raised from 0.1-5 pM (Fig. 5A). Interestingly, the free pal-
bociclib and Ce6, Palb-TK-Palb NPs also showed no significant
cytotoxicity with light irradiations (Fig. 5B), suggesting that the
anti-tumor effect of the alone therapeutic agent is not
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Fig.6 Annexin V-FITC/PI-based apoptosis analysis (A) of MDA-MB-231 cells treated with palbociclib, Ce6, Palb-TK-Palb NPs, SPC/Ce6 NPs and
Palb-TK-Palb/Ce6 NPs at concentration of 2 uM with laser irradiation (20 mW cm™2, 1 min). The apoptosis rate following treatment with various

samples (B).
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satisfactory. In contrast, SPC/Ce6 NPs and Palb-TK-Palb/Ce6
NPs revealed dose-dependent cytotoxicity in MDA-MB-231
cells. When exposed to light (660 nm, 20 mW cm ™2, 1 min),
the cell viability of the Palb-TK-Palb/Ce6 NPs group decreased
from 100% to 10% (Ce6 concentration: 0.1-5 pM), which is
much lower than that of the SPC/Ce6 NPs group (100% to 60%).
These findings together suggest that the effective encapsulation
of Ce6 and the synergistic effect of palbociclib-induced
chemotherapy and Ce6-mediated photodynamic therapy are
the keys to the high antitumor effect of Palb-TK-Palb/Ce6 NPs.
The half-maximal inhibitory concentrations (ICs,) values of
Palb-TK-Palb/Ce6 NPs against MDA-MB-231 cells was around 1-
2 uM. In addition, the pronounced cancer cells inhibition effect
of Palb-TK-Palb/Ce6 NPs was also consistently supported by the
cell live/death imaging results (Fig. S14f). The above results
demonstrated that Palb-TK-Palb/Ce6 NPs has the best inhibi-
tory effect on the growth of cancer cells due to the palbociclib
and Ce6 co-delivery nanomedicines-mediated
chemo-photodynamic therapy.

synergistic

3.6. Cell apoptosis

The flow cytometry analysis with Annexin V-FITC/PI staining
was subsequently utilized to further investigate cell apoptosis,
which was induced by different formulations. As shown in
Fig. 6, after the MDA-MB-231 cells treated with 2 uM of palbo-
ciclib, Palb-TK-Palb NPs, Ce6, SPC/Ce6 NPs and Palb-TK-Palb/
Ce6 NPs under laser irradiation for 1 min, the apoptosis rate
was 15.3%, 10.5%, 9.5%, 30.0% and 91.9%, respectively.
Moreover, the Palb-TK-Palb/Ce6 NPs were found to cause the
late apoptosis (89.1%) and necrosis (4.9%) of cells. Under the
same conditions, the Palb-TK-Palb/Ce6 NPs induced a much
greater degree of cell apoptosis than the Palb-TK-Palb NPs and
SPC/Ce6 NPs, suggesting that Palb-TK-Palb/Ce6 NPs co-
assemble with palbociclib and Ce6 had stronger cytotoxicity
as a result of synergetic chemo-photodynamic therapy. These
results of in vitro antitumor activity and cell apoptosis collec-
tively indicated the huge potential of Palb-TK-Palb/Ce6 NPs for
breast cancer treatment.

4. Conclusions

In summary, we have designed and synthesized a series of drug
dimers by coupling two palbociclib molecules with different
connection linkers containing a ROS-sensitive thioketal bond.
The carrier-free nanomedicines (Palb-TK-Palb/Ce6 NPs) were
constructed by co-assembling drug dimers with photosensitizer
Ce6. To further stabilize nanoparticle and endow passive tar-
geting ability, DSPE-PEG2000 was introduced. The co-delivery
nanoplatform exhibited efficient loading capacity for palboci-
clib and Ce6, ROS-stimulus response ability and high cellular
uptake efficiency. In addition, the high cancer cells accumula-
tion ability of Palb-TK-Palb/Ce6 NPs further guaranteed the
highest cancer cells inhibition rate among other groups. The
cell viability, cell apoptosis, and calcein-AM/PI staining experi-
ments all indicated that enhanced cell cytotoxicity and
combined chemo-photodynamic therapy effects have been

© 2023 The Author(s). Published by the Royal Society of Chemistry
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achieved and the ICs, values of Palb-TK-Palb/Ce6 NPs in MDA-
MB-231 breast cancer cells was around 1-2 uM. We believe that
the co-delivery carrier-free nanoparticles self-assembled from
palbociclib dimers and Ce6 have great advantage over conven-
tional nanoparticle and will contribute to combinatorial cancer
therapy.
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