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ABSTRACT: Gas therapy has gained noteworthy attention in
biomedical research, with the rise of gas-releasing molecules enhancing
their therapeutic potential, especially when integrated into nano-based
drug delivery systems. Herein, we present a lipid-coated gas delivery
system to simultaneously shuttle two gas-releasing molecules carrying
nitric oxide (NO) and carbon monoxide (CO), respectively.
Upconversion nanoparticles (UCNPs) are designed to generate photons
at 360 nm upon 808 nm of near-infrared (NIR) irradiation. These in
situ-generated UV photons trigger simultaneous NO and CO release
from S-nitrosoglutathione (GSNO) and the CO-releasing molecule
(CORM), respectively, which are coloaded into lipid-coated UCNP/
GSNO/CORM/FA nanoparticles (LUGCF). LUGCF with a GSNO/
CORM mass ratio of 2:1 is determined to be optimal in terms of
synergistically instigating apoptosis in HCT116 and CT26 colon cancer cells, where both NO/CO are released and subsequent
production of ROS are detected. This CO/NO combination nanoplatform exhibits a very effective inhibition of colon tumor growth
in vivo at relatively low doses upon a mild 808 nm irradiation. Overall, we effectively integrated two therapeutic gas-releasing
molecules in one NIR-responsive nanosystem, presenting a promising therapeutic strategy for future biomedical applications in dual-
gas cancer therapy.
KEYWORDS: carbon monoxide, nitric oxide, light-triggered gas delivery, upconversion nanoparticle, colon cancer treatment

1. INTRODUCTION
Nanotechnology has revolutionized drug delivery and con-
trolled drug release for the treatment of different kinds of
diseases. In recent years, various nanomedicines have been
synthesized with liquid and solid active ingredients and
explored for effective cancer therapy. Their size, biocompat-
ibility, responsive release, and site-specific targeting ability have
paved the way for advanced laboratory and clinical develop-
ment.1 On the other hand, nano-based gas therapy is gradually
gaining attention because of the intrinsic pre-existence and
effective roles in different biological systems.2 Unlike liquid
and solid active ingredients, gas molecules are more difficult to
formulate into the nanosystem and deliver to the specific site.
Alternatively, gases such as carbon monoxide (CO), nitric
oxide (NO), sulfur dioxide (SO2), and hydrogen sulfide (H2S)
are conjugated to various molecules to facilitate their
formulation, delivery, and release specifically by internal and/
or external stimuli.2−4 This technique fits well into the
multiapproach schemes for multifaceted nano-inspired combi-
nation cancer therapy.
The therapeutic effects of these gases have been largely

traced back to their biological roles as gasotransmitters in the
body.5 It has been reported that they have potential to cure

diseases including cancer, inflammation, and cardiovascular
diseases.6 NO’s internal production is mediated by NO
synthase, a common enzyme found in tissues in the presence
of L-arginine, oxygen, and nicotinamide adenine dinucleotide
phosphate.3 Higher concentrations of NO produce reactive
nitrogen species (RNS), similar to reactive oxygen species
(ROS), resulting in DNA base deamination and impairing
cellular function and enzyme nitrosylation.7−9 Apart from
physiologically regulating cGMP,10 NO also facilitates the
dilation of blood vessels around tumors, thereby enhancing
accumulation of drugs and particulates.11,12 Therefore, NO has
been used to enhance or sensitize various chemotherapy of
cancer drugs and we seek to employ this strategy to codeliver it
with CO gas to enhance CO molecule accumulation.13,14

Similarly, CO is synthesized internally via the enzymatic
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activity of heme oxygenase that degrades heme.15 CO
produces a characteristic anti-Warburg effect by stimulating
bioenergetics in cancer cells, which may result in rapid
metabolic exhaustion. CO also targets the mitochondria in
tumor cells, consuming a high level of oxygen and triggering
the generation of ROS to cause the mitochondrial
collapse.16−18 It is also evident that these two gasotransmitters
share common signaling pathways and similar regulatory
functions.19

Therefore, gas-releasing molecules have been the main
driving force toward achieving a suitable gas therapy of various
diseases,20 and the successful caging of therapeutic gases within
nanoplatforms is essential for their delivery.3,11 The strategy
basically involves molecules that can easily load gases for a
responsive release. For example, a series of metal carbonyls
that can release CO under internal conditions such as low
pH,21,22 ROS,23,24 biomolecules,25 and/or with the application
of external stimulus, such as light,26,27 ultrasound,28 and
magnetic field.29 Similarly, most stimulus-responsive NO-
releasing molecules (NORMs) are naturally occurring
compounds or organic compounds modified with specific
groups that have the capacity to release NO upon
stimulation.30,31 These include S-nitrosothiols,32,33 N-diaze-
niumdiolate (NONOate),34,35 N-nitrosoamines,36,37 organic
nitrates, and alkyl substituted nitrobenzenes.38,39 These gas-
releasing molecules require protection in the biological system,
and nanocarriers offer the ability to shuttle, protect, and
moderate their release at the target site.
Light-responsive platforms have proven to be the most

effective for nano-based gas release systems due to the efficient
response in penetrating tissues, cleaving bonds, and producing
heat for release with their noninvasive and biofriendly nature.40

However, most of the gases are covalently bound to releasing
molecules and require UV light to trigger, which has less
penetration depths.41−43 Li et al. produced an NIR-responsive
Fe(CO)5 PEG-NH2 delivery system employing mesoporous
Prussian blue nanoparticles as the photothermal agent to
elevate the temperature after irradiation for cancer therapy.44

In another study, Garcia et al. also developed NaYF4:Yb, Er
UCNPs capped with mesoporous silica nanoshell for NO

release from Roussin’s black salt.45 They employed 980 nm
light to produce photons in the visible region to trigger a NO
release. The risk of overheating, limited penetration, and water
absorption associated with a 980 nm light may reduce the
efficacy of such systems and therefore the less invasive 808 nm
is required for advanced studies.46−48 Moreover, there is no
report regarding a NIR-responsive delivery system for
simultaneous dual release of two gases (such as NO and
CO) for combination cancer gas therapy.
Herein, we report for the first time that an NIR light-

responsive lipid delivery system is capable of triggering two
gas-releasing molecules (CORM and GSNO, Scheme 1) to
simultaneously release two gases. GSNO absorbs UV light at
355 nm (λmax) and the CORM at 365 nm. In this research,
simultaneous release of two gasotransmitters (NO and CO) is
smartly mediated by core−shell upconversion nanoparticles
(NaYF4, Yb, Tm, Ho@NaYF4, and Nd UCNPs). The UCNPs
absorb either 980 or 808 nm NIR light and emit photons in the
UV and visible region (360 and 550 nm) that both gas-
releasing molecules (CORM and GSNO) absorb efficiently to
release NO and CO. As shown in Scheme 1, hydrophilic
GSNO renders amphiphilicity after conjugating with 1,2-
dioleoyl-sn-glycero-3-phosphate (DOPA) to UCNPs via the
carboxylic group (−COOH) or phosphate groups (HPO4

2−).
CORMs are loaded into the bilayer hydrophobic region as
previously reported.49 These groups cap oleic acid (OA)-free
UCNPs via a two-step ligand exchange process to replace the
oleate ions on the surface of UCNPs. The constructed
nanoparticles (LUGCF) were found to efficiently release both
gases in response to NIR laser irradiation for combination
therapy of colon cancer (HCT116 and CT26 cells) in vitro
and in vivo as this type of cancer has historically demonstrated
sensitivity toward gasotransmitters.

2. EXPERIMENTAL SECTION
2.1. Synthesis of Lipid Nanoformulations. First, DOPA-

UCNP@GSNO nanoparticles were synthesized and then thin film
hydration protocol described previously was used to fabricate lipid
nanoparticles.49,50 In brief, a mixture of 1.1 mg of lipid, containing
DOPC, DOPA, cholesterol, DSPE-PEG, and DSPE-PEG-FA with a

Scheme 1. Schematic Illustration of Synthesis Procedure Involving OA Removal from UCNPs and Conjugation of DOPA
Lipid and GSNO Followed by Co-encapsulation of CORM into Lipid Bilayersa

aThe final LUGCF nanoparticles are taken up by cancer cells and both CO and NO gases are responsively released in situ by conversion of 808 nm
light to 360 nm photons.
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lipid molar ratio of 30:10:15:5:5 was added in chloroform (3 mL).
DOPA-UCNP@GSNO (containing 1.0 mg of GSNO) and 0.5 mg of
CORM were mixed with the above lipid mixture and stirred for 4 h in
the dark. The lipid and drug mixture were transferred into a round-
bottom flask, and chloroform was removed with a rotary evaporator to
obtain a thin film at the bottom of the flask. The flask was left in a
desiccator overnight to completely remove any traces of chloroform,
followed by slow dissolving of the thin film by 10 mM HEPES buffer
of pH = 7.4 at 40 °C. The water-soluble lipid formulation was stirred
for 4 h and centrifuged at 20,000g for 1 h. The resultant pellet was
frozen and lyophilized to determine the final mass before being
redissolved in HEPES buffer to obtain the final LUGCF-2:1 (lipid/
UCNP/GSNO/CORM/FA) nanoformulation. For LUF (lipid/
UCNP/FA) and LUGF (lipid/UCNP/GSNO/FA) nanoformula-
tions, the same procedure was adopted with the addition of only the
required drugs or materials. All other nanoformulations with the
CORM/GSNO mass ratios of 1:1, 3:1, and 4:1 were prepared by
keeping the amount of CORM (0.5 mg) constant and varying the
amount of GSNO to optimize the gaseous drug ratios. In addition,
LUCF was prepared with DOPA-UCNP without the GSNO
conjugation.

2.2. Characterization of Lipid Nanoformulation. The particle
morphologies of UCNPs dispersed in cyclohexane and LUGCF
nanoformulations in buffer were examined with a Hitachi HT7700A
transmission electron microscope. For lipid formulations, 1%
phototungsten acid was applied to stain the nanoparticles before
transmission electron microscopy (TEM) imaging. The composition
features of various nanoparticles prepared at various stages (from the
UCNP to final lipid formulation) were determined by Fourier
transform infrared (FTIR) spectroscopy. The nanoparticles were
completely dried to obtain 1 mg of powder before spectral analysis
with a Thermo Scientific Nicolet 6700 FTIR spectrophotometer.
Dynamic light scattering was used to measure the surface zeta
potential and particle size distribution of all lipid formulations using a
Nano-ZS Zetasizer, Malvern Instruments. The colloidal stability of
LUGCF-2:1 nanoparticles in HEPES buffer and DMEM was
measured at days 2, 4, 6, 8, 10, and 12. UV absorbance spectroscopy
(Shimadzu UV−vis 2450 spectrophotometer) was adopted to
determine the absorbance of the CORM, GSNO, and lipid
nanoformulations in a quartz cuvette. The emission spectra of
UCNPs (5 mg/mL) were recorded in a quartz cuvette after
irradiation with an external laser (980 and 808 nm) at 1 W/cm2 in
a spectrometer. UCNPs were dispersed in cyclohexane for these
spectroscopic tests, and lipid formulations (LUF, LUGF, LUCF, and
LUGCF) were detected in HEPES buffer.

2.3. Drug Loading and Loading Efficiency. GSNO loading
analysis was performed by CHNS/O elemental analysis (Thermo
Scientific FLASH 2000 analyzer). Dry samples of GSNO and
lyophilized lipid formulations (1 mg) containing GSNO were used
to determine the respective percentages of carbon, hydrogen, and
nitrogen. The amount of encapsulated GSNO was determined by
calculating the percentages of nitrogen in LUGF and LUGCF-2:1
with respect to the LUF and LUCF samples as controls, respectively.
The respective amount of pro-drug CORMs encapsulated in LUCF
and LUGCF-2:1 nanoformulations was measured by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) analysis of
the Mn content using the CORM-free LUF formulation as the
control. The capacity for drug loading and the loading efficiency of
CORM and GSNO in the nanoformulations were calculated
accordingly.

2.4. Spectrophotometric Detection of Gas Release. NIR-light
mediated release of CO and NO from LUGCF-2:1 was determined by
single or multiple irradiations, with the CO and NO fluorescent probe
(COFP and NOFP), respectively.51,52 First, after laser irradiation (1
W/cm2), the fluorescence signal of the NO probe was detected at 15
min for the DOPA-UCNP@GSNO intermediary nanoparticle,
relative to UV light irradiation. Subsequently, LUGCF-2:1 with
CORM (15 μmol) was used for fluorescence measurements. Briefly,
COFP (10 μmol) in DMSO was added to the nanoformulation in
HEPES buffer, and the fluorescence spectrum (λem = 520 nm) of the

initial mixture in the quartz cuvette was recorded upon excitation at
440 nm using a Shimadzu RF 5301-PC fluorescence spectropho-
tometer. The mixture was quickly irradiated with a 0.5 W/cm2 808
nm laser for 5 min and sealed with parafilm throughout the
experiment to avoid CO gas escaping. The fluorescence intensity of
COFP was recorded at various time intervals.
NO release was determined with a synthesized ruthenium(II)

complex NO fluorescent probe (NOFP).52 LUGCF-2:1 formulation
with a GSNO amount of 45 μmol was added to 10 μmol of NO
fluorescent probe, and the initial fluorescence intensity (λex = 450 nm,
λem = 600 nm) was recorded before irradiation with a 0.5 W/cm2 808
nm laser for 5 min. The cuvette was quickly sealed and the
fluorescence intensity of the mixture at predetermined intervals
recorded. The unreleased amounts of CO and NO were determined
by irradiating the mixture at 2 h after the initial irradiation, and the
intraday fluorescence intensity for both CO probe and NO probe
were subsequently determined for 7 consecutive days.

2.5. Intracellular Gas Release (NO and CO). HCT116 cells (2
× 104) were seeded in 12-well plates with coverslips at the bottom.
After 24 h of incubation, intracellular CO was detected by incubating
the cells with fresh media containing LUGCF-2:1 (15 μmol of
CORM). Before replacement with fresh media containing 10 μmol of
COFP, the cells were incubated at 37 °C for 4 h, followed by
irradiation with an 808 nm laser at 0.5 W/cm2 for 5 min. Groups
without nanoparticles and with LUGCF-2:1 (no laser irradiation)
were used as controls. After 2 h incubation, the cells were washed and
fixed with 4% paraformaldehyde for 15 min before confocal
microscopy fluorescence images (λex = 460 nm, λem = 530 nm) by
a fluorescence microscope (Olympus BX61 light microscope). For
quantitative CO analysis by flow cytometry, HCT116 cells (1 × 105)
were incubated in 24-well plates, and the same procedure was
repeated. Cells were eventually washed three times and harvested in
150 μL of flow cytometry staining buffer for flow cytometry
(Beckman Coulter FC 500).
For intracellular NO measurement in HCT116 cells, LUGCF-2:1

containing 45 μmol of GSNO and 10 μmol of NO probe was used,
and the same procedure used for CO detection was employed for
both qualitative and quantitative NO detection. The fluorescence
images were captured at λem = 590 nm.

2.6. Intracellular ROS Detection. Upon CO/NO release in
HCT116 cells, ROS probe, 10 μmol 2′,7′-dichlorodihydrofluorescein
diacetate (DCFH-DA), was used to determine the intracellular ROS
level. Qualitative ROS determination was performed by cell imaging
(λex = 488 nm, λem = 530 nm). HCT-116 cells (1 × 105 cells/well)
were incubated in 12-well plates with coverslips at the bottom for 24
h. The cell culture media were replaced with fresh ones containing
10/5 μg/mL of GSNO/CORM in LUGF, LUCF, and LUGCF-2:1
nanoformulations and further incubated for 4 h. Then, the media were
replaced with fresh media containing the ROS probe. For the laser
irradiation groups, cells were irradiated with an 808 nm laser for 5 min
at 0.5 W/cm2. After 30 min of incubation, cells were washed three
times with PBS and then fixed with 4% paraformaldehyde for 15 min.
Fluorescence imaging of cells treated with only the ROS probe was
employed as a control group. For the quantitative analysis of the ROS
level, cells were treated in the same way for flow cytometry. The cells
were incubated in 24-well plates at a density of 1 × 105 cells/well and
cells were finally washed thrice, trypsinized, and collected in 150 μL of
FACS buffer for flow cytometry analysis through detecting DCF
fluorescence (λex = 488 nm, λem = 525 nm).

2.7. In Vitro Apoptosis Assay. The apoptotic effect of the
nanoformulations was evaluated in HCT116 cells through flow
cytometry analysis. Annexin V-fluorescein isothiocyanate (FITC)
apoptosis detection kit (BD Biosciences Pharmingen) was employed
to determine the cell apoptosis. Briefly, cells at the density of 1 × 105
cells/well were seeded in 24-well plates for 24 h. The cells were then
treated with media containing LUGCF-2:1 (IC50: 3.4/1.7 μg/mL of
GSNO/CORM, calculated from the MTT assay). After 4 h of
nanoparticle incubation, media for all groups were replaced with fresh
ones, followed by the 808 nm laser irradiation at 0.5 W/cm2 for 5 min
for groups LUGF + L, LUCG + L, and LUGCF-2:1 + L. The cells
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were further incubated for 24 h, triplatinized, and centrifuged at 300g
for 4 min. After washing with 500 μL of cold PBS two times, the cells
were resuspended in 100 μL of binding buffer. Then, the cells were
stained with 5 μL of an Annexin V-FITC solution and 5 μL of a
propidium iodide (PI) solution for another 20 min in the dark. The
cells were diluted with 1× binding buffer (400 μL) and analyzed by
flow cytometry for at least 1 × 105 cells per sample. The population of
cells in different quadrants (late apoptotic on the top right, early
apoptotic on the bottom right corner, and necrotic cells on the top
left side) were analyzed using the quadrant statistics with respect to
the untreated control groups stained with Annexin V−PI only.

2.8. In Vivo Therapeutic Effect. All animal experiments were
conducted following the institutional guidelines for animal exper-
imentation using the animal-use protocols approved by The
University of Queensland’s Animal Ethics Committee (AIBN/224/
18). Female BALB/c mice (6−8 week old) were housed and provided
with unrestricted access to water and food throughout the study.
Tumor xenografts in mice were achieved by subcutaneous injection of
CT26 cells at a density of 2 × 106 in 100 μL of FBS-free cell culture
medium on the right flank. The size of tumor and body weight were
monitored daily, and tumor volume (V) was calculated using the

formula: V = L × W2/2 (L and W represent the tumor’s longest and
the shortest dimensions).
Mice were randomly divided into five groups (n = 5) after the

respective tumor volume reached ∼100 mm3. The mice were
administered with PBS control, LUGF, LUGF + L, LUCF + L,
LUCGF, and LUGCF-2:1 + L by intravenous injection of
nanoformulations containing 10 mg/kg of GSNO and/or 5 mg/kg
of CORM per dose and 7.5 mg/kg each for LUGCF-1:1 per dose.
The drug administration was conducted on days 0, 3, 6, and 9 with
postinjection irradiations at 12 h (808 nm, 0.5 W/cm2 for 5 min).
The therapeutic efficacy was evaluated by tracking the tumor

volume and body weight of all mice. After 2 days of the final
administration, mice were sacrificed, and the weight of tumors was
measured for further analysis. Major organs were also excised for
H&E staining to examine the in vivo safety of nanoformulations.
Microscopic imaging by an Olympio BX61 microscope was employed
to visualize the tissues after staining.
Nanoparticle accumulation at the tumor site was performed with

two groups of animals containing three mice. Mice were injected with
LUGCF-2:1 nanoformulation, and the control group received saline.
All mice were sacrificed after 24 h of injection, and their tumors were
harvested and digested for Mn content analysis. The in vivo gas

Figure 1. Particle characteristics. (A) TEM images of (a) UCNPs and (b) LUGCF-2:1 nanoparticles. Arrow shows the lipid layer. (B) UV
absorbance spectra of aqueous GSH, GSNO, and CORM with photoluminescence spectra (980 nm, 1 W/cm2) of core−shell UCNPs dispersed in
hexane. (C) Photoluminescence spectra (808 nm, 1 W/cm2) of UCNPs dispersed in cyclohexane and LUGCF-2:1 in HEPES buffer. (D) FTIR
spectra of various intermediary and final materials during synthesis.

Table 1. Particle Characteristics of Lipid Nanoformulations

formulations
hydrodynamic diameter

(nm)
zeta potential

(mV)
polydispersity

index
drug loading
(wt %)

loading efficiency
(%)

Lip/UCNP/FA (LUF) 102 ± 3 −7.4 ± 0.4 0.20 ± 0.02
Lip/UCNP@GSNO/FA (LUGF) 134 ± 3 −6.1 ± 0.5 0.23 ± 0.08 9.33 70.0
Lip/UCNP/CORM/FA (LUCF) 133 ± 1 −1.0 ± 0.3 0.23 ± 0.11 9.92 74.5
Lip/UCNP@GSNO/CORM/FA
(LUGCF-1:1)

132 ± 1 −0.8 ± 0.4 0.21 ± 0.03 4.60/4.59a 69.0/68.9a

Lip/UCNP@GSNO/CORM/FA
(LUGCF-2:1)

139 ± 2 −1.3 ± 0.1 0.27 ± 0.03 4.60/9.10a 73.4/73.6a

Lip/UCNP@GSNO/CORM/FA
(LUGCF-3:1)

137 ± 4 −1.8 ± 0.4 0.23 ± 0.04 4.59/13.8a 78.1/73.6a

Lip/UCNP@GSNO/CORM/FA
(LUGCF-4:1)

139 ± 3 −2.5 ± 0.6 0.27 ± 0.11 4.59/18.4a 82.6/82.8a

aCorresponding drug loading and loading efficiency values of CORM and GSNO in LUGCF, respectively.
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release and ROS generation in CT26 tumor tissue were also
investigated. When the tumors grew to 100 mm3, mice were
intravenously injected with 100 μL of saline as the control group or
LUGCF-2:1 formulation containing 10 mg/kg of GSNO and 5 mg/kg
of CORM, followed by injection of 50 μL of probe (2 mM) after 10 h.
In vivo CO and NO release and ROS generation in the tumor tissues
were quantitatively assessed after 12 h upon irradiation prior to
imaging.

3. RESULTS AND DISCUSSION
3.1. Characteristics of Therapeutic Gas-Loaded Nano-

formulations (LUGCF). In this work, a lipid nanoplatform
coloaded with two gas-releasing molecules (NO and CO) for
NIR light-responsive release and synergistic cancer therapy was
successfully synthesized (Scheme 1). First, OA-capped
NaYF4:Yb, Tm, Ho@NaYF4:Nd core−shell UCNPs
(UCNPs) had an average particle size of around 55 nm
(Figure 1A). Similar to our previous report,49,50 the hexagonal
morphology of core UCNPs was maintained after shell coating
(Figure 1A). The core nanoparticles alone absorbed 980 and
808 nm NIR via Nd’s absorbance.53 As shown in Figure 1B,
CORM and GSNO in HEPES buffer displayed UV absorptions
at λmax = 365 and 350 nm, respectively.
The intermediary amphiphilic nanoparticle named DOPA-

UCNP@GSNO was easily incorporated into lipid mixtures
containing amphiphilic CORM. In this nanoformulation
structure, the amphiphilic GSNO was capped on OA-free
UCNPs through the coordination and electrostatic attraction
of carboxylic acid (−COOH) to lanthanide ions.54 The
hydrophilic UCNP@GSNO combination was successfully
decorated with lipids (DOPA) containing −HPO3

2− functional

groups with comparable UCNP binding ability as the second
layer ligand.55 After lipid encapsulation, hexagonal UCNPs
were surrounded by a thin layer of lipids (Figure 1A), further
confirming the incorporation of lipids and gas-releasing
molecules. As shown in Figures 1C and S1, slightly reduced
PL intensity (red curve) was observed for the LUGCF-2:1
formulation in HEPES buffer due to the quenching by water
molecules in comparison to that in cyclohexane. The
characteristic emission at 360 nm upon NIR laser irradiation
could trigger release of both gas molecules. Apart from UV
emission, the absorbance of GSNO in the visible region (550
nm) was also considered for NO release and thus Ho was
introduced in UCNPs to produce a characteristic emission at
550 nm (Figure 1C). These emissions could be induced by
both 980 and 808 nm light excitations (Figure S1).
Figure S2 presents FTIR spectra of the starting materials and

intermediates of the LUGCF-2:1 nanoformulation, confirming
that such a composite structure was successfully constructed.
The −CH2 stretching vibrations in OA-coated UCNPs were
detected at 2925 and 2856 cm−1. After treatment with NOBF4,
a new IR peak at 1100 cm−1 was detected, representing the
presence of −BF4 (from NOBF4) on the surface. The peak at
1550 cm−1 was attributed to −NO in GSNO as compared to
standard GSH.56 This characteristic peak was also detected in
UCNP@GSNO as compared to UCNP@GSH. As displayed
in Figure 1D, the differences between formulated nano-
medicines were prominent. The −NO stretching vibration and
amide and amine vibrations were all seen in the FTIR
spectrum of LUGF, and the −CO bands (2023 and 1928
cm−1) were observed in the FTIR spectrum of LUCF,
confirming the successful encapsulation of GSNO and

Figure 2. NIR-responsive gas release from the LUGCF-2:1 nanoparticles. Profiles of CO (A) and NO (B) release from the LUGCF-2:1
nanoformulation with different light release conditions. COFP (λex = 450 nm, λem = 530 nm) and NOFP (λex = 450 nm, λem = 600 nm) were used
for CO and NO detection, respectively. Fluorescent imaging (C) and flow cytometry analyses (D) of CO and NO release in HCT116 cells.
Nanoparticles were replaced at 4 h before treatment with a laser (0.5 W/cm2) for 5 min. Scale bar = 50 μm.
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CORM, respectively. These respective signals were maintained
for dual pro-drug-loaded nanoformulations (LUGCF-2:1),
suggesting that a certain amount of GSNO and CORM was
simultaneously incorporated into the lipid formulations.
Table 1 summarizes the physicochemical characteristics for

prepared formulations. The hydrodynamic diameter of all lipid
nanoparticles was mainly in the range of 130−140 nm,

suggesting their suitability for cellular uptake and tumor
accumulation. LUGCF nanoparticles with both GSNO and
CORM gas-releasing molecules (mass ratio from 1:1 to 4:1)
had the similar zeta potential (−1.0 ± 0.3 mV to −2.5 ± 0.6
mV) but slightly higher than that of LUF and LUGF,
attributed to the incorporation of positive CORM molecules.
Note that all nanoparticle formulations contained tumor-

Figure 3. In vitro cytotoxicity studies. (A) Cell viability assay of LUGF, LUCF, and LUGCF-2:1 with laser (L) irradiation in HCT116 cells. (B)
MTT assay was performed for different ratios and combinations of LUGCF nanoformulation at 10 and 20 μg/mL in HCT116 cells with light
irradiation. (C) Cell apoptosis assay of various formulations showing the apoptotic and necrotic profiles by PI-Annexin V staining of HCT116 cells
harvested and stained after treatment for 24 h of treatment. (D) HCT116 cells’ fluorescence images of DCFH-DA indicating the qualitative amount
of intracellular ROS (λex = 450 nm laser line and λem = 530). (E) Quantitative flow cytometry analysis of ROS contents in HCT116 cells (λex = 488
nm laser line and λem = 525). All nanoparticles were replaced with fresh media after 4 h, and irradiation groups (+L) were treated with an 808 nm
light at 0.5 W/cm2 for 5 min. Scale bar = 50 μm.

Figure 4. Gas release mechanism and ROS detection. (A) In vivo detection of CO gas after 12 h of administration and irradiation detected by
COFP fluorescence. (B) In vivo detection of NO gas after 12 h of administration and irradiation detected by Ru−NO probe fluorescence. (C) In
vivo detection of ROS after 12 h of administration and irradiation detected by DCFH-DA fluorescence. (D) Ex vivo detection of COFP, RuNO
probe, and DCFH-DA ROS probe. (E) Fluorescence radiance intensity of signals of harvested tumors. Light irradiation was performed at a rate of
0.5 W/cm2 for 5 min.
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targeting ligand folic acid (FA) for enhanced delivery as
reported previously.57 Further note that the colloidal stability
of LUGCF-2:1 nanoparticles in HEPES buffer and DMEM
(mimicking biological fluids) was confirmed by the unchanged
particle size and zeta potential during incubation at 4 °C for 12
days (Figure S3).
Four LUGCF formulations had the loading efficiency of

GSNO and CORM at 70−80% individually or together (Table
1). As detailed in Table 1, the CORM was maintained at 4.6 wt
% while GSNO varied between 4.6, 9.1, 13.8, and 18.4% in
these LUGCF nanoparticles.

3.2. NIR-Triggered Gas Release. NIR-mediated gas
release was detected by the characteristic turn off−on
properties of COFP and NOFP. First, UCNPs containing

Tm-doping (NaYF4:Yb, Tm@NaYF4:Nd, Tm/UCNP), Ho-
doping (NaYF4:Yb, Ho@NaYF4:Nd, Ho/UCNP), and codop-
ing (Tm/Ho/UCNPs) at 0.5% Tm and 1% Ho were prepared.
NaYF4:Yb, Ho, and Tm@NaYF4:Nd were conjugated with
GSNO and DOPA for comparison of NO release efficacy.
Figure S4A displays the effect of codoping Ho (550 nm
emission) into Tm UCNPs (360 nm emission) on NO release
from intermediary DOPA-UCNP@GSNO nanoparticles. Tm/
UCNP-mediation with the release of NO from GSNO
obviously produced a desirable fluorescence intensity (λex =
600 nm), which was slightly enhanced by employing Tm/Ho/
UCNPs. However, the detection of NO released from Ho/
UCNPs was relatively low (35%) as compared to other groups
under the same conditions. The codoping (Tm/Ho/UCNPs)

Figure 5. In vivo therapeutic effect. (A) Changes of tumor’s volume during the treatment. (B) Weight of tumor after 12 days. (C) Average body
weight of mice during the treatment. (D) Images of tumors harvested at 12 days after treatment with different nanoformulations; intravenous
injection at day 0, 3, 6, and 9 at 10 mg/kg of GSNO and 5 mg/kg of CORMs per dose or 7.5 mg/kg each for LUGCF-1:1 per dose, and light
irradiation at 12 h after each injection (808 nm, 0.5 W/cm2 for 5 min) for irradiation groups. (E) H&E staining indicates the histopathological
status of major organs after animal treatment with LUGCF-2:1 + L on day 12. Scale = 100 μm.
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seems optimal for this study because CORM absorbs photons
at 360 nm, while GSNO at both 350 and 550 nm. In further
comparison,similar fluorescence intensity was observed when
an 808 or a 980 nm NIR laser was employed to irradiate LUGF
(Figure S4B), which means UCNPs are very similarly
responsive to both lights, and the 808 nm laser was selected.
As depicted in Figure 2A, CO release seemed rapid within

10 min after laser irradiation, and the delivery system
moderately slowed the gas diffusion across lipid bilayers in
the coming 10−20 min as observed in other CO detection
assay.58 If the release upon laser irradiation at 2.5 W/cm2 was
regarded as the maximum after 120 min of incubation, ∼50%
of the maximum CO level was released upon an 808 nm laser
irradiation at 0.5 W/cm2 for 5 min after 30−40 min of
incubation (Figure 2A). After irradiation, no significant CO
release was detected from control and irradiated samples until
180 h (Figure S5C). After 120 min of incubation of LUGCF-
2:1 in the presence of COFP, repeated irradiation (0.5 W/cm2

for 5 min) released CO from ∼50 to ∼90% of the maximum
level in the subsequent 60 min (120−180 min, Figure S5A).
Note that the second irradiation at 2.5 W/cm2 did not release
any more CO, indicating that one 808 nm laser irradiation at
2.5 W/cm2 for 5 min triggered the release of all possible CO
molecules (Figure 2A).
Similar to the CO release profile, NO release also showed a

laser power-dependent pattern (Figure 2B). A rapid burst
release of NO in the first 30 min was observed upon laser
irradiation at both 0.5 and 2.5 W/cm2 for 5 min, and there was
about 10−15% more NO released in 60−120 min. A repeated
irradiation at 0.5 W/cm2 for 5 min after 120 min of incubation
further released NO molecules to be close to the maximum
amount (Figure S5B). Clearly, further incubation after the
second irradiation did not release any NO from 180 min to
180 h (Figure S5D). More interestingly, 60−70% of the
maximum NO was released upon irradiation at 0.3 W/cm2 for
10 min. These data suggest that the laser power at 0.5 W/cm2

for 5 min was suitable for subsequent experiments to
simultaneously release moderate amounts of CO and NO for
therapeutic action. In addition, there was a slightly more NO
release from GSNO in buffers at physiological pH below 5
(mimicking endosome/lysosome and tumor tissue micro-
environment) in comparison with that in pH 7.4 medium as
the formation of GSNO from GSH occurs in pH below 5 and
is reversible in the presence of excess acid (Figure 2B).59

Figure 2C shows the qualitative detection of intracellular
CO and NO release after the cellular uptake of LUGCF-2:1. In
the absence of LUGCF-2:1 formulation, HCT116 cells
produced undetectable NO and CO fluorescence. In the
absence of irradiation after 4 h of incubation with LUGCF-2:1,
weak visible fluorescence was observed. In sharp contrast, NIR
irradiation at 0.5 W/cm2 for 5 min produced much more
intense fluorescence in cells for both the NO and the CO
probes. As illustrated in Figure 2D, the observed fluorescence
intensity of irradiated cells via two probes was significantly
higher than that of other treatments (Figure S6A,B). These
quantitative and qualitative data confirm that LUGCF-2:1 was
successfully taken up by cells, and the internalized formulations
produced gases in detectable quantities in cells upon laser
irradiation.

3.3. In Vitro Cancer Gas Therapy. Cell viability assay, PI-
Annexin V apoptosis, and ROS detection were employed to
determine the optimal combination and therapeutic mecha-
nism. Figure 3A shows that single therapeutic nanomedicines

(LUCF and LUGF) exhibited a dose-dependent cytotoxicity to
HCT116 upon an 808 nm laser irradiation at 0.5 W/cm2 for 5
min, with the IC50 value being 12.9 (CORM) and 41.6
(GSNO) μg/mL (Table S4), respectively. In comparison,
LUCF and LUGF themselves showed very limited cytotoxicity
to HCT116 cells (IC50 being 198.1 and 211.3 μg/mL,
respectively; Figure S7A and Table S4). Co-loading HCT116
cells with GSNO and CORM at a mass ratio of 2:1 (LUGCF-
2:1) without laser irradiation moderately reduced the cell
viability at high doses (e.g., 57.9% cell viability at 60/30 μg/
mL of GSNO/CORM) (Figure S7A), with their combined
IC50 being 93.0/46.5 μg/mL (Table S4). In sharp contrast,
laser irradiation at 0.5 W/cm2 for 5 min efficiently induced cell
death (Figure 3A), remarkably reducing the IC50 to 3.4/1.7
μg/mL in the GSNO/CORM combination (LUGCF-2:1).
To optimize the GSNO/CORM mass ratio in LUGCF for

enhanced cytotoxicity, the total GSNO/CORM concentration
was fixed at 20 and 10 μg/mL with their mass ratios varying
from 1:1 to 4:1, respectively. As shown in Figure 3B, the higher
dose (20 μg/mL) reduced the HCT116 cell viability by 10−
15% in comparison to the lower dose (10 μg/mL) in all
corresponding combinations upon an 808 nm laser irradiation.
Relatively, both 2:1 and 3:1 combination showed a similarly
higher cytotoxicity, e.g., killing 61.2%/72.9% and 60.7%/71.1%
HCT116 cells at 10/20 μg/mL of the total doses, respectively.
This cytotoxicity is significantly higher than that of LUGCF at
the GSNO/CORM mass ratio of 1:1 and 4:1.
In consistence, the synergistic effect of two gas-releasing

molecules in LUGCF-2:1 combination was analyzed by
estimating the combination index (CI). As listed in Table
S3, the CI was 1.85 and 1.84 for 2:1 and 3:1 LUGCF
combinations, respectively, remarkably higher than that for 1:1
(CI = 1.26) and 4:1 (CI = 1.34) combinations. In contrast, an
additive effect (CI = 0.94−1.02) was observed for treatments
with all combinations without laser irradiation (Table S4). On
the other hand, about 25% of cell death was observed for both
2:1 and 3:1 LUGCF at 20 μg/mL of GSNO/CORM, and
slightly lower cell death was observed for both 4:1 and 1:1
combination (∼19%) without light irradiation (Figure S8A).
Very interestingly, this similar cell viability was observed in
both human (HCT116) and mice colon cancer cells (CT26
cells) with or without light irradiation (Figure S8B−D), which
suggests that the LUGCF nanoformulation is similarly effective
in both colon cancer cells. In comparison, the cell viability of
healthy kidney cells (HEK293T) was not affected by this
combination treatment at much higher concentrations (Figure
S7B), e.g., 85.3% cell viability at 60/30 μg/mL of GSNO/
CORM, suggesting a much lower side effect of LUGCF
nanomedicine to normal cells.
PI-Annexin V flow cytometry apoptosis analysis indicates

that LUGCF-2:1 induced more early and late apoptotic cells as
compared to other groups at 3.4/1.7 μg/mL GSNO/CORM
with or without light irradiation (Figure 3C). As shown in
Figure S9, LUGF, LUCF, and LUGCF induced 9.7, 11.5, and
12.9% cell death, while the total cell death was increased to
25.1% (LUCF) and 21.0% (LUGF) upon light irradiation. As
expected, LUGCF-2:1 + L induced 18.7% early apoptosis and
31.7% late apoptosis (50.4% total cell death), much more
efficiently than the single gas nanomedicine, probably
attributed to the synergy.
Consistently, a pivotal cancer-killing mechanism of ther-

apeutic gases has been confirmed to involve CO- and NO-
induced ROS. As indicated in Figure 3D,E, LUGF, LUCF, and
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LUGCF-2:1 alone produced very limited ROS without light
irradiation. Light irradiation of LUGF and LUCF induced
relatively strong intracellular ROS signals, while a significantly
higher fluorescence signal was observed for LUGCF-2:1,
indicating a strong synergistic effect of simultaneously released
CO and NO on the production of ROS/RNS species. As
proposed previously, released NO further produces NO•,
ONOO−, and other forms of RNS whereas CO also produces
ROS in the intracellular level for enhanced cancer therapy.60

3.4. In Vivo Photoresponsive Gas Therapy. In situ gas
release and intratumoral ROS generation were assessed in mice
using one animal selected from all groups. As seen in Figure
4A, animals treated with LUGCF-2:1 + L produced strong
COFP fluorescence signals at the tumor site as compared to
the control group receiving just saline and the COFP probe. A
similar phenomenon was observed for the NOFP probe with
the same formulation treatment (Figure 4B). The ROS signal
(DCF) was also clearly observed in mice treated with the
LUGCF-2:1 formulation upon light irradiation (Figure 4C).
Consistently, harvested tumor tissues from animals treated
with LUGCF-2:1 + L showed much higher signals than the
control groups (Figure 4D) as quantified in Figure 4E. Very
obviously, the control signals were significantly lower than the
LUGCF + L treatment group, and the ROS detection was also
confirmed by the high signal. These data suggest that gases
were responsively released in tumor tissues after NIR laser
irradiation and released gases significantly contributed to ROS
generation for in situ cancer gas therapy.
The therapeutic effect of the combined GSNO/CORM

therapy in the lipid nanoformulations was then assessed by
intravenous injection into CT26 tumor-bearing mice. As seen
in Figure 5A, injections of LUGCF-2:1 did not inhibit tumor
growth (dashed blue line). Relatively, treatments with LUCF +
L and LUGF + L provided a moderate degree of tumor
inhibition, as compared to the control group, by 35.1% ± 1.9%
and 27.8% ± 2.7%, respectively, at day 12. Notably, both 2:1
and 1:1 formulations (LUGCF-2:1 + L and LUGCF-1:1 + L)
significantly inhibited tumor growth by 87.5% ± 0.7% and
77.7% ± 0.8%, respectively, at day 12 (Figure 5A). In
comparison, LUGCF-2:1 more efficiently inhibited the tumor
growth than LUGCF-1:1, consistent with the in vitro data
(Figure 3A). In specific, the tumor size was not increased
during the whole treatment period in the LUGCF-2:1 + L
group. The weight of collected tumor tissues was consistent
with the tumor volume at day 12 for all groups of mice, being
reduced by 87.5% ± 1.5%, 78.8% ± 5.3%, 37.5% ± 3.5%, and
29.8% ± 2.6% for LUGCF-2:1 + L, LUGCF-1:1 + L, LUCF +
L, and LUGF + L groups, respectively, in comparison with the
control group (Figure 5B). The efficient therapeutic effect of
GSNO and CORM in the combination formulation under NIR
irradiation for tumor growth inhibition can be attributed to
their synergy at the carefully selected mass ratio.
No loss of body weight in all groups was observed

throughout the study (Figure 5C). The tumor size increase
in the control group likely resulted in a minor net weight gain.
Furthermore, comparing with the control group, there were no
significant morphological changes in the tissue histopathology
of excised organs (Figure 5E). These data demonstrate the
good biosafety and biocompatibility of these nanoformulations
during the treatment.

4. CONCLUSIONS
In this research, we successfully developed a lipid drug delivery
system capable of loading two gas-releasing molecules (CORM
and GSNO) and targeting tumor cells with folate. UCNPs
were engineered and incorporated to mediate NIR to UV light
conversion for a responsive gas release. The formulation
LUGCF-2:1 was confirmed to be relatively stable in biological
media. In vitro and in vivo data demonstrated that significant
amounts of CO and NO gases were released via an 808 nm
NIR irradiation. The optimal mass ratio of two gas pro-drug
molecules encapsulated act synergistically to inhibit HCT116
and CT26 colon cancer cell growth, particularly in the mouse
model upon an 808 nm light irradiation at 0.5 W/cm2 for 5
min. In summary, this nanoplatform provides a new strategy
for codelivery of molecules containing gasotransmitters for
synergistic cancer therapy using noninvasive release triggers
such as NIR lights.
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1. Supplementary Figure

Figure S1. Photoluminescence spectra (980 nm, 1 W/cm2) of UCNPs (5 mg), DOPA-

UCNP@GSNO intermediary compound dispersed in cyclohexane and final LUGCF 

formulation in HEPES buffer. 
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Figure S2. FTIR spectra of various formulations showing the starting materials during the step-

wise nanosynthesis process to achieve the final LUGCF nanoformulation 
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Figure S3. Characterization of nanoformulations with dynamic light scattering indicating the 

colloidal stability of LUGCF in (A) HEPES buffer (pH = 7.4) and (B) Cell culture medium 

(DMEM and 10 % FBS) for 12 days.
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Figure S4. (A) Spectroscopic data for NO release with NIR lights using different UCNP core 

shell materials and UV light as secondary control group. NIR irradiation was performed at 808 

nm 0.5 W/cm² in 5 min. Detection was performed 10 min after irradiation (λex = 450 nm, λem = 

600 nm). (B) Release of NO with different NIR lights using UCNP-NaYF4;Yb,Tm, 

Ho@NaYF4;Yb,Nd. NIR irradiation was performed at 980/808 nm 0.5 W/cm² in 5 min.
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Figure S5. (A) Profile of CO release from LUGCF nanoformulation with 2nd irradiation after 

2 h of observation detected by fluorescence spectroscopy of COFP at λex = 450 nm, λem = 530 

nm. (B) NO release from LUGCF nanoformulation with 2nd irradiation after 2 h of observation 

detected by NO fluorescent probe at λex = 450, λem = 600 nm. (C) Long term/intraday CO release 

profile after first irradiation of LUGCF. (D) Long term/intraday NO release profile after 

irradiation of LUGCF. Light irradiations performed at 0.5 or 2.5 W/cm2 for 5 min. Arrow 

indicates second irradiation point. 
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Figure S6. Flow cytometry data of HCT116 cells indicating the quantitative determination of 

(A) intracellular NO (B) cellular CO contents (C) ROS contents. Detection at λex = 488 nm 

laser line and λem = 525 for ROS Probe (DCFH-DA)/ COFP and for NO probe λem = 600 nm. 

Nanoparticles replaced with fresh media after 4 h and irradiation groups (+L) treated with 808 

nm light at 0.5 W/cm2 for 5 min before further incubation and detection. 
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Figure S7. (A) MTT Assay for LUCF, LUGF and LUGCF nanoformulation (1:2 ratio) at 

various concentrations in HCT116 cells without laser (L) irradiation (B) Cell viability assay of 

LUGCF without laser (L) irradiation in HEK293T cells.  All nanoparticles in A were replaced 

with fresh media after 4 h, and that in B were maintained. Incubation for a total of 48 h was 

observed before MTT assessment.
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Figure S8. MTT Assay for different ratios and combinations of LUGCF nanoformulation at 10 

and 20 µg/mL in (A) HCT116 cells without light irradiation, (B) CT26 cells without light 

irradiation, (C) CT26 cells with laser irradiation. (D) Cell viability assay of various 

concentrations of nanoformulations in CT26 cells. All nanoparticles were replaced with fresh 

media after 4 h and irradiation groups (+L) treated with 808 nm light at 0.5 W/cm2 for 5 min, 

followed by incubation for a total of 48 h before MTT assay.
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Figure S9. Cell apoptosis assay of various formulations (3.4/1.7 µg/mL of GSNO/CORM 

concentration) showing the apoptotic and necrotic profiles of HCT116 cells after 24 h of 

incubation. All nanoparticles were replaced with fresh media after 4 h and irradiation groups 

(+L) treated with 808 nm light at 0.5 W/cm2 for 5 min, followed by incubation for a total of 24 

h before PI-Annexin V FITC staining and analysis.
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Figure S10. Elemental analysis of Mn contents in excised tumours after 24 h of administration. 

0.2 g of tumours were analysed per tumour sample and 5.3% of CORM accumulated in tumours.
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2. Supplementary Table

Table S1. Elemental analysis contents of GSNO after synthesis. The successful formation of 

GSNO was confirmed by CHNS/O elemental analysis, in which an overall weight yield of 

84.3% and an average of 99.7% nitrogen and carbon purity were detected after recovery of the 

powdered sample.   

 

Sample N C H S

GSNO (Theoretical) 16.65 35.68 4.76 9.51

GSNO 16.62 35.65 4.73 8.29
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Table S2. IC50 values for various nanoformulations after 48 h of treatment.

Formulation IC50 (µg/mL)/µM

GSNO

IC50 (µg/mL)/µM

CORM

IC50 (µg/mL)/µM

GSNO

LUCF - 198.1 -

LUGF 211.3 - 211.3

LUCF + L - 12.9/8.7 -

LUGF + L 41.6 - 41.6

LUGCF 93.0 46.5 93.0

LUGCF + L 3.4 1.7 3.4
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Table S3. MTT summary for combination therapy and corresponding LUGF/LUCF (with laser 

treatment). Cell viabilities extrapolated from tested groups after light irradiation.

CORM/GSNO 

mass ratio

CORM/GSNO 

(dose, µg/mL)

LUCF 

Viability

LUGF 

Viability

LUGCF 

Viability

Combination 

index

Average 

Combination 

index

1:1 5/5

10/10

73.5

57.0

87.9

79.9

49.7

37.2

1.29

1.23

1.26

2:1 3.4/6.7

6.6/13.3

80.5

67.4

85.0

77.5

38.7

27.1

1.77

1.93

1.85

3:1 2.5/7.5

5,15

84.7

73.5

83.6

75.0

39.3

29.5

1.80

1.87

1.84

4:1 2,8

4,16

87.2

77.6

83.0

74.1

54.2

43.0

1.34

1.34

1.34

Coefficient of drug interaction= Survival ratio (LUCF)× Survival %(LUGF)

 Survival ratio (LUGCF)

Average CI = ∑ CI / number of dosages

A*B/C ratio:<0.8:asynergy, 0.8-1.2:additive, 1.2-1.4:mild synergy, 1.4-1.6:moderate synergy, 

>1.6:strong synergy   
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Table S4. MTT summary for combination therapy and corresponding LUGF/LUCF (without 

laser treatment). Cell viabilities extrapolated from tested groups.

CORM/GSNO 

mass ratio

CORM/GSNO 

(dose, µg/mL) 

LUCF 

Viability

LUGF 

Viability

LUGCF 

Viability

Combination  

index

Average 

Combination  

index

1:1 5/5

10/10

86.4

78.6

95.4

91.7

86.8

77.8

0.95

0.93

0.94

2:1 3.4/6.7

6.6/13.3

89.7

83.5

94.0

89.7

80.7

73.4

1.01

1.02

1.02

3:1 2.5/7.5

5,15

91.7

86.4

93.4

88.9

83.7

75.4

1.02

1.02

1.02

4:1 2,8

4,16

92.9

88.4

93.0

88.4

90.6

81.9

0.95

0.95

0.95



16

3. Supplementary Experimental Section

Materials

Sodium hydroxide (NaOH) was obtained from Chem-Supply.  Cholesterol, 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-N-(polyethylene glycol)-2000 (DSPE-PEG) 

and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 

(18:1 Liss Rhod PE), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate 

(polyethyleneglycol)-2000 (DSPE-PEG-FA) were obtained from Avanti Polar Lipids, USA. 

Lanthanides chloride hexahydrate (TmCl3·6H2O, NdCl3·6H2O, YCl3·6H2O, YbCl3·6H2O), 

ammonium fluoride (NH4F), oleic acid (99% purity), sodium nitrite (NaNO2), Nitrosyl 

tetrafluoroborate (NOBF4), oleylamine (OM), and 1-octadecene (ODE) were obtained from 

Merck KgaA (Darmstadt, Germany). Dulbecco’s Modified Eagle Medium (DMEM) and fetal 

bovine serum (FBS) were purchased from Gibco, USA. DCFH-DA ROS assay kit was 

purchased from Promokine. Annexin V-FITC cell apoptosis detection kit and JC-1 

mitochondria assay kit were purchased from Invitrogen (by Thermofisher Scientific). All other 

chemicals used were obtained from Merck KgaA (Darmstadt, Germany) and were of HPLC or 

analytical grade.

Synthesis of core-shell upconversion nanoparticles (UCNPs) 

Core UCNPs (NaYF4:Yb,Ho,Tm) were first synthesized using the thermal decomposition 

method. Under nitrogen gas atmosphere, YCl3.6H2O (0.785 mmol), YbCl3.6H2O (0.2 mmol), 

HoCl3.6H2O (0.001 mmol) and TmCl3.6H2O (0.005 mmol) in a three-neck round bottom flask 

were dissolved with 6 mL of oleic acid (OA) and 15 mL of 1-octadecene (ODE) at 150 ºC for 

60 min. Upon cooling to room temperature, 10 mL of methanol solution containing 0.148 g of 

ammonium fluoride (NH4F) and 0.1 g of sodium hydroxide (NaOH) was added. The mixture 

was stirred for another 60 min at room temperature, and then slowly heated to 120 ºC for 30 

min to get rid of methanol. The temperature was then rapidly increased to 310 ºC for 90 min.  
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After cooling down to room temperature, 10 mL of ethanol was added to precipitate the UCNPs. 

The formed UCNPs were then washed with methanol, ethanol, and cyclohexane three times. 

The synthesized UCNPs were dispersed in 10 mL of cyclohexane and stored at 4 ºC for 

subsequent use. 

The shell nanocrystal seeds (α-NaYF4:Nd) (2 mmol) were prepared with the same thermal 

decomposition procedure. Typically, YCl3.6H2O (1.4 mmol) and NdCl3.6H2O (0.6 mmol) were 

magnetically dissolved in 12 mL of OA, 6 mL of oleylamine (OM) and 20 mL of ODE at 150 

ºC for 60 min. After cooling down to room temperature, methanol solution (10 mL) containing 

0.296 g NH4F and 0.2 g NaOH was added, and the slurry was stirred at room temperature for 

another 30 min.  Then, the reaction mixture was heated to 120 ºC for 30 min to remove methanol, 

followed by heating to 290 ºC for 30 min to produce α-NaYF4:Nd. The resultant α-NaYF4:Nd 

seeds obtained were dispersed in cyclohexane (2.0 mmol in 10 mL). 

The core-shell nanoparticles (NaYF4:Yb,Ho,Tm@NaYF4:Nd) were synthesized by coating 

NaYF4:Yb,Tm cores with α-NaYF4:Nd nanocrystal seeds as follows: NaYF4:Yb,Tm (2 mL/0.2 

mmol) cores stocked in cyclohexane were magnetically mixed with OM (1 mL), OA (5 mL) 

and ODE (8 mL). α-NaYF4:Nd shells to be used for the coating were processed by replacing 

cyclohexane with 1.5 mL of OM, 7 ml of OA and 11.5 mL of ODE by heating to 110 ºC for 30 

min under nitrogen gas. Upon heating the core nanoparticles to 303 ºC, the NaYF4:Yb,Ho,Tm 

core was quickly injected with 0.3 mL of α-NaYF4:Nd nanocrystal seeds using a syringe, 

followed by the addition of 0.2 mL every 10 min until the desired core: shell mass ratio (1:0.25, 

1:0.5, 1:0.75 or 1:1) was achieved. After the last injection, the mixture was kept at 303 °C for 

30 min to obtain the final core-shell NaYF4:Yb,Ho,Tm@NaYF4:Nd UCNPs. The precipitate 

was collected, washed and re-dispersed in cyclohexane using the same procedure for 

synthesizing core UCNPs.

Synthesis of Gas Releasing Molecules 
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C30H49N3Mn(CO)3Br CORM was synthesized according to the method described previously by 

Sakla et al [1]. GSNO was also  synthesized according to the method described by Hart et al. 

with a slight modification [2]. The NO molecule was prepared by adding 5mM of sodium nitrite 

(NaNO2) to an equimolar amount (8.1 mmol) of glutathione (GSH) in 8 mL of deionized water 

containing HCl (2.5mL). The red mixture was stirred continuously for 40 min at 4 ºC before 

neutralization with acetone (10 mL) for 10 min. The final fine pale solid was centrifuged at 

2000 × g for 3 min and washed with excess ice-cold water, acetone and ether to produce a pale 

red solid which was kept in a desiccator to dry. 

Synthesis of DOPA-UCNP@GSNO

Core-shell UCNPs were initially prepared by thermal decomposition method described 

previously with a little modification to accommodate Holmium (Ho) [3]. The surface of 

NaYF4,Yb,Ho,Tm@NaYF4;Nd UCNPs were modified with hydrophilic GSNO by the ligand 

exchange method described by Chen et al [4]. Oleic acid (OA) UCNP capping was removed by 

the addition of 5 mL of NOBF4 (0.1 M) in N,N-dimethylformamide (DMF) to 5 mL of UCNPs 

dispersed in cyclohexane (10 mg/mL). The mixture was shaken vigorously for 10 min and 

allowed to stand to separate the mixture into two visible layers of solvent. The upper layer 

containing cyclohexane was removed, while the bottom layer containing UCNPs were purified 

with excess amount of hexane and toluene (1:1 v/v). The mixture was then centrifuged at 3500 

x g for 10 min, washed and subsequently redispersed in DMF. UCNPs (5 mg) was incubated 

with 1 mg of GSNO for 8 h, followed by 0.57 µmol of lipid (1, 2-dioleoyl-sn-glycero-3-

phosphate-DOPA) for another 8 h. The mixture was centrifuged at 7000 x g for 10 m and the 

pellet was dispersed in chloroform to obtain amphiphilic DOPA-UCNP@GSNO. Different 

ratios of UCNP and GSNO for optimization were prepared by the same procedure with variable 

amounts (0.5, 1.0, 1.5 and 2.0 mg) of GSNO.

Cell Culture
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Human colorectal carcinoma cell lines (HCT116) and murine colorectal carcinoma cell line 

(CT26) were grown in 90% DMEM supplemented with 10% FBS 100 U/mL penicillin, and 

100 mg/mL streptomycin. Exponentially growing cultures were maintained in a humidified 

chamber containing 5% CO2 at 37 ℃ throughout the cell studies.

Cell viability assay

CT26 and HCT116 cells at the density of 1 × 104 cells/well were seeded in 96-well plates with 

100 µL of culture medium. After 24 h incubation, cell culture media in all groups were replaced 

with FBS-free media containing gaseous drugs (0-30 and 0-60 µg/mL of CORM and GSNO, 

respectively). MTT assay was used to measure the cell viability of CT26 cells after incubation 

with LUGF, LUGF + L, LUCF, LUCF + L, LUGCF-2:1 and LUGCF + L-2:1, where L 

represents 808 nm laser irradiation (0.5 W/cm2, 5 min). After 4 h, the culture media were 

discarded and replaced with fresh media, followed by the NIR light (808 nm, 0.5 W/cm2) 

irradiation for another 5 min (+ L). Both laser-irradiated and no irradiation groups were 

subsequently incubated for another 48 h before the addition of 10 µL MTT solution (5 mg/mL) 

to respective wells. Media was replaced with 100 µL of DMSO after 4 h to dissolve the staining 

chemical in each well. Cell viability assay was employed to compare the effectiveness of the 

amounts of both CO and NO gases. Firstly, different combinations of GSNO:CORM (1:1, 2:1, 

3:1, and 4:1) were used to determine the most effective combination via MTT cell viability 

assay. The same process was applied to all MTT experiments using these combinations of 

CORM and GSNO. The absorbance was finally measured at 570 nm (absorbance at 670 nm as 

the reference) using Tecan Infinite M200 PRO Multimode Microplate Reader (Switzerland). 

The cell viability was expressed as a percentage of the untreated control cells, as reported 

previously. 

Statistical analysis

All data are presented as mean ± standard error of the mean (SEM) from at least triplicate 

experiments conducted in a parallel manner, unless otherwise stated. The differences among 
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various 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.
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