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The quest to maximize therapeutic efficiency in cancer treatment requires innovatiye,deliversiic oin
nanoplatforms capable of employing different modules simultaneously. Combination therapy
has proven to be one of the best anticancer strategies so far. Herein, we have developed a
lipid-encapsulated nanoplatform that combines chemotherapy with photoresponsive gas
therapy for colon cancer treatment. Carbon monoxide releasing molecule (CORM) and
vitamin E analogues (pure/pegylated a-tocopheryl succinate; a-TOS) were co-loaded into the
lipid layer with core-shell upconversion nanoparticles (UCNPs), which converted 808 nm
lights to 360 nm photons to trigger CO release at the tumor site. This folic acid (FA)-
targeting nanomedicine (Lipid/UCNP/CORM/a-TOS/FA: LUCTF) possessed cancer-
targeting ability and light-triggered CO release ability for synergistic apoptosis of HCT116
cells via enhanced ROS generation and mitochondria membrane breaking. /n vivo data have
confirmed the significantly enhanced therapeutic efficacy of LUCTF without any significant
biosafety issues after intravenous administration. Thus, nanomedicine LUCTF represents a
novel way for efficient cancer therapy via combining locally released CO and a compatible

chemotherapeutic agent (e.g. a-TOS).

Keywords: combination therapy, gas therapy, vitamin E analogues, chemotherapy, carbon

monoxide releasing molecule, upconversion nanoparticle.
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1 Introduction DOI: 10.1039/D1BM00941A
The complexity of cancer is gradually leading to the advent of innovative nano-inspired
combination therapies to circumvent the malignant pathways and associated multidrug
resistance (MDR) ! 2. Recent research has suggested that a combination of biocompatible
drugs in one delivery system is gradually becoming one of the best ways to combat cancer 3.
If two cancer drugs are functionally complementary and the therapeutic outcomes contributed
by each individual drug at a specified dose are statistically independent, then a better
therapeutic outcome for the combination would be produced 4. More importantly, with the
recent advances in targeted nano-based delivery systems, co-loading multiple cancer drugs in
one nano-delivery system has been pursued for better treatment outcomes > °. Maximizing the
therapeutic effect of a delivery nano-system should also take into consideration the
biocompatibility, synergy and ease of fabrication to produce a suitable nanoformulation for
cost-effective combination cancer therapy.

Gas therapy has gained much attention in recent years, despite not being extensively
explored due to the difficulty in handling and delivering such gaseous agents to the required

targeted site 7> 8. With the convincing data suggesting that gases such as carbon monoxide

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

(CO) have significant therapeutic potentials in various diseases, carbon monoxide releasing
molecules (CORM) were developed with various stimuli to trigger CO release at required
sites for cancer therapy % 0. CO’s therapeutic potentials include its ability to target the
mitochondria in tumor cells by consuming the limited amount of oxygen and triggering the
generation of reactive oxygen species (ROS) to cause mitochondrial collapse ' 12, Its
involvement in the down-regulation of pro-inflammatory proteins such as interleukin
1B/tumor necrosis factor-o. was also documented previously. 3. CO produces an anti-
Warburg effect by rapidly aiding tumor bioenergetics, which usually ends up in metabolic

exhaustion. However, the difficulty in handling and releasing CO molecules remains the
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greatest challenge. Many researchers have attempted to overcome this challenge By oun
preparing CORMs for stimuli-triggered CO release via enzyme action, pH-sensitivity,
photoresponsiveness or solvent solvation . It is becoming increasingly evident that photo-
responsive CO systems (photoCORMs) are better positioned to be readily translated into CO
therapeutic candidates due to the light responsiveness, biosafety and efficiency in releasing
CO molecules at the required local site. As CO release is often triggered by direct UV lights
15-17 the penetration depth and the associated skin damage are of great concern. Thus, if near-
infrared (NIR) light can act similarly to the UV light (360 nm) in this responsive nanosystem,
the skin damage will be minimized and the penetration will be deeper '8. We have previously
demonstrated that upconversion nanoparticles (UCNPs) can be engineered to absorb NIR
lights and upconvert to photons in the UV region to trigger CO release from CORMs !,
which is more efficient than many other systems 2% 2!, Moreover, engineering 980 nm-
absorbing UCNPs to absorb 808 nm laser prevents water absorption and overheating in
tissues 2> 23. However, an enhancement for optimal cancer therapy in vivo is prudent for
future clinical translation.

On the other hand, chemotherapeutic agents have proven to be compatible with
most photoresponsive agents to satisfy the requirement for synergy. For instance,
hydrophobic vitamin E analogues such as a-tocopheryl succinate (a-TOS) and its soluble
pegylated form (TPGS) have been explored for their incorporation into biofriendly lipid
systems for cancer therapy. o-TOS is capable of inhibiting cell proliferation and induces
cellular apoptosis 2+ 2%, probably by aiding reactive oxygen species (ROS) generation 26-28, q-
TOS may also cause the mitochondrial membrane permeable and subsequently produce
cytochrome ¢ 2°31. Vitamin E analogues can easily form part of the hydrophilic layer of lipid

formulations 3> 33, and synergize with DOX 3* Wu et al. also demonstrated that a-TOS was
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easily integrated in a lipid delivery system with 15 wt% as the most optimal formylation. i

IFN-y 3,

Hydrophilic Head®%,
Hydrophobic Tail*,
UCNP (3

CORM i

Folates %

808 nm
laser

Scheme 1. Schematic diagram of CO release molecules (CORMs) encapsulated in lipid
bilayers with upconversion nanoparticles playing a mediatory role to absorb photons from
808 nm lights to produce UV photons capable of triggering CO release from CORMs. Folic

acids (FA) in the lipid nanoformulation target cancer cells with overexpressed FA receptor.

Herein, this study seeks to develop a robust delivery system to co-load two
therapeutic agents (CORM-C;0Hy4N3;Mn(CO); Br and o-TOS) for combination cancer
therapy. a-TOS was selected to complement CORM for NIR-mediated combined gas
chemotherapy, with the capacity to support the co-encapsulation in a lipid delivery system for
an enhanced therapeutic effect 3¢. The aim is to synergistically induce apoptosis by attacking
the mitochondria of cancer cells through different mechanisms 3738, Their combined effect is
expected to increase the ROS generation for cancer cell death. As shown in Scheme 1, the
lipid-based nanoplatform (Lipid/UCNP/CORM/a-TOS /FA: LUCTF) can target HCT-116

cancer cells via folic acid (FA)-FA receptor interactions and released CO (mediated by 808
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00941A


https://doi.org/10.1039/d1bm00941a

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

Biomaterials Science Page 6 of 32

le Online

nm light irradiation) to induce cancer cell death by synergistic actions of a-TQS., Both! i oo
vitro and in vivo data demonstrated the high therapeutic potential and safety of this

nanoformulation under irradiation of 808 nm laser at 1.0 W/cm? for 5 min.

2 Experimental Section

2.1 Synthesis of lipid nanoformulation

Core-shell UCNP was prepared by the thermal decomposition method described previously 1°.
CORM was also prepared according to the procedure in Sakla et al. 3. Thin film hydration
method was employed to formulate LUCTF lipid nanoparticles, as detailed in Table 1.
Briefly, 1.5 mg of lipid mixture (DOPC, DOPA, Cholesterol, DSPE-PEG and DSPE-PEG-
FA) with the lipid molar ratio of 40:40:10:5:5 was dissolved in 3 mL of chloroform. UCNP
(5 mg), CORM (0.5 mg) and a-TOS (1 mg) were also dissolved in the same chloroform
mixture. This mixture was then stirred for 4 h, and the organic solvent was evaporated under
reduced pressure with a rotary evaporator at 40 °C. After removal of the organic solvent, the
thin film was obtained at the flask bottom and further dried overnight in a desiccator to
ensure complete removal of the organic solvent. The thin film was slowly dissolved with
HEPES bufter (pH 7.4, 10 mM) under constant stirring at 40 °C for 4 h. The resultant mixture
was sonicated in an ultrasonic water bath for 15 min and centrifuged at 20000 g to obtain the
lipid-encapsulated nanoformulation containing UCNPs, CORM and a-TOS (Scheme 1). The
final formulation was obtained by dissolving the pellets in HEPES buffer to obtain 1 mg/mL
of LUCTF formulation. For LUCF (Lipid/UCNP/CORM/FA) and LUTF (Lipid/UCNP/a-
TOS/FA) nanoparticles with a single drug, the same procedure was repeated while using 1
mg of CORM and a-TOS, respectively. Lipid-encapsulated Liss Rhodamine-B PE (30 ng)

with and without FA (LURF and LUR) as well as lipid-encapsulated IR-780 (2% w/w) were
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also prepared in a dark room for cell uptake and in vivo imaging studies using the sameHifl 5 oun

film hydration method.

Table 1. Nomenclature of all synthesized formulations

Formulation Materials Mass (mg)
LUCTF Lipid/UCNP/CORM/a-TOS/FA 1.43/5/0.5/1/0.07
LUCF Lipid/UCNP/CORM/FA 1.43/5//1/0.07
< LUTF Lipid/UCNP/a-TOS/FA 1.43/5/1/0.07
<
é LUF Lipid/UCNP/FA 1.43/5/0.07
§ LURF Lipid/UCNP/Rhodamine-B/FA 1.43/5/0.03/0.07
z LUR Lipid/UCNP/Rhodamine-B 1.5/5/0.03
:
= LUF-IR780 Lipid/UCNP/IR-780/FA 1.43/5/0.13/0.07
g
K
c 2.2 Characterization of nanoformulations

The morphology of UCNP, LUCF and LUCTF (lipid formulations stained with 1%
phototungsten acid (PTA)) was examined with a Hitachi HT7700A transmission electron
microscope (TEM). Fourier Transform Infrared (FTIR) spectroscopy was employed to record
the spectra of nanoparticles at every stage of the preparation. The FTIR spectra of dry-
powdered nanoparticles were determined in a Thermo Scientific Nicolet 6700 FTIR
spectrophotometer. The particle size distribution, zeta potential and colloidal stability of
nanoparticles in DMEM (measured every 2 days for 12 days) were determined via dynamic

light scattering (DLS) (Nano-ZS Zetasizer, Malvern Instruments).
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The amount of pro-drug CORM encapsulated in various nanoformulations.-§as;
determined by the Mn element content detected with inductively coupled plasma-optical
emission spectroscopy (ICP-OES) analysis. The amount of encapsulated o-TOS was
determined by dissolving the formulation in DMSO, followed by ultracentrifugation at 40000
g for 1 h to allow the drug content to be determined directly by UV spectroscopic analysis
(Aex = 283 nm). The drugs (CORM and a-TOS) loading (DL) capacity and the encapsulation
efficiency (EE) were calculated accordingly.

The photoluminescence (PL) spectra of various nanoparticles (5 mg/mL) were
determined in a quartz cuvette by a spectrometer with the excitation wavelength of 980 and
808 nm at 1 W/cm?. UCNP nanoparticles were dispersed in cyclohexane for PL measurement,

while PL spectra of nanoformulations were measured in HEPES buffer.

2.3 In vitro CO release triggered by NIR irradiation
The in vitro CO release from LUCTF nanoformulation was determined with a synthesized
CO fluorescence probe (COFP) described in Dhara et al. 4°. LUCTF formulation in HEPES
buffer containing 15 pmol of CORM was added to the CO fluorescent probe (10 pmol) in
DMSO. The quartz cuvette containing the mixture was sealed with parafilm throughout the
experiment duration to prevent premature CO escape. After irradiation with 808 nm laser (1
W/cm? for 5 min), the fluorescence intensity of COFP (A, = 520 nm) at specific pre-
determined time intervals was recorded upon excitation (A, = 440 nm) with a fluorescence
spectrophotometer (Shimadzu RF 5301-PC).

CO release was also confirmed with FTIR analysis by the intensity change of the
characteristic CO vibrations at 2023 and 1928 cm™'. The FTIR spectrum of lyophilized
LUCTF (1 mg) was recorded and the same amount of LUCTF in HEPES buffer was

irradiated with 808 nm laser (1 W/cm? for 5 min), which was then degassed under nitrogen
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atmosphere for 1 h. The irradiated sample was lyophilized and its FTIR spectoym.c®ascoonn

recorded again for comparison.

2.4 Cellular uptake of lipid formulations

Human colorectal carcinoma cell lines (HCT116, ATCC® CCL-247™) were grown in 90%
DMEM and supplemented with 10% FBS 100 U/mL penicillin, and 100 pg/mL streptomycin.
Exponentially grown cultures were maintained in a humidified chamber containing 5% CO,
at 37 °C throughout the cell studies.

Cell uptake of lipid nanoparticles was assessed with confocal laser scanning
microscopy (CLSM). The drugs were replaced with Rhodamine B-lissamine (30 pg) to
produce LURF (with FA) and LUR (without FA) for this study. The cells were seeded at a
density of 1.5x10° cell/well in a 12-well plate with a glass slide at the bottom and cultured for
24 h. The cellular uptake of LURF nanoparticles (20 pg/mL) by HCTI116 cells was
investigated at different time points (2, 4, and 8 h) with Leica SP§ CLSM. The FA-enhanced

uptake was also assessed at 8 h with comparing the cell fluorescence intensity of LUR and

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

LURF. After incubation in the dark, the medium was removed and the cells washed thrice

with PBS, followed by staining with DAPI for CLSM imaging.

2.5 Cell viability assay

MTT assay was employed to assess the cell viability after incubation with LUTF, LUCEF,
LUCF + L, LUCTF and LUCTF + L, where L means 808 nm laser irradiation at 1 W/cm? for
5 min. Briefly, HCT116 cells (5x103 cell/well) were seeded in a 96-well plate in 100 pL of
culture medium after incubation for 24 h. The cells were exposed to 100 pL of FBS-free
media containing various concentrations of drugs (0-10 pg/mL for CORM and 0-20 pg/mL

for a-TOS), and incubated in the dark. After 3 h, the media in all groups were replaced with
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fresh media, and the cells were treated with NIR light (808 nm, 1 W/cm?) for 5 mijp, The.¢&l8 Soourn
were further incubated for a total of 48 h, followed by 10 uL. MTT solution (5 mg/mL) to
each well. The medium was removed after 4 h and the contents in each well were dissolved in
100 uL of DMSO. The absorbance was measured with Tecan Infinite M200 PRO Multimode
Microplate Reader (Switzerland) at 570 nm using 670 nm as reference wavelength. The cell
viability was expressed as a percentage of the untreated cells (control group), as reported

elsewhere 4!.

2.6 Intracellular CO and ROS detection.

CO release within HCT 116 cells was assessed by incubating treated cells with CO
fluorescent probe (10 umol). Cells (2x10%) were seeded in 12-well plates with glass slides at
the bottom for 24 h. The media were replaced with that containing nanoparticles (15 pmol of
CORM) and the cells incubated for 3 h. Then media containing nanoparticles and CO
fluorescent probe (10 umol) were replaced with fresh media, which was irradiated with 808
nm laser at 1 W/cm? for 5 min. Cells were continuously incubated for 2 h, washed and fixed
with 4 % paraformaldehyde for 15 min, followed by fluorescence imaging (Aex = 490 nm, Aep,
=520 nm).

The ROS generation in cells upon CO release was determined by both qualitative and
quantitative methods using 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) (10
umol) probe. For quantitative ROS determination, the cells were analyzed by flow cytometry
(Beckman Coulter FC 500) to detect the DCF fluorescence (Aex = 488 nm) after treatment.
HCT-116 cells in DMEM were seeded in a 48-well plate at a density of 1x10° cells/well.
After incubation at 37 °C for 24 h, cell culture media were replaced with that containing
nanoparticles (10/5 pg/mL of a-TOS/CORM) for 3 h. The media were replaced with fresh

ones containing DCFH-DA and the cells were irradiated with 808 nm laser at 1 W/ cm? for 5

10
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min. The treated cells were subsequently collected, washed thrice and harvested in,1 50 uEo0f;
FACS buffer for flow cytometry after DCFH-DA staining for 30 min. For qualitative analysis,
the same procedure was followed with cells seeded in wells containing glass slides. After the

incubation, DCFH-DA staining and washing procedures, the cells were fixed with 4%

paraformaldehyde for 15 min before cell imaging (Aex = 488 nm, A.,, = 530 nm) using a

fluorescent microscope (Olympus BX41 light microscope).

2.7 Cell apoptosis assay

Annexin V-FITC assay was employed to determine the cell apoptosis of HCT116 cells (1 x

10° cell/well) in 24 well plates. After 24 h, the seeded cells were cultured in media containing

nanoparticles (ICso (LUCTF + L) = 2/1 pg/mL of a-TOS/CORM). After 3 h of incubation,

media were replaced with fresh ones, followed by irradiation with 808 nm laser at 1 W/ cm?

for 5 min and further incubated for a total of 24 h. For flow cytometry analysis, all attached

and floating cells were collected and washed three times with PBS. The cells were suspended

in binding buffer (100 uL), stained with Annexin V-FITC (5 pg/mL) and propidium iodide

(PI) (5 pg/mL) for 20 min in the dark. The stained cells were centrifuged andfinally collected

in 200500 pL of binding buffer before analysis by flow cytometry.

2.8 JC-1 mitochondria assay

The mitochondrial dye JC-1 (Invitrogen by Thermofischer) was used to determine the
mitochondrial membrane potential (AY,,) of HCT116 cells after nanoparticle treatment.
HCT116 cells were seeded in 24-well plates (2 x 10° cell/well) and cultured for 24 h. The
cells were then incubated with media containing nanoparticles (10/5 pg/mL of o-
TOS/CORM). After incubation for 3 h, media in all groups were replaced and cells were
irradiated (808 nm, 1 W/cm?) for 5 min. Cells were incubated for a total of 8 h, washed and

harvested. JC-1 solution (5 pM) was added and incubated with cells for 30 min, followed by

11
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washing with excess buffer, centrifugation at 300 g for 4 min and resuspension ig,200 W 0855 ous
buffer for flow cytometry (Ax = 488 nm, A., = 537 nm; A = 535 nm, A, = 590
nm). Carbonyl cyanide m-chlorophenylhydrazone-CCCP (a mitochondrial electron transport
chain inhibitor) at a concentration of 1 uM was incubated with cells for 5 min, which was
adopted as a positive control to confirm intensity changes. AY,, was calculated as the ratio
between fluorescence intensity at 590 nm and 537 nm, and the percentage of the mean

fluorescence intensity of each emission was determined.

2.9 In vivo combined cancer therapy

All animal procedures were performed in accordance with the Guidelines for Care and Use of
Laboratory Animals of The University of Queensland and approved by the Animal Ethics
Committee of The University of Queensland’s Office of Research Ethics (# AIBN/224/18),
Queensland, Australia. Female BALB/c nude mice (6-8 weeks old) were housed, and allowed
to access food and water freely throughout the experiment. The tumor model was established
by subcutaneously injecting HCT116 cells (2 x 10°) in 100 ul FBS-free medium on the
mouse right flank. The tumor size and weight were monitored every other day, and the tumor
volume (V) was calculated by the formula: V = L x W?/2, where L and W represent the
longest and the shortest dimension.

The biodistribution of the typical nanoformulation (LUF-IR780) was evaluated by
real-time in vivo imaging using an NIR fluorescence imaging system (IVIS Lumina X5).
Three HCT116 tumor-bearing nude mice with the tumor size of [1100 mm? were employed
for whole-body imaging at 1, 4, 8, 12, and 24 h post tail vein intravenous (iv) injection with
LUF-IR780 (10 mg/kg). To further evaluate the targeting ability, the fluorescence intensity of
tumors and main organs (heart, liver, spleen, lung, and kidneys) was detected at 12 h and 24 h

post iv injection using the ROI function of IVIS Lumina X5 Living Image Software.

12
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Balb/c nude mice were randomly divided into four groups (n = 5) when,the, fufitor;
volume reached 50-100 mm?3. The mice were treated with PBS, LUCTF, LUCF + L, LUCTF
+ L, by tail vein iv injection of nanoformulations containing 10 mg/kg of TOS and/or 5
mg/kg of CORM. The drug administration took place on day 0, 3, 6, and 9 with irradiation at
12 h post-treatment (808 nm, 1 W/cm? for 5 min). The therapeutic efficacy was assessed by
monitoring the tumor volume, and body weight periodically. Two days after the final
administration, the mice in each group were sacrificed, and the tumors were weighed and
harvested for TUNEL staining. Major organs were also excised for H&E staining to evaluate
the safety of the nanoparticles in animals. The tissues were visualized with Olympio BX61

microscope.

2.10 Statistical analysis

The data are presented as mean + standard error of the mean (SEM) from at least triplicate
experiments performed in a parallel manner unless otherwise stated. The differences among
the groups were analyzed using one-way analysis of variance (ANOVA), and the significance

was indicated as *: p <0.05, **: p <0.01, and ***: p <0.001.

3 Results and Discussion

3.1 Characteristics of lipid-coated CORM-loaded UCNP nanoformulation

Hexagonal oleic acid-capped core-shell UCNPs were synthesized with an average size of
55.6 £ 4.9 nm (Figure 1A), as previously reported 4. The NaYF,: Yb, Tm cores doped with
4.4 nm NaYF4: Nd shell (Figure S1) fluoresced upon excitation by both 980 and 808 nm
lights. These core-shell UCNPs were used to produce the current nanoformulations, e.g.

LUCTF by simultaneous combination of CORM (0.5 mg), a-TOS (1 mg) and lipid mixture

13
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containing DOPC:DOPA:Cholesterol:DSPE-PEG:DSPE-PEG-FA with an optimal ,malas;; o
ratio of 40:40:10:5:5.

Table 2 summarizes the particle size, zeta potential and polydispersity index (PDI) of
various nanoparticles with or without drugs (CORM and o-TOS). The hydrodynamic
diameters of all nanoparticles were in the range of 130-150 nm, indicating their suitability for
cellular uptake and cellular apoptosis studies. LUCTF loaded with both CORM and a-TOS
showed a slightly larger particle size (149 + 2 nm) than that without drugs (LUF, 130 £ 2 nm).
Most importantly, the zeta potential of LUTF was slightly negative (-5.9 + 0.2 mV) upon the
addition of a-TOS while the more positively charged CORM partly offsets the negative
charges in LUCTF (-3.9 = 0.2 mV). The zeta potential of LUCF (-1.0 £ 0.2 mV) is close to
neutral due to the highly positively charged CORM. The surface charge and size of LUCTF
and LUTF were minimally changed after incubation in DMEM mimicking biological fluids at
4 °C for 12 days (Figure S2), indicating the high colloidal stability of these nanoformulations.

As shown in Figure 1A, the TEM images show a characteristic lipid appearance
surrounding LUCF and LUCTF nanoparticles stained with 1% phosphotungstic acid (PTA)
as compared to UCNPs, suggesting that UCNPs were successfully encapsulated into the lipid
nanosystem. In order to further confirm the formation of LUCTF, FTIR analysis was
employed to assess the qualitative nature of the materials involved in the formulation process
(Figure 1B). Oleic capped-UCNPs showed characteristic vibrations at 2925, 2852 cm™!, and
1460 cm™!, assigned to CH3 and CH, stretching and C-H bending vibrations, respectively.
These characteristic peaks were maintained throughout the formulation procedure as seen in
the FTIR spectrum for LUCTF due to the lipid hydrocarbon chains. For CORM, the two
characteristic vibrations that represent the CO group were seen at 2023 and 1928 ¢cm™!, and

maintained with a slightly lower transmittance in LUCF and LUCTF nanoformulations. The

14
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most prominent vibration confirming the incorporation of a-TOS was observed at, 1680,ctii L,
representing the acyl group (R,-C=0) in its structure.

Figures 1C and 1D show the photoluminescence (PL) spectra of core-shell UCNPs,
LUTF, LUCF and LUCTF in cyclohexane and HEPES buffer, respectively. The lipid
encapsulation offered the final UCNP a high hydrophilicity, meanwhile it reduced the PL
intensity slightly. Emission of LUCF and LUCTF at around 360 nm was significantly
decreased, while that at 450 nm maintained unchanged, which is attributed to specific photon
absorbance by encapsulated CORM. Since the amount of CORM was higher in LUCF (10.2
wt%) than in LUCTF (4.63 wt%) (co-encapsulated with 9.2 wt% of a-TOS), LUCF’s PL
signal at 360 nm was relatively lower than that of LUCTF (Figure S3). This phenomenon
explains how the UV emission of UCNPs can be absorbed immediately by CORM to trigger
CO release for therapeutic purposes.

A major balance between the drug loading and the therapeutic activity was achieved
by optimizing the amount of CORM and a-TOS in nanoformulations, as determined by ICP-
OES and UV, respectively (Figure S4). Table S1 shows that the drug loading, the
encapsulation efficiency and the yield of LUFT nanoformulation for the highly hydrophobic
a-TOS were all enhanced by adding more soluble PEGylated a-TOS (TPGS) in the 1:1 mass
ratio of TOS:TPGS. In this case, the LUTF yield was 69.6%, with the drug loading and
encapsulation efficiency of 9.98 wt% and 74.9%, respectively. As shown in Table 2, CORM
had similar drug loading characteristics in LUCF and LUCTF with the drug encapsulation
efficiency in both nanoformulations being around 75%. The mass ratio of CORM and a-TOS
was maintained at approximately 1:2 in LUCTF, with their loading amounts being 4.63 wt%

and 9.20 wt% in the presence of UCNPs, respectively.

15
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Table 2. Particle characteristics of UCNP-based nanoformulations DOI: 10.1039/D1BMO0S41A
Samples  Hydrodynamic Zeta Polydispersity Drug loading Loading
diameter (nm)  potential index (PDI) (DL, wt%)  efficiency (LE)
(mV) (%0)
LUF 130 +£2 -54+0.1 021+0.02 - -
LUTF 134+3 -59+02 024+0.08 998 (a-TOS) 74.9 (a-TOS)
LUCF 1451 -1.0+0.2 024+0.11 10.2(CORM) 76.5(CORM)
LUCTF 149 +£2 -39+02  0.26+0.03 9.20/4.63* 73.6/74.1%*
LUR 140 £ 2 -4.1+0.1  0.22+0.06 - -
LURF 139+2 -44+0.1 0.22+0.04 - -
LUF- 137+1 -4.1+0.1  0.20+0.04 - -
IR780

*Corresponding DL and EE values of a-TOS and CORM in LUCTF, respectively.
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Figure 1. Nanoparticle characteristics. (A) TEM Image of core-shell UCNP, LUCF and
LUCTF; (B) FTIR Spectra of formulations at different stages from core-shell to a-TOS and
CORM modified Lipid-UCNPs (LUCTF). Photoluminescence spectra (I W/cm?) of core-

shells and formulations at the excitation of; (C) 980 nm and (D) 808 nm lights.

3.2 NIR-triggered CO release and synergistic cytotoxicity of nanoformulations
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NIR-triggered CO release of LUCTF was determined in two ways, i.e. flyorescice soomn
spectroscopy using a CO-responsive probe (COFP) 43 and FTIR. As shown in Figure 2A, the
emission intensity of COFP was maintained minimal without NIR light irradiation. In sharp
contrast, COFP’s emission was significantly increased upon NIR light irradiation (808 nm, 1
W/cm?) for 5 min, indicating that CO gas was successfully released from CORMs loaded in
LUCTF. The CO release was then confirmed by FTIR analysis (Figure 2B). The
characteristic CO peaks (2023 and 1928 cm™!) in the spectrum with light irradiation was
significantly decreased (about 90%) compared with the original spectrum (before NIR light
irradiation), indicating that most CO molecules were released from CORMs after 808 nm

laser irradiation.

P
=~}

8007 After 808 nm Light / Before light
- f
750 + . = : 11680
§ ]
b 9%

29252850
700 A A |
l I
Bl
650 After 308 nm light : [

/ “f‘ﬁf—"“’“
600 ./Befm e light __,..«-f//; co BaW

L

Fluoresence Intensity (a. u.)
% Transmittance (a. u.)

-;-é*i—H
0 20 40 60 80 100 120 4000 3000 2000 1000
Time after irradiation (min) Wavenumber (cm™)

Figure 2. CO release from CORM in LUCTF. (A) CO release profile from LUCTF in the

presence of CO fluorescent probe (A_ =440 nm and A__ = 520 nm) in HEPES buffer before

and after light irradiation for 5 min at 1 W/cm?; (B) FTIR spectra of LUCTF before and after

808 nm light irradiation for 5 min at 1 W/cm?.

Figure 3A and 3B show that the cellular uptake of the nanoformulations was very

rapid and appeared to peak at 8 h. During incubation around 4-8 h, about 15% increase in

18
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mean fluorescence intensity (MFI) was observed. Moreover, the incorporation,of) folates; o oun
enhanced the cellular uptake, as evidenced by the significant difference in the mean
fluorescence intensity of HCT116 cells incubated with LURF and LUR for 8 h (Figure 3B).

In fact, the fluorescence intensity of cells incubated with LUR for 8 h was only close to that

of cells incubated for 2 h with FA-tagged LURF. These data indicate that FA significantly
contributed to targeting HCT116 cancer cells with overexpressed folic acid (FA) receptors.

As shown in Figure S5A, drug-free lipid nanoformulation (LUF) showed negligible
toxicity to HCT116 cells even at the concentration up to 200 ug/mL with or without 808 nm
irradiation (1 W/cm?, 5 min). This suggests that carrier materials were biocompatible, without
any detectable cytotoxicity. Nanoformulations LUTF and LUCF showed a dose-dependent
cytotoxicity, with the ICsy value of 10.6 (a-TOS) and 43.9 (CORM), respectively, without
NIR irradiation (Figure S5B, Table S3). Upon 808 nm laser irradiation for 5 min at 1 W/cm?,
the viability profile of cells treated with LUTF was similar to that without NIR irradiation,
while the viability of cells treated with LUCF and laser was significantly reduced, with the

CORM ICsy value reduced significantly to 5.11 pug/mL (Figure 3C, Table S3). The

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

significant reduction of ICs is attributed to the CO release initiated by the conversion of 808
nm lights to 360 nm photons as mediated by UCNPs in LUCF. Based on the ICs, values of
LUTF (a-TOS) and LUCF (CORM) with the laser irradiation, the combination with the a-
TOS: CORM mass ratio of 2:1 in one nanoparticle may be optimal, i.e. formulated in the

current LUCTF nanoformulation (Table 2).

As shown in Figure S5, LUCTF nanoparticles with two drugs led to lower cell
viability, even without NIR irradiation. Their combination effect could be simply additive as
the combination index was 1.04. Together with NIR irradiation, the combination of two drugs
in LUCTF nanoparticles induced much more cells to apoptosize, with the average

combination index (CI) of 1.26 in Table S2, indicating a moderately synergistic effect 4443,
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Figure 3. In vitro cellular uptake and cytotoxicity of LUCTF. (A) Fluorescence imaging
where Rhodamine-B was loaded into lipid layer and used to label LURF and LUR
nanoparticles; (B) mean fluorescence intensities after incubation of HCT 116 cells with FA
(LURF) and without FA (LUR) for different times; and (C) MTT assay of HCT 116 cells
incubated with LUCF, LUTF, and LUCTF for 3 h before replacing cell media and then

irradiation (808 nm, 1 W/cm?) for 5 min, followed by 44 h continuous incubation.

3.3 Mechanisms for in Vitro chemophototherapy
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DCFH-DA probe was employed to ascertain the level of intracellular ROS with respegt tO7thE 5 ourx
therapeutic action of CO and a-TOS. As shown in Figure 4A and 4C, the generation of ROS

in LUTF/LUCTF-treated cells was clearly observed without NIR irradiation, suggesting that
a-TOS contributed to moderate ROS generation in cancer cells. Upon NIR light irradiation,

ROS production in LUCF and LUCTF incubated cells was significantly increased, with the
latter cells producing the highest ROS level among all groups. The fluorescence images were

well corresponding to the ROS flow cytometry analysis (Figure S6). The ROS fluorescence
intensity is well correlated with the cell viability (Figure S7A), suggesting that the ROS
generation was primarily driven by CO release in the presence of a-TOS, and has a greater
contribution to the apoptotic therapy 4°.

Figure 4B and 4D further present the fluorescence signal of CO release in HCT 116
cells. Upon NIR light irradiation, the intracellular fluorescence intensity of COFP probes was
significantly higher (3.7 times) than that of the group without irradiation. This means that
released CO molecules in cells provide the necessary therapeutic action via the direct

correlation between the CO amount and the characteristic ROS generation level (Figure S7B).

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

Note that the weaker COFP fluorescence intensity of HCT 116 cells incubated with LUCTF
without NIR irradiation may be attributed to the limited fenton-like reaction in intracellular
H,0, #>48and the casual room light.

PI-Annexin V FITC was employed to quantify the apoptotic and necrotic cell
populations under different treatment conditions. As demonstrated in Figure 4E and S8, the
number of apoptotic cells was negligible (94.7% viable) in the control group. The
quantitative data confirmed 70.3% and 54.6% viable cells for the LUCTF-treated group
before and after NIR light irradiation, respectively. The synergistic group (LUCTF + L)
resulted in about 31.2% late apoptotic cells and 5.24% early apoptotic cells. Similarly, the

LUCF group produced a very low apoptotic effect (88.2 % viable cells), but the effect was
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markedly increased under light irradiation (71.8 % viable cells). The apopfotic, effectis oun
produced by the various groups well correlates with the cell viability assay (Figure 3C),
suggesting that the combined effect of both therapeutic agents after irradiation could
significantly induce the cell apoptosis at its ICs, value.

The mitochondrial membrane potential (MMP or A¥,,) was also assessed with JC-1
assay to determine the state of the mitochondria after different treatments. This potential
differentiates between energized and de-energized mitochondria when the normal green
fluorescent dye molecules form aggregates with red fluorescence after targeting energized
mitochondria in response to the higher membrane potential . Figure 4F shows that the
green fluorescence (J-monomer) was increased more or less among the groups treated with
various nanoformulations in comparison with the control group, suggesting a lower MMP
(loss of mitochondria integrity) after the treatments. The LUTF incubation produced red and
green fluorescence with a AW, ratio of 49:51, indicating that the LUTF nanoparticles could
instigate mitochondrial collapse. Relatively, the LUCF group presented a very low green
fluorescence without NIR light irradiation (AY,, ratio of 76:24), but a relatively stronger
green fluorescence (AW, ratio of 57:43) was observed after NIR light irradiation. LUCTF
group produced a red to green fluorescence ratio of about 44:56 and 31:69 before and after
NIR light irradiation, suggesting that the combination of therapeutic agents significantly
increased the action on the mitochondria to trigger its collapse. It is clear that the actions of
both CO and a-TOS are related to the characteristic changes in the mitochondria. This is
because CO is known to alter the mitochondrial respiratory chain at the cytochrome ¢ oxidase
level, and a-TOS targets the mitochondrial complex II to render the mitochondrial outer

membrane permeable 0,
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Figure 4. Mechanism for in vitro actions of nanoformulations. (A) Fluorescent images
after 30 min staining with DCFH-DA (Ax = 490 nm, A, = 525 nm) indicating ROS
generation in HCT 116 cells treated with LUCTF, LUCF, LUTF (10 pg/mL - drug
concentration) for 3 h before nanoparticle removal, irradiation and staining ; (B) Intracellular
CO release images (Aex = 440 nm, A, = 520 nm) of HCT 116 cells treated with LUCTF (15
uM of CORM) for 3 h, followed by staining and 2 h incubation; (C) MFI of flow cytometry

analysis for ROS detection; (D) MFI of flow cytometry analysis for CO release detection; (E)
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Cellular apoptosis of HCT116 cells incubated for 3 h followed by various treatments, sittfiilas;; o s
to (A) before staining at 24 h; (F) Flow cytometry analysis for JC-1 mitochondria integrity of
HCT116 incubated with nanoparticles for 3 h, followed by various treatments and 5 h
incubation. In each in vitro test, various treatments included replacement of media with
nanoparticles with fresh media at 3 h, followed by NIR irradiation (808 nm, 1 W/cm?, 5 min)

and cell staining, if designed.

3.4 Efficient in vivo combination therapy

Firstly, the systemic biodistribution of IR-780-loaded nanoparticles (LUF-IR780) was
assessed by real time in vivo imaging after tail vein administration. As shown in Figure 5A,
after 1 h of injection, the nanoparticles clearly accumulated at the tumor site as well as in the
lung. The accumulation in tumor tissues was significantly increased from 4 to 24 h. The
accumulation in the lung was relatively quicker, as lipid nanoparticles in the absence of
targeting agents are known to preferentially accumulate in the lung °'-34. The nanoparticles
were not significantly directed into other organs, such as spleen, kidney and heart, but a low
amount was detected in the liver (Figure 5B, S9). This suggests that the nanoparticles could
be directed to the tumor site, even with a relatively small tumor with the size around 50-100
mm?, probably due to the enhanced permeation and retention (EPR) effect and FA targeting
to the folate receptors over-expressed on HCT-116 tumor cells.

The therapeutic efficacy of the combination of CORM and a-TOS in these lipid-based
nanoformulations was then assessed by a scheduled intravenous (iv) administration to
HCT116 tumor-bearing nude mice. As shown in Figure 6A and 6C, LUCF + L and LUCTF
showed a moderate degree of tumor inhibition as compared to the control group, by 53.4% +
1.6% and 35.9% + 1.8%, respectively, at day 12. Remarkably, LUCTF + L proved to be

much more efficient in terms of the sustained reduction of tumor growth, by 87.4% + 1.8% at
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day 12 after 4 administrations (Figure 6C). The tumor size measured in the LUCTE 5L ooun
group was not increased, which means that the tumor growth was successfully inhibited until
the end of the study. This tumor size is consistent with the tumor weight at day 12, being
88.1% =+ 1.8%, 52.3% + 1.7% and 37.1% + 1.8% less, respectively for LUCTF + L, LUCF +
L and LUCTF groups, in comparison with the control group (Figure 6D). . The high
combination efficacy of a-TOS and CORM under irradiation in the tumor growth inhibition
can be attributed to their mild synergy at the carefully selected mass ratio, due to the locally
triggered CO generation to change the mitochondrial respiratory chain at the cytochrome ¢
oxidase level and a-TOS caused permeation of the mitochondrial outer membrane via the
mitochondrial complex II, which orchestrates to induce cancer cell death !1- 3536,

As shown in Figure 6B, the cells stained with TUNEL in the control group produced
a pale blue fluorescence, but this fluorescence was completely absent in the LUCTF + L
group due to the apoptotic nature of these treated cancer cells. LUCTF group also produced a
limited percentage of apoptotic cells, which was slightly lower than that in the LUCF + L
group, indicating that the released CO was slightly more effective than that of a-TOS in

LUCTF.

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

There was no observed significant loss of the whole body weight in all groups
throughout the study (Figure 6E). The increase in the tumor size of the control group resulted
in a net weight gain. Furthermore, Figure SC demonstrates that there were no obvious
changes in the tissue histopathology of major organs compared to the control group,
demonstrating a good biosafety and biocompatibility of the nanoformulations within the

period of drug administration.
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Figure 6. In vivo therapeutic effect. (A) Images of mice bearing tumors and tumors
harvested at 12 days of nanoformulation administration; (B) Histological images of tumor
tissues stained with TUNEL; (C) Tumor volume changes during the treatment; (D) Tumor
weight after 12 days; and (E) The average body weight of mice during the treatement. iv

injection at Day 0, 3, 6 and 9 at 10 mg/kg of a-TOS and 5 mg/kg of CORMs, and NIR

Published on 14 July 2021. Downloaded on 7/22/2021 5:37:11 AM.

irradiation at 12 h after each injection (808 nm, 1 W/cm? for 5 min) if designed.

4 Conclusion and Future Prospect

In this work, we first demonstrated that UCNPs converted NIR lights to produce high energy
UV photons (360 nm) to trigger the cleavage and release of CO molecules. The lipid-coated
nanoformulation was capable of co-encapsulating a CO-containing metal complex (CORM)
and Vitamin E analogue in the mixed form of pegylated and non-pegylated a-TOS. The
combined roles of a-TOS and CORM under irradiation in a carefully selected ratio were

better positioned to inhibit cancer cell growth as it produced a mildly synergistic effect as
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compared to the other nanoformulations. We further demonstrated that the FAsconjugated; s oun
LUCTF nanoparticle preferentially accumulated in tumor tissues and efficiently prevented
tumor progression with a good safety profile in major organs. This nanoformulation could be
further developed as a promising nanodrug for targeted cancer gas therapy using the lipid

delivery systems combined with suitable amounts of a-TOS.
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