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Abstract: Hydrogen sulfide (H
2
S) functions as a protective gas transmitter in various 

physiological and pathological processes, but the lack of ideal donors severely hampers the 

clinical application of H
2
S. This study aims to construct a controlled release H

2
S donor and 

evaluate its protective effect on graft endothelium. Mesoporous silica nanoparticles (MSNs) 

were synthesized using the sol–gel method and loaded with diallyl trisulfide (DATS), an H
2
S-

releasing agent named DATS-MSN. In vitro experiments showed that DATS-MSN could 

alleviate endothelial cell inflammation and enhance endothelial cell proliferation and migration. 

In vivo experiments demonstrated that the apoptosis of graft endothelium was mitigated in the 

presence of DATS-MSN. Our results indicated that DATS-MSN, releasing H
2
S in a controlled 

release fashion, could serve as an ideal H
2
S donor.

Keywords: inflammatory response, rejection, cellular uptake, proliferation, cardiac allograft 

vasculopathy

Introduction
Cardiac allograft vasculopathy (CAV) is the leading cause of death in heart transplant 

patients within 1 year of transplant surgery.1 The development of CAV is primarily 

associated with extensive and irreparable damage of endothelial cells (ECs) forming 

the intima of coronary arteries as a result of ischemia–reperfusion (IR) during the 

harvest of donor hearts and/or surgical implantation. To address this problem, various 

preservation strategies have been proposed and implemented, such as maintaining 

donor hearts at low temperature, maintaining ionic balance to prevent tissue swelling 

and acidosis, and adding exogenous adenosine triphosphate to preservation solutions. 

However, donor hearts preserved under these conditions are surgically viable only 

for an extremely short period of time that often fails to meet the needs of recipients. 

Therefore, it is important to develop more effective organ preservation methods that 

can significantly extend the preservation time of donor hearts and ultimately increase 

the success rate of transplant surgeries.

Recently, hydrogen sulfide (H
2
S) has emerged as a new organ-preserving agent in 

the field of transplantation.2,3 H
2
S has been reported to significantly improve short- and 

long-term graft function and survival when used as an additive in conjunction with 

common organ preservation solutions, such as histidine–tryptophan–ketoglutarate solu-

tion and the University of Wisconsin (UW) solution.4 Despite these benefits, clinical 

utility of H
2
S is severely limited by the cytotoxic effects that it demonstrates at high 

dosages, particularly on mitochondrial membrane transport.5 Furthermore, the rate of 
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H
2
S generation is also critical. Depending on the release rate, 

H
2
S can affect different biochemical pathways and can elicit 

drastically varied, even opposing, cellular responses.6,7

In the present study, we report a new delivery system 

based on diallyl trisulfide-loaded mesoporous silica nano-

particles (DATS-MSN) for the controlled release of H
2
S. 

We also present compelling experimental evidence based on 

both in vitro cell-based assays and mouse models to elucidate 

the cytoprotective properties of the nanoparticles and to shed 

light on the mechanism that underlies their beneficial effects 

on aortic allografts.

Materials and methods
Synthesis and characterization of 
DATS-MSNs
The synthesis of MSNs was performed using the sol–gel 

method.8 Briefly, 2.1 mL of NaOH (2 M; Sigma-Aldrich Co., 

St Louis, MO, USA) and 0.6 g of cetyltrimethyl ammonium 

bromide (99%; Sigma-Aldrich Co.) were mixed in 300 mL of 

deionized water. The mixture was heated to 80°C and stirred 

at 200 rpm for 1 hour, followed by addition of 3 mL of TEOS 

(98%; Sigma-Aldrich Co.). After another 2 hours, the precipi-

tate was collected by centrifugation and washed with water and 

ethanol twice each. The pore-generating template, cetyltrim-

ethyl ammonium bromide, was then removed by stirring for 

2 hours at 80°C in 100 mL of ethanol (99%; Sigma-Aldrich 

Co.) containing 1% (v/v) ammonium hydroxide (99%; Sigma-

Aldrich Co.). The resultant mixture was washed again with 

water and ethanol several times each and then vacuum-dried 

until it assumed the appearance of a white powder.

Drug loading was conducted according to a previously 

described protocol with minor modifications.9 Specifically, 

10 mg of MSNs and 8 mg of DATS (Sigma-Aldrich Co.) 

were sequentially dispersed in 2 mL of distilled water to 

afford a mixture with a drug-to-carrier ratio of 0.8:1. The 

mixture was subsequently stirred at room temperature for 

12 hours and centrifuged to collect the DATS-loaded com-

posite nanoparticles. Finally, DATS was removed from 

the surface of MSNs by washing with distilled water. The 

resultant DATS-MSNs were then dispersed in water to a 

final concentration of 150 mg/L, and a drop of the suspen-

sion was added onto a 200-mesh carbon-coated copper grid. 

Approximately 5 minutes following the deposition, the water 

on the grid surface was gently removed by filter paper. The 

DATS-MSNs on the grid were then air-dried and structurally 

analyzed using a transmission electric microscope (CM200, 

Philips, Amsterdam, the Netherlands) at an acceleration 

voltage of 120 kV.

Time course of H2S release
Time course experiments for H

2
S release were performed 

on H
2
S-selective microelectrodes using 10 mg/L, 20 mg/L, 

and 30  mg/L of DATS-MSNs. The loaded nanoparticles 

were added to a glass chamber (World Precision Instru-

ments, Sarasota, FL, USA) containing 10  mL of 2  mM 

glutathione (GSH; Sigma-Aldrich Co.) in UW solution at 

4°C. H
2
S formation was detected using an ISO-H

2
S-2 sensor 

(World Precision Instruments) attached to an Apollo 1100 

Free Radical Analyzer (World Precision Instruments). The 

concentration of H
2
S is proportional to the amount of electric 

current generated on the H
2
S-selective microelectrode. Based 

on this principle, the level of H
2
S released from DATS-MSNs 

was calculated based on the calibration curve constructed 

from a series of standard NaHS solutions.

Cell culture
All experimental procedures were approved and performed 

according to the guidelines of the Institutional Animal Care 

and Use Committee of Fudan University. ECs were isolated 

from murine aortas. In brief, mice were sacrificed and aortas 

were harvested. After ligation of aortic branches, the aortas 

were rinsed with phosphate-buffered saline (PBS; Beyotime, 

Nantong, Jiangsu, People’s Republic of China) and perfused 

in F12 medium containing 0.1% collagenase type II (Sigma-

Aldrich Co.), followed by 15-minute digestion in a shaker 

at 60  rpm and 37°C. The resulting cell suspension was 

transferred into a 1 mL sterile conical tube and centrifuged 

at 1,000 rpm for 10 minutes. After discarding the superna-

tant, cells were resuspended and cultured in Endothelial Cell 

Medium (ECM; Sciencell, Carlsbad, CA, USA) to selectively 

enrich ECs until the fourth or fifth passage.

The identity of the harvested ECs was confirmed by 

immunofluorescence double staining with antimouse vWF 

antibody (Abcam, Cambridge, UK) and antimouse CD31 

antibody (Miltenyi Biotec GmbH, Bergisch Gladbach, Ger-

many). The cells were further evaluated for lipid uptake using 

Dil-ac-LDL (Thermo Fisher Scientific, Waltham, MA, USA) 

and FITC-UEA-I (Sigma-Aldrich, St Louis, MS, USA). The 

purity of the ECs was determined using a FACSArial flow 

cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) 

using the phycoerythrin (PE)-conjugated antihuman CD31 

antibody (eBioscience, San Diego, CA, USA).

Uptake assessment
ECs were cultivated in culture dishes containing 50 µg/mL 

FITC-conjugated DATS-MSNs in ECM under ambient 

conditions for 4 hours. The medium was then removed, and 
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the cells were washed with PBS twice. After the addition 

of fresh complete medium, the cells were imaged under 

a confocal microscope (FV1200; Olympus Corporation, 

Tokyo, Japan).

Hypoxia–reoxygenation model
For hypoxia–reoxygenation treatment, 100 µL of ECM con-

taining roughly 103 ECs was added to each well of a 96-well 

microelectrode plate and incubated for 24 hours at 37°C. 

The medium was then replaced by precooled UW solution 

containing 2 mM GSH, followed by treatment with different 

concentrations of DATS-MSNs ranging from 3.13 µg/mL 

to 800 µg/mL under hypoxic conditions (95% N
2
/5% CO

2
) 

at 4°C for 60 minutes. A control was included in which no 

DATS-MSNs were added. Following the treatment, the UW 

solution was replaced with an equal volume of ECM, and 

reoxygenation was performed. The migratory and prolifera-

tive properties of ECs subjected to hypoxia–reoxygenation 

conditions were monitored using the xCELLigence RTCA 

DP station (ACEA, San Diego, CA, USA), which evaluates 

cellular events in real time by measuring cell-induced electri-

cal impedance on the microelectrodes.

Tube formation assay
The group of ECs showing the highest cell index curve 

were recovered from the DP station and submitted to tube 

formation assay. In short, Matrigel (Becton Dickinson) was 

thawed, added to each well of a prechilled sterile 96-well 

plate, and then allowed to solidify by incubating at 37°C for 

1 hour. Meanwhile, ECs suspended in ECM at a density of 

2×105 cells/mL were added onto the Matrigel and incubated 

at 37°C for 18  hours. The extent of tube formation was 

estimated under a light microscope by observing the overall 

tube lengths and the number of branch points.

Flow cytometric analysis
To evaluate the effect of DATS-MSNs on endothelial 

inflammation, ECs were treated with the concentration of 

DATS-MSNs that produced the highest cell index based 

on the hypoxia–reoxygenation model, followed by incuba-

tion with intercellular adhesion molecule-1-PE (ICAM-

1-PE) antibody or vascular cell adhesion molecule-1-PE 

(VCAM-1-PE) antibody (eBioscience) at 4°C for 0.5 hours. 

The cells were then washed twice with PBS containing 

2% bovine serum albumin (Beyotime) and twice again 

with 0.1% NaN
3
. For isotype control, PE-conjugated mouse 

anti-IgG1 antibody (eBioscience) was used. Subsequently, 

the cells were resuspended in 500 µL of PBS supplemented 

with 1% paraformaldehyde (Beyotime) and immediately 

analyzed using a FACSArial flow cytometer. After correct-

ing nonspecific binding, the percentage of positive cells was 

determined using FlowJo.

Measurement of mitochondrial 
membrane potential
Mitochondrial membrane potential was measured using 

the MitoCapture Mitochondrial Apoptosis Detection Kit 

according to the manufacturer’s protocol (BioVision, 

Shinjuku, Tokyo, Japan). MitoCapture is a cationic dye 

that exhibits different localization patterns depending on 

the transmembrane potential of mitochondria. The dye 

selectively aggregates in the mitochondria of healthy cells 

and emits bright red fluorescence. The altered mitochondrial 

transmembrane potential of apoptotic cells, in contrast, 

would cause the dye to remain in the cytoplasm as a green-

excitable fluorescent monomer. Briefly, ECs were suspended 

in 1 mL incubation buffer containing 1 µL of MitoCapture 

and incubated for 15 minutes at 37°C under 5% CO
2
. After 

staining, the fluorescent signals were measured using a 

FACSArial flow cytometer. Aggregated MitoCapture was 

excited at 530 nm, and the red fluorescence that it emitted 

was detected at 630 nm, whereas the monomeric form of the 

dye was excited at 488 nm, and the resulting green fluores-

cence was detected at 530 nm. Mitochondrial dysfunction 

was indicated by the ratio of red-to-green fluorescence in 

the generated dot plots.

Animal model
Balb/c mice aged 4–6 weeks were purchased from Shanghai 

Laboratory Animal Company (Shanghai, People’s Republic 

of China). Donors and recipients shared the same genetic 

background in order to avoid host immune rejection. All 

animals were maintained in the Zhongshan Hospital mouse 

facilities and allowed free access to food and water.

Transplant surgery was conducted based on a previously 

described protocol.10 Briefly, all mice were anesthetized with 

pentobarbital (Sigma-Aldrich Co.) at a dosage of 30 mg/kg. 

A segment of abdominal aorta was harvested from each 

donor and preserved in chilled UW solution supplemented 

with the optimal concentration of DATS-MSNs determined 

in the hypoxia–reoxygenation experiment. UW solution 

without DATS-MSNs was used as control. Laparotomy was 

then performed on the recipient mice, in which the section 

of abdominal aorta between the renal arteries and the iliac 

bifurcation was ligated. The aortic segment excised from 

each donor was then anastomosed to a recipient’s abdominal 
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aorta in an end-to-end fashion. Three days after the surgery, 

all recipient mice were sacrificed and the transplanted aortic 

segments were harvested.

Transferase dUTP nick-end labeling assay
Cryosections of transplanted aortic segments were fixed 

with 4% paraformaldehyde for 30  minutes. A terminal 

deoxynucleotidyl transferase dUTP nick-end labeling 

(TUNEL) assay was performed to evaluate cell apoptosis in 

aortic endothelium using the In Situ Cell Death Detection 

Kit (Hoffman-La Roche Ltd., Basel, Switzerland) and 

color-developed with 3,3′-diaminobenzidine substrate 

(Hoffman-La Roche Ltd.) according to the manufacturer’s 

instructions. Apoptotic cells were counted under a light 

microscope (BX51; Olympus Corporation) aided by cellSens 

software (Olympus Corporation).

Data analysis
All data are derived from the mean of duplicate samples from 

three independently performed experiments and expressed in 

the format of mean ± SEM. Statistical analysis was performed 

using SPSS (Version 20.0; IBM Corporation, Armonk, NY, 

USA) via either analysis of variance or Student–Newmann–

Keuls multiple comparison test. Differences were considered 

statistically significant at P,0.05.

Results
DATS-MSNs released H2S in a controlled 
fashion
Transmission electron microscopy imaging showed that DATS-

MSNs existed in monodisperse form featuring a narrow size 

distribution and significant mesoporosity, which could provide a 

high specific surface area (Figure 1A) and consequently increase 

the drug payload. The average diameter of DATS-MSNs was 

estimated to be ~175±35 nm (Figure 1B). The time course for 

H
2
S release was monitored on an H

2
S-selective microelectrode 

(Figure 1C). The amount of H
2
S was proportional to the cur-

rent generated from the oxidation of S2− on the surface of the 

electrode. Based on this principle, we found that the addition 

of DATS-MSNs to UW solution resulted in the immediate 

formation and release of H
2
S. The DTAS that existed in the 

pores reacted with the glutathione in UW solution (Figure 1D). 

The level of H
2
S steadily increased to its peak value in ~1 hour 

and remained largely stable for an additional period of 3 hours 

before gradually decreasing. These results suggested that the 

use of DATS-MSNs could mimic the biological effect of endog-

enous H
2
S by achieving controlled delivery of the cytoprotective 

gas agent with a sustained and steady release profile.

Uptake of DATS-MSNs by ECs
The quality and purity of the isolated mouse aortic ECs was 

determined by immunofluorescence staining (Figure 2A–G) 

and flow cytometric analysis (Figure 2H). FITC-conjugated 

DATS-MSNs were shown to be able to penetrate through cell 

membrane and undergo internalization after being incubated 

with the ECs (Figure 2I–K).

DATS-MSN enhanced the proliferation 
and differentiation of ECs
Hypoxia–reoxygenation experiments indicated that ECs 

treated with 3.13  µg/mL or 6.25  µg/mL of DATS-MSNs 

showed an increased proliferative capacity, with the former 

dosage producing the best cytoprotective effect in the first 

48 hours (Figure 3A). However, increasing the concentration 

beyond 6.25 µg/mL abolished these benefits and conversely 

aggravated EC injury induced by hypoxia–reoxygenation 

(Figure 3A), possibly due to H
2
S overdose.

The differentiation capability of ECs was evaluated by 

tube formation assay. As described earlier, ECs incubated 

with 3.13  µg/mL of DATS-MSNs (Figure 3B) showed 

markedly better differentiation and tube formation efficiency 

compared with the untreated control (Figure 3C), which 

remained largely unattached from each other. These observa-

tions suggested that DATS-MSNs could improve the ability 

of ECs to proliferate and form vascular structures.

DATS-MSN alleviated inflammatory 
response through preserving 
mitochondrial potential
Inflammatory response of ECs to hypoxia–reoxygenation treat-

ment was characterized by measuring the expression levels of 

ICAM-1 and VCAM-1 via flow cytometry. Both ICAM-1 and 

VCAM-1 were shown to be substantially downregulated in cells 

incubated with 3.13 µg/mL of DATS-MSNs under hypoxic con-

ditions, compared to the untreated control (Figure 4A, ICAM-1, 

43.90%±6.363% for treatment group and 18.67%±0.688% for 

control group, P,0.05; Figure 4B, VCAM-1, 15.93%±1.828% 

for treatment group and 41.77%±1.392% for control group, 

P,0.001; the relevant statistics are shown in Figure 4C). 

These results demonstrated that DATS-MSNs could alleviate 

hypoxia-induced inflammation in ECs.

Since mitochondrial damage is a key factor leading to an 

increased cellular inflammatory response, the treated ECs 

were subjected to JC-1 mitochondrial membrane potential 

assay to investigate their mitochondrial membrane integrity. 

As expected, the EC population treated with 3.13  µg/mL 

of DATS-MSNs showed a statistically significant increase 
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in the percentage of red-fluorescent cells (58.3%±11.2%, 

Figure  4D) compared with the untreated control group 

(37.5%±9.3%, Figure 4E; the relevant statistics are shown in 

Figure 4F), suggesting that the nanoparticles could effectively 

attenuate hypoxia-induced mitochondrial damage in ECs.

DATS-MSNs inhibited apoptosis of 
intimal cells
To further investigate the protective effects of DATS-MSNs 

on the endothelium of transplanted aortas, aortic segments 

were first preserved in UW solution supplemented with 

(Figure 5A) or without (Figure 5B) DATS-MSNs and 

subsequently anastomosed onto recipients’ abdominal 

aortas before being surgically removed for examination by 

TUNEL assay in 3 days. As described earlier, transplanted 

aortas that were treated with DATS-MSNs during preserva-

tion showed negative staining along with the endothelium 

(Figure 5A), whereas those preserved in plain UW solution 

displayed clear signs of serious EC apoptosis as evidenced 

by the increased number of TUNEL-positive cells. Taken 

Figure 1 The characterization and inner workings of DATS-MSN.
Notes: TEM of the porous structure (A) and the diameter (B) of DATS-MSNs; controlled release of hydrogen sulfide from DATS-MSNs at concentrations of 10 mg/L, 
20 mg/L, and 30 mg/L in the UW solution supplemented with 2 mM GSH (C); and a schematic diagram of the controlled release mechanism of H2S from DATS-MSN (D).
Abbreviations: DATS-MSNs, diallyl trisulfide-loaded mesoporous silica nanoparticles; GSH, glutathione; TEM, transmission electron microscopy; UW, University of 
Wisconsin; PA, pico-ampere.
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together, the results confirmed that DATS-MSNs added 

to organ preservation solutions could effectively prevent 

IR-induced allograft injuries.

Discussion
Clinical application of H

2
S necessitates a sustained and 

steady release profile. The ability of DATS-MSN to release 

H
2
S at a stable rate for a minimum period of 4 hours makes 

it particularly well-suited as a delivery vehicle for use in 

organ preservation. Moreover, the kinetics of H
2
S generation 

can be conveniently manipulated by adjusting the dosage of 

nanoparticles. The current study demonstrated that DATS-

MSNs, when dosed at suitable concentrations, can promote 

the proliferation and differentiation of ECs in vitro and allevi-

ate inflammatory response caused by hypoxia–reoxygenation. 

Similar benefits were also observed in vivo, where DATS-

MSNs were shown to be able to protect the endothelium of 

aortic allografts from IR injuries.

Despite its potential as an H
2
S-releasing agent, clinical 

use of DATS is severely limited by its cytotoxicity and inabil-

ity to produce H
2
S in a controlled fashion. We rationalized 

that these shortcomings could be addressed by exploiting 

the highly porous architecture of MSNs to manipulate the 

rate at which DATS reacts with oxidizing agents. To our 

gratification, we found that DATS-loaded MSNs exhibited 

excellent biocompatibility and could maintain a stable H
2
S- 

release profile over a minimum period of 4 hours. Among 

the various concentrations of nanoparticles that we tested, we 

showed that using 3.13 µg/mL or 6.25 µg/mL of the donor-

loaded nanoparticles would yield the best protection results 

while avoiding the undesirable side effects associated with 

H
2
S overdose. It should be noted that these dosage levels are 

significantly lower than what was used in a previous study11 

and thus should provide greater clinical safety for patients.

Our nanoparticle-based delivery system offers several 

advantages. First, at an average particle size of 175±35 nm, 

Figure 2 Confocal images and flow cytometric analysis of ECs.
Notes: vWF (A), nucleus (B), and CD31 (C) of ECs were stained and then merged (D). UEA-I on endothelial cell membrane (E) and ingested LDL (F) were shown and then 
merged (G). The purity of the harvested ECs was determined by staining with PE-conjugated antihuman CD31 antibody to be 98.8% (H). FITC-conjugated DATS-MSNs (I) 
were located in ECs (J) indicated by the green fluorescence in cytoplasm (K).
Abbreviations: DATS-MSNs, diallyl trisulfide-loaded mesoporous silica nanoparticles; ECs, endothelial cells; PE, phycoerythrin; LDL, low density lipoprotein; FITC, 
fluorescein isothiocyanate.
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DATS-MSNs are in the submicron scale, which greatly 

facilitates their intracellular uptake and renal clearance. 

Second, the nanoparticles are constructed primarily from 

silica-based materials, which confer an enhanced affinity for 

phospholipids on cell surface, leading to higher efficiency of 

endocytosis. Third, the presence of endogenous GSH inside 

ECs, coupled with the stable release of DATS by the nano-

particles, ensures targeted delivery of H
2
S to the cytoplasm 

in a controlled manner. Finally, the internalization of DATS-

MSNs by ECs would allow them to localize in the intima 

of the coronary arteries of the donor heart for maximum 

clinical benefits.

Downregulation of ICAM-1 and VCAM-1 was observed 

in ECs treated with DATS-MSNs. These EC phenotypic 

biomarkers are closely associated with immune inflam-

matory response and play a vital role in the development 

of CAV by regulating the adhesion, infiltration, and 

activation of leukocytes.12 It has also been suggested 

that the expression of ICAM-1 and VCAM-1 is related 

to the disturbance of mitochondrial membrane potential 

caused by IR.13 On the other hand, beneficial effects of 

H
2
S on mitochondrial protection have been elucidated. 

For example, H
2
S has been shown to alleviate IR-induced 

mitochondrial membrane depolarization by promoting 

glycogen synthase kinase 3β phosphorylation (Ser9) and 

inhibiting the opening of mitochondrial permeability 

transition pores.14 Endogenous H
2
S has also been found 

to be capable of regulating electron transport and oxida-

tive phosphorylation in both isolated and cell-integrated 

mitochondria.15 Furthermore, H
2
S pretreatment of murine 

microvascular ECs reduced mitochondrial DNA damage 

that resulted from oxidative stress.16

Figure 3 DATS-MSNs can protect ECs from hypoxia-induced injuries.
Notes: The cell indexes of ECs treated with different concentrations of DATS-MSNs (A). ECs treated with DATS-MSNs (3.13 µg/mL) exhibited more tube structures (B) than 
the untreated control group (C).
Abbreviations: DATS-MSNs, diallyl trisulfide-loaded mesoporous silica nanoparticles; ECs, endothelial cells.

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2016:11submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

3262

Wang et al

Endothelial dysfunction, such as the detachment and 

apoptosis of ECs, is widely regarded as a robust indepen-

dent predictor of CAV.17 Our results offered convincing 

evidence that the proliferation and tube formation ability of 

ECs were substantially improved by DATS-MSN treatment. 

This is consistent with a previous study suggesting that H
2
S 

is capable of inducing angiogenesis in a dose-dependent 

manner.18 Exposure to H
2
S has been shown to activate the 

ERK1/2 pathway and P38 pathway,19 both of which play a 

key role in EC proliferation and endothelial homeostasis.20 

Figure 4 Flow cytometry results.
Notes: Reduced inflammatory response was characterized by decreased ICAM-1 (A) and VCAM-1 (B) expression levels in ECs treated with 3.13 µg/mL of DATS-MSNs 
under hypoxic conditions compared to the control group receiving no treatment. The percentages of labeled populations in both groups were also plotted in a column 
chart (C). DATS-MSN treatment increased the percentage of live cells (D) compared with nontreatment group (E); the difference was significant (F). Bars represent SEM. 
*P,0.05.
Abbreviations: DATS-MSNs, diallyl trisulfide-loaded mesoporous silica nanoparticles; ECs, endothelial cells; ICAM-1, intercellular adhesion molecule-1; PE, phycoerythrin; 
SEM, standard error of the mean; VCAM-1, vascular cell adhesion molecule-1; FITC-A, fluorescein isothiocyanate-area.

Figure 5 TUNEL results of aortic allografts.
Notes: Aortic segments were treated with preservation solution containing 3.13 µg/mL of DATS-MSNs (A) or containing no DATS-MSNs (B), the control group. TUNEL-
positive and -negative ECs were indicated by the red and green arrows, respectively.
Abbreviations: DATS-MSNs, diallyl trisulfide-loaded mesoporous silica nanoparticles; ECs, endothelial cells; TUNEL, transferase dUTP nick-end labeling.
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In addition, earlier studies suggested that H
2
S could exert its 

protective effects by regulating the opening of K
ATP

 channels 

in both cell and organelle membranes.21

Conclusion
We demonstrated that DATS-MSNs could serve as an 

excellent H
2
S donor for ECs. Compared to classical sulfide 

donors such as NaHS, DATS-MSNs can generate H
2
S 

in a sustained and steady fashion. Based on the in vitro 

and in vivo results, we thus envision that the application 

of DATS-MSN will facilitate H
2
S in playing a vital role 

in preserving transplant organs and reducing the odds of 

allograft malfunction after transplantation. The subsequently 

prolonged preservation time implies an increased transport 

distance, an improved allograft function, and a sharp rise in 

available organ donors.
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