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Abstract: Small molecule-based nanodrugs with nanoparticles (NPs) that are mainly composed 

of small molecules, have been considered as a promising candidate for a next-generation nano-

drug, owing to their unique properties. Vorinostat (SAHA) is a canonical US Food and Drug 

Administration-approved histone deacetylase (HDAC) inhibitor for the treatment of cutane-

ous T-cell lymphoma. However, the lack of efficacy against solid tumors hinders its progress 

in clinical use. Herein, a novel nanodrug of SAHA was developed based on disulfide-linked 

prodrug SAHA-S-S-VE. SAHA-S-S-VE could self-assemble into 148 nm NPs by disulfide-

induced mechanisms, which were validated by molecular dynamics simulations. Under reduced 

conditions, the redox-responsive behavior of SAHA-S-S-VE was investigated, and the HDAC 

inhibition results verified the efficient release of free SAHA. With a biocompatible d-a-tocopheryl 

polyethylene glycol succinate (TPGS) functionalization, the SAHA-S-S-VE/TPGS NPs exhibited 

low critical aggregation concentration of 4.5 µM and outstanding stability in vitro with drug-

loading capacity of 24%. In vitro biological assessment indicated that SAHA-S-S-VE/TPGS 

NPs had significant anticancer activity against HepG2. Further in vivo evaluation demonstrated 

that the resulting NPs could be accumulated in the tumor region and inhibit the tumor growth 

effectively. This approach, which turned SAHA into a self-assembled redox-responsive nano-

drug, provided a new channel for the use of HDAC inhibitor in solid tumor therapy.
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Introduction
Small molecule-based nanodrug (SMND) (Figure 1A) is a kind of self-carried nanodrug, 

whose nanoparticles (NPs) are mainly composed of small molecules with or without 

a little material as stabilizer. SMND includes amphiphilic self-assembly nanodrug,1–3 

nanocrystallized or template-assisted nanodrug,4–7 disulfide-induced self-assembled 

nanodrug,8–10 and so on. It has attracted great interest as a desirable strategy, because 

of its unique properties in increased chemical stability and solubility, high drug load-

ing, economical fabrication, relative “green” nanoformulation. Prodrug strategies have 

been developed which enable selective delivery of the anticancer agents to the tumor 

tissue, based on elevated enzymes in tumor tissues, hypoxic environment inside the 

core of solid tumors, and tumor-specific antigens expressed on the surface of tumor 

cells. Prodrug approach provides a remarkable tool to improve the therapeutic efficacy 

and to reduce the toxic side effects of the anticancer agents.11–13 In this work, prodrug 

strategy combined with the SMND system was reported for solid tumor therapy.

Histone deacetylase (HDAC) is one of the epigenetic protein targets overex-

pressed in cancer cell lines. The HDAC inhibitory effect leads to reacetylation of 
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histones, which, in turn, stimulates tumor suppressor gene 

expression, inducing differentiation, growth arrest, or 

apoptosis. It has been proved that chelation of the Zn2+ is 

crucial for HDAC inhibition.14 The hydroxamic acid has 

been the preferred Zn2+ binding group due to its strong 

Zn2+ chelation.15 Vorinostat (SAHA) was the first US Food 

and Drug Administration-approved HDAC inhibitor for 

the treatment of cutaneous T-cell lymphoma. However, 

similar to other hydroxamic acid-based HDAC inhibitors, 

SAHA shows serious limitations, especially that ineffective 

in solid tumors, which is hindering its progress in clinical 

use.14,16,17 This problem emanated from the poor properties 

of hydroxamic acid, which is an essential pharmacophore of 

HDAC inhibitor (Figure S1). Due to its strong Zn2+ chela-

tion, it is liable to suffer from off-target effects, as there are 

many metalloenzymes in the body.18 Metabolic activities 

in plasma lead to chemical instability and rapid elimination 

of hydroxamic acid.15,16,18,19 Besides, hydroxamic acid is 

known to undergo deprotonation due to their acidic nature,20 

which could prevent its diffusion through cell membrane.21 

Figure 1 (A) Illustrations of three kinds of sMND. (B) schematic of self-assembled saha-s-s-Ve NPs from formation and Pegylation to delivery.
Abbreviations: sMND, small molecule-based nanodrug; NP, nanoparticle; gsh, glutathione; TPgs, d-a-tocopheryl polyethylene glycol succinate; ePr, enhanced permeation 
and retention; saha, Vorinostat.
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All these reasons attribute to its limited concentration of 

HDAC inhibitor in solid tumor.

In addressing these hurdles, SAHA has been delivered 

by various means, such as carbamate prodrug,22 clickable 

pH-responsive prodrug,23 thiol-sensitive prodrug,17 SAHA-

loaded solid lipid NPs,24 hyaluronic acid-coated solid lipid 

NPs,25 SAHA-loaded poly (dl-lactide-co-glycolide) NPs,26 

protein-SAHA nanodrug,27 SAHA-loaded poly(ethylene 

glycol)-b-poly(dl-lactic acid) micelle,28 and so on. Neverthe-

less, few reports have evaluated their efficacy toward solid 

tumor in vivo. Recently, SAHA-polymer conjugate NPs 

constructed by Blanquart et al showed good effect toward 

malignant mesothelioma by passive tumor targeting.14 

Inspired by these, self-assembled SAHA prodrug can not only 

take the advantage of nanoscale drug delivery system but also 

increase the drug loading capacity dramatically.

In the present study, a redox-responsive prodrug SAHA-S-

S-VE (Scheme 1) with disulfide bond was synthesized through 

a facile and efficient condensation reaction. Meanwhile, as a 

control system, a redox unresponsive prodrug without disulfide 

bond was employed in SAHA-O-VE (Scheme S1). The ratio-

nale for this design are as follows. It has been widely investi-

gated that tumor tissue has a more reductive environment with 

its glutathione (GSH) concentration several times higher than 

that in normal tissues. Cancer cells have much higher intra-

cellular GSH concentration than normal cells.29–31 All these 

theoretical factors can trigger drug release at tumor region. In 

addition, the carbamate prodrug can protect the hydroxamic 

acid from off-target and improve its cellular permeability. The 

icing on the cake is that SAHA-S-S-VE formed NPs with the 

aid of disulfide bond by a simple nanoprecipitated method, 

which can deliver drug into tumor tissues possibly by passive 

accumulation via enhanced permeation and retention (EPR) 

effect. Here, the assemble mechanism of SAHA-S-S-VE 

NPs at the molecular level has been validated by molecular 

dynamics simulations. Under reduced conditions, the redox-

responsive behavior of SAHA-S-S-VE was investigated and 

the efficient release of free drug was demonstrated by HDAC 

inhibition assay. To achieve better biocompatibility in vivo, 

PEGylated NPs (Figure 1B) were prepared with d-a-tocopheryl 

polyethylene glycol succinate (TPGS) functionalization.

After extensive biophysical and biological characteriza-

tions, including morphology, particle size, zeta potential, 

critical aggregation concentration (CAC), plasma stability, 

antiproliferative activities, tumor accumulation, and anti-

tumor efficacy, the developed SAHA-S-S-VE/TPGS NPs 

bestowed several striking characteristics: 1) simple syntheses 

and economical process for fabrication; 2) turned SAHA into 

self-assembled redox-responsive NPs with high drug loading 

capacity, low CAC and outstanding stability in vitro; and 

3) significantly high tumor accumulation and extremely good 

antitumor activity in solid tumor mouse models. To the best 

of our knowledge, this delivering strategy has never been 

applied to HDAC inhibitor and appeared of great interest to 

circumvent the clinical limitations of this class of compounds. 

Such SMND platform, combining the prodrug strategy with 

nanotechnology, provided a new channel for the use of SAHA 

and similar HDAC inhibitors in solid tumor therapy.

Experimental procedures
Materials
All materials and reagents used in this work were analytical 

reagents without further purification. SAHA was purchased 

from Melonepharma (Dalian, People’s Republic of China). 

Electrospray ionization mass spectrometry was determined 

on an API 4000 spectrometer. Nuclear Magnetic Resonance 

Scheme 1 synthesis of saha-s-s-Ve. reagents: (a) step one: NaOh, h2O; (a) step two: cDI, ch2cl2; (b) cDI, ThF.
Abbreviations: cDI, N,N′-carbonyldiimidazole; ThF, tetrahydrofuran.

⋅
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(NMR) spectra were obtained on a Bruker DRX spectrometer 

(400 MHz). The chemical shifts are defined as δ values (parts 

per million) relative to TMS internal standard. Significant 1H 

NMR data are reported in the following order: multiplicity (s, 

singlet; d, doublet; t, triplet; m, multiplet) number of protons. 

High-resolution mass spectrometer (HRMS) spectrums were 

conducted on an Agilent 6510 Quadrupole Time-of-Flight 

LC/MS deliver.

Preparation of saha-s-s-Ve NPs and 
saha-s-s-Ve/TPgs NPs
SAHA-S-S-VE NPs were prepared by nano-precipitation 

according to the reported method.2,8 Prodrugs were dissolved 

in dimethyl sulphoxide (DMSO) (50 mg/mL). Then 100 µL 

was added dropwise to 900 µL ddH2O, under mechanical 

stirring (800 rpm) at room temperature, to obtain a final 

concentration of 5 mg/mL prodrug. PEGylated NPs were 

produced after 50 µL of various concentrations of nonionic 

surfactant solution was injected to the above formulation. 

Subsequently, the solution was dialyzed against deionized 

water for 24 h to remove the organic solvent (molecular 

weight cutoff =1,000 g/mol). The final prodrug concentra-

tion was .5 mg/mL. Then, 5% glucose was added, and it 

was stored at 4°C for further application.

characterization of NPs
The morphology of NPs was examined by transmission 

electron microscopy (TEM) (JEM-1200EX, Japan). Samples 

were prepared by placing a drop of NP suspension onto a 

copper grid and air-dried, following negative staining with 

one drop of 3% aqueous solution of sodium phosphotungstate 

for contrast enhancement. The air-dried samples were then 

examined by TEM. The mean particle size and zeta potential 

were analyzed by dynamic light scattering using Zetasizer 

(Malvern Instruments, Malvern, UK). The NPs were centri-

fuged at 4,000 rpm for 10 min by using ultra centrifugal filters. 

An aliquot of the supernatant was dissolved in equal volume 

of methanol, and the SAHA-S-S-VE content was quantified 

by HPLC. The amount of SAHA in prodrug SAHA-S-S-VE is 

fixed. The drug loading capacity and encapsulation efficiency 

were determined using the following equation:

 

Drug loading capacity (%)

Amount of SAHA in NPs

Amount of pr

=

oodrug Amount of TPGS+
∗100%

 

 

Drug encapsulation

efficiency (%)

Amount of loaded prodrug

A
=

mmount of prodrug in feed
∗100%

 

Molecular dynamics simulations of the 
self-assembly of saha-s-s-Ve NPs
Herein the SAHA-S-S-VE molecule was optimized by 

Gaussian09 package32 at the level of HF/6-31g*. Then the 

partial atomic charges of these molecules were calculated 

by the restrained electrostatic potential33 charge from 

the calculation with Gaussian09 package at HF/6-31g* 

level. The CHARMM force field was applied for this 

molecule. After setting the parameter, 10 SAHA-S-S-VE 

molecules were randomly put into a 7×7×7 box, and then 

the box was filled up with the TIP4P waters. Before the 

molecular dynamics simulations, 100,000 step steepest 

descent energy minimization were carried out to optimize 

the system. Then the system was heated up from 0 K to 

300 K gradually under the NVT ensemble for 100 ps. 

Finally, molecular dynamics simulations were performed 

under NPT ensemble. The periodic boundary condition 

was kept and a cutoff of 7 Å was set for both van der 

Waals and electrostatic interactions. All bonds involving 

hydrogen atoms were restricted by the SHAKE algorithm 

with a cutoff value of 10−5. All the simulations were done 

by Gromacs 4.5.34 The initial state and final state were as 

shown in Figures S2 and S3.

gsh-responsive rate
The concentration of remaining SAHA-S-S-VE was quanti-

fied by reverse-phase HPLC (SPD-10Avp Shimadzu pump, 

LC-10Avp Shimadzu UV–vis detector, Shimadzu, Kyoto, 

Japan) analysis on a C18 column (4.6×250 mm reverse 

phase stainless steel column packed with 5 µm particles 

Inertdil® ODS-3, GL Sciences Inc., Tokyo, Japan) with 

methanol as eluting solution at a flow rate of 1.0 mL/min. 

GSH was diluted with DMSO/phosphate-buffered saline 

(PBS) solution. Then different equivalent of SAHA-S-

S-VE in DMSO was added and the final clear solution 

(DMSO/PBS solution, 60/40, v/v, pH =7.4) was incubated 

at 37°C. At specified time point, 0.2 mL of the solution was 

collected and subject to HPLC analysis directly or after 1:1 

dilution with methanol to quantify the drug content (λabs 

=288 nm, Figures S4 and S5). The samples were filtered 

through a 0.22 µm filter before being detected by HPLC. 

The samples were prepared in triplicates. The prodrug 

relative degradation was calculated according to the fol-

lowing formula: 

 

Relative degradation (%)

Input prodrug Remained prodrug

Inpu

=
−
tt prodrug

×100%
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In vitro hDacs assay
Assays were performed according to the kit instruction. 

HDACs came from HeLa cell nucleus extracts, mainly 

including HDAC1 and HDAC2, and the substrate was an 

acetylated histone peptide. The required stock solution of 

thiol was prepared and used immediately prior to assay from 

the corresponding disulfide analogs using 1.5 equiv tris(2-car-

boxyethyl)phosphine hydrochloride (TCEP) as the reducing 

agent, in a 9:1 DMSO/water solution according to the general 

procedure described by Baud et al.35 Stock solutions of test 

compounds and the control drug SAHA were diluted to various 

concentrations. On the 96-well plate, HDACs (15 µL/well) 

were incubated at 37°C with 10 µL of various concentrations 

of samples and 25 µL of substrate. After reacting for 30 min, 

the mixture (50 µL/well) of Color de Lys Developer and TSA 

were added. Then, after 30 min, the ultraviolet absorption of 

the wells was measured on a microtiter-plate reader at 405 nm. 

The inhibition rates were calculated from the ultraviolet 

absorption readings of inhibited wells related to those of con-

trol wells. Finally, the half maximal inhibitory concentration 

(IC
50

) values were determined using a regression analysis of 

the concentration and inhibition data.

cac measurement
To determine the CAC of SAHA-S-S-VE/TPGS NPs, pyrene 

method was used.1 Different concentrations of SAHA-S-

S-VE/TPGS NPs were equilibrated with a fixed concentration 

of pyrene, 6.0×10−7 M. The emission spectra were scanned 

from 350 to 500 nm at a fixed excitation wavelength of 

334 nm using HITACHI F-7000 Fluorescence spectrometer. 

I
1
 and I

3
 were the emission intensities of the first and third 

bands in the fluorescence spectrum of pyrene, respectively. 

The I
3
/I

1
 values of all the solution were calculated and plotted 

against the logarithmic concentration of SAHA-S-S-VE/

TPGS NPs. The CAC was obtained from the threshold con-

centration of self-assembled NPs.

stability of saha-s-s-Ve/TPgs NPs in 
human plasma
The stability study of SAHA-S-S-VE/TPGS NPs in human 

plasma was performed according to the reported procedure.2 

Human plasma was provided by Qilu hospital (Jinan, People’s 

Republic of China). This study was approved by the Research 

Ethics Committee of Qilu Hospital, Shandong University. 

In brief, SAHA-S-S-VE/TPGS NPs were incubated in 50% 

human plasma (final concentration 1 mg/mL, SAHA-S-S-VE 

equivalent) in vitro. Samples (1 mL) were withdrawn at 0, 4, 

8, 12, and 24 h and measured by dynamic light scattering.

In vitro cytotoxicity
In vitro cytotoxicity assays were performed according to 

the previously reported method.36 MDA-MB-231, PC-3, 

HepG2, and A549 cells were cultured in RPMI-1640 

medium containing 10% fetal bovine serum at 37°C in 5% 

CO
2
 humidified incubator. Cell proliferation was determined 

by the MTT (3-[4,5-dimethyl-2-thiazolyl]-2,5-diphenyl-2-

H-tetrazolium bromide) assay. Briefly, cells were plated in 

a 96-well plate at 5,000 cells per well, cultured for 8 h in 

complete growth medium, then treated by different SAHA 

formulations of varied concentrations for 48 h. Then, 0.5% 

MTT solution was added to each well. After further incuba-

tion for 4 h, formazan formed from MTT was extracted by 

adding 150 µL of DMSO and mixing for 10 min. Optical 

density was read with a microtiter-plate reader at 570 nm.

animals and tumor models
The in vivo experiments were performed in H22-bearing Kun-

ming mice. H22 (murine hepatocellular carcinoma cells) were 

extracted from the abdominal dropsy of mice bearing cancer 

cells and diluted with normal saline to achieve a cell concentra-

tion of 2×106/mL, and 0.1 mL cell suspension was subcutane-

ously injected into right armpit of each mouse, resulting in the 

formation of tumor per mouse. This study was approved by the 

Institutional Animal Care and Use Committee of Shandong 

University, and all animal handling procedures were in accor-

dance with the requirements of the National Act on the Use of 

Experimental Animals (People’s Republic of China).

Tumor accumulation study
The near-infrared fluorescence (NIRF) dye DiR was used to 

investigate the in vivo targeting effect of SAHA-S-S-VE/

TPGS NPs in H22-bearing Kunming mice. When the tumor 

reached to 200–300 mm3, mice were randomly grouped into 

DiR solution group and DiR-loaded NPs (SAHA-S-S-VE/

TPGS NPs) group (5 mice per group). DiR-loaded NPs 

(SAHA-S-S-VE/TPGS NPs) were prepared following the 

similar reported method.1 Each mouse was injected with 

different DiR formulation at 0.5 mg/kg intraperitoneally 

(i.p.). Images were acquired at 24 h post-injection (p.i.). 

After the 24 h imaging, mice were sacrificed, and tumors 

were excised, followed by washing the surface with 0.9% 

NaCl for ex vivo fluorescence imaging. In vivo and ex vivo 

fluorescence imaging were performed with a NIRF imaging 

system (IVIS Kinetic; Caliper Life Sciences, Waltham, MA, 

USA), and the fluorescence intensity of the tumor defined as 

radiance (p/s/cm2/sr) was analyzed and quantified with Living 

Image software 3.1 (Caliper Life Sciences).
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In vivo therapeutic efficacy
The in vivo antitumor efficacy was evaluated in H22-

bearing Kunming mice. When the maximum diameter 

of tumor reached 5 mm, mice were randomly grouped 

into Vehicle group, SAHA group, and SAHA-S-S-VE/

TPGS NPs group (10 mice per group). Vehicle group 

(0.2 mL/day, 40% DMSO), SAHA group (50 mg/kg, first 

SAHA was dissolved in DMSO, then added with normal 

saline, and the final concentration of DMSO was 40%), 

and SAHA-S-S-VE/TPGS NPs group (208 mg/kg, an 

equivalent amount of SAHA), respectively, received i.p. 

injection on days 1, 3, 5, 7, 9, 11, and 13. Tumor volume 

(V) was monitored on days 1, 3, 5, 7, 9, 11, 13, and 17 and 

calculated by the following formula: V = W2 (width) × L 

(length)/2. Each animal was weighed at the time of tumor 

size measurement.

statistical analysis
Statistical analysis was carried out with GraphPad 

Prism. Studies involving two groups were subjected to 

unpaired Stu dent’s t-test. The significance level was set at a 

probability of P,0.05.

Results and discussion
synthesis and characterization of saha-
s-s-Ve
The synthetic route of prodrug SAHA-S-S-VE was depicted 

in Scheme 1 (details in Method S1). The key intermediate 

compound NH
2
-S-S-VE was synthesized from the reaction 

of d-α-tocopherol succinate and cystamine. Then, SAHA 

was activated with 1,1′-carbonyldiimidazole in THF. The 

target prodrug SAHA-S-S-VE was obtained from the reac-

tion of 1,4,2-dioxazol-5-one of SAHA and NH
2
-S-S-VE. 

Meanwhile, as a control system, an uncleavable linker was 

employed in SAHA-O-VE (Scheme S1 and Method S2).

Compared with the 1H-NMR spectrum (Figure 2) of 

SAHA and SAHA-S-S-VE, the peak at 10.33 ppm related 

to the hydroxyl proton of SAHA disappeared completely. 
1H-NMR spectrum of SAHA-S-S-VE showed signals at 

7.94 (1), 9.84 (2) ppm attributable to the two amide pro-

tons of SAHA, and five proton signals at 7.49 (a), 7.26 (b), 

7.05 (c) ppm belonging to the phenyl ring of SAHA. The 

amide proton signals of cystamine were identified at 6.23 (3), 

6.70 (4) ppm, and the cystamine methylene (1′+2′) were 

confirmed at 3.46–3.53 ppm (Figure 2C). The signals at 

0.83–2.95 ppm, especially the methyl peaks (3′~10′), were 

part of VE (Figure 2C). Moreover, the experimental value 

for [M+H]+ from HRMS is very similar to the calculated 

value (Figure 2B). These results suggested the successful 

synthesis of SAHA-S-S-VE.

Formulating saha-s-s-Ve NPs
When a disulfide-bond was inserted between SAHA and the 

hydrophobic d-α-tocopherol succinate material, prodrug 

SAHA-S-S-VE assembled into spherical NPs (Figure 3) 

alone in aqueous solution, with a particle size 148.2±6.3 nm, 

polydispersity index (PDI) 0.111±0.038, and zeta poten-

tial −25.7±4.1 mV. However, when SAHA was conjugated 

with d-α-tocopherol succinate with a hydrophilic dioxaoc-

tane linker, prodrug, SAHA-O-VE failed to form NPs during 

self-assembly (Figure 3). Molecular dynamics simulations 

were performed to help understand how the molecules 

would interact with each other in aqueous solution. As 

shown in Figure 4A, initially, when the SAHA-S-S-VE 

molecules were in a dispersed state, their interactions were 

small. After 2 ns, the assembly phenomena emerged, and 

they spontaneously clustered. Within 20 ns, the clusters 

gathered closer and closer and ultimately formed a stable 

integration. Finally, only movement of the whole NPs could 

be observed. Considering the driving forces, a tetrameric 

of SAHA-S-S-VE was picked out from the final NPs for 

analysis (Figure 4B). It was likely to be held together by 

three factors. First, a number of amide and hydroxamic acid 

groups existed in the tetrameric, which could form strong 

hydrogen bonds. Second, the van der Waals force between 

the aromatic rings and hydrophobic chain including π−π 

stacking and CH-π interactions played important roles in 

the structure stabilization. The increase in the hydrophobic 

tail than its comparator should promote the self-assembling 

process.37 Third and most importantly, as is known to 

all, disulfide bond plays an important role in guiding the 

precise folding of a protein into its native conformation 

and stabilizing its tertiary and quaternary structures.38 As 

shown in Figure 4B, the disulfide bond showed a preference 

for dihedral angles approaching 90°, and SAHA-S-S-VE 

molecules could fold at the disulfide bond position, which 

synergistically favored the former two aspects to generate 

a stable conformation.

Moreover, the charge density of SAHA-S-S-VE was 

calculated, as shown in Figure 4C. The negative charge 

mainly came from oxygen, which was concentrated near 

the disulfide bond. VE and the two sulfur atoms contributed 

little to the negative charge. As mentioned earlier, the SAHA-

S-S-VE molecule could fold or cross to establish a favorable 

conformation at the disulfide bond position and simultane-

ously exposing the high density of negative charge on the 
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NP surface and contributing to stabilize the particle-solution 

interface. This explained why SAHA-S-S-VE NPs showed a 

negative zeta potential −25.7±4.1 mV, an important property 

for the colloidal stability.

gsh-responsive rate
Disulfide bonds are fairly stable in normal biological condi-

tions but are rapidly cleaved through thiol-disulfide exchange 

reactions facilitated by intracellular reducing molecules, 

especially GSH.8,39,40 It has been demonstrated that GSH 

concentration in tumor cells (2–10 mM) is much higher than 

that in blood plasma (1–2 µM).8,41,42 The GSH-responsive 

rate of SAHA-S-S-VE at molecular level was expressed 

by the relative degradation of SAHA-S-S-VE. As shown in 

Figure 5A, with 0 mM, 2.5 mM (10 eq) of GSH, the prodrug 

degradation was slow and only 20% of SAHA-S-S-VE was 

degraded in 24 h, which meant that the prodrug could allevi-

ate the side effects toward normal tissues. In the presence 

of 2.5 mM (68 eq) GSH, the degradation of SAHA-S-S-VE 

was enhanced, and ~80% of SAHA-S-S-VE was degraded 

in 24 h. And in 10 mM (136 eq) GSH, the degradation of 

SAHA-S-S-VE showed a significant increase, and nearly 

Figure 3 (A) TeM images of prodrug (saha-O-Ve or saha-s-s-Ve) alone dispersed in water. (B and C) Zeta potential and size distribution of saha-s-s-Ve NPs.
Abbreviations: TeM, transmission electron microscopy; NP, nanoparticle.
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100% of the prodrug was degraded in only 6 h. This indicated 

an advantage of SAHA-S-S-VE for controlled release of 

parent drug.

In vitro hDac assay
HDAC inhibitory activities of SAHA-S-S-VE, NH

2
-S-

S-VE and their reduced products SAHA-S-S-VE/TCEP, 

NH
2
-S-S-VE/TCEP (TCEP which is known to reduce the 

S-S bond and have no influence on this assay condition35) 

were evaluated by the Color de Lys assay. The results were 

tabulated as IC
50

 values in Figure 5B. According to the 

data, the reduced products SAHA-S-S-VE/TCEP exhibited 

similar HDAC inhibitory activity compared with SAHA. 

In contrast, both the material parts (NH
2
-S-S-VE, NH

2
-

S-S-VE/TCEP) and the prodrug (SAHA-S-S-VE) alone 

showed poor inhibition against HDACs. Based on the above 

redox-responsive results, it suggested that the prodrug system 

could restore the HDACs inhibitory activity efficiently 

through the release of SAHA, after taken up by cells through 

the second way (Figure 5C).

In order to enhance the biocompatibility and solubility 

of the as-prepared SAHA-S-S-VE NPs for facilitating 

further in vivo applications, surface modification is 

essential. Through screening, TPGS was chosen as a 

suitable stabilizer43–45 to the formulation, compared with F68 

(Table 1). When F68 was added to the formulation, no NPs 

were formed because its large structure might influence the 

formation of the NPs, whereas TPGS could anchor to the 

surface of the NPs (Figures 1B and 6). The optimal mass 

ratio of TPGS/SAHA-S-S-VE was 15:100, with high SAHA 

loading capacity (24%) and encapsulation efficiency (99%). 

The mean particle size and PDI (Table 1) indicated that the 

SAHA-S-S-VE/TPGS NPs were small enough and with a 

narrow size distribution, which were favorable for passive 

tumor targeting. The negative zeta potential also meets the 

necessary surface characteristic for injectable nanodrug.46

stability of saha-s-s-Ve/TPgs NPs
The emission intensity ratio (I

3
/I

1
) of pyrene is very sensi-

tive to the surrounding environmental polarity. The higher is 

Figure 4 (A) Molecular dynamics simulations of the self-assembly of saha-s-s-Ve molecules in water after 20 ns. saha-s-s-Ve molecule was indicated by gray ball-and-
stick model: red (O), blue (N), and yellow (s). (B) Interactions in tetrameric saha-s-s-Ve. (C) The electrostatic potential map of saha-s-s-Ve: red (electron enrichment 
region), blue (electron deficient region).
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the polarity of the medium; the lower is the intensity ratio.1 

Based on that, the CAC of SAHA-S-S-VE/TPGS NPs was 

determined from the crossover point by plotting the I
3
/I

1
 

versus logarithm concentration of the NPs. The CAC was at 

the low concentration range, 4.3 µg/mL (4.5 µM) (Figure 7A), 

which was similar to the reported nanodrug delivery systems.1  

This low CAC value was important for the in vivo application. 

Next, to investigate whether SAHA-S-S-VE/TPGS NPs could 

Figure 5 (A) saha-s-s-Ve degraded in the presence of gsh (different equivalent) in DMsO/PBs solution (60/40, v/v, ph =7.4). (B) The hDac inhibitory activity was 
evaluated by hDac colorimetric assay/Drug Discovery Kit. The reduced products were prepared by in situ reduction of the respective disulfides using TCEP and used 
immediately (using the same agent and a similar method to that reported by Baud et al35). (C) Proposed mechanisms for the release of SAHA: the first is direct cleavage of 
the ester linkage to generate the parent drug by intracellular esterases; the second involves reduction of the disulfide linkage and intramolecular cyclization; (a similar reaction 
mechanism has been reported by Zhang et al55 and Wu et al56) the third is the reduction of the disulfide linkage, followed by cleavage of ester linkage.
Abbreviations: compd, compound; DMsO, dimethyl sulphoxide; eq, equivalent; gsh, glutathione; PBs, phosphate-buffered saline; hDac, histone deacetylase; Ic50, half 
maximal inhibitory concentration; TceP, tris(2-carboxyethyl)phosphine hydrochloride; h, hours.

Table 1 characterization of saha-s-s-Ve aggregates under different conditions

Formulation Diameter (nm) PDI Zeta (mV) Morphology

saha-s-s-Ve 148.2±6.3 0.111±0.038 −25.7±4.1 Nanoparticles
saha-s-s-Ve  
(w/w, F68/saha-s-s-Ve: F68 100%, 20%, 10%)

Na Na Na No aggregation 
or precipitation

saha-s-s-Ve (TPgs 30%) 153.4±7.0 0.046±0.007 −8.2±0.8 No aggregation
saha-s-s-Ve (TPgs 15%) 167.4±3.4 0.068±0.025 −10.2±0.8 Nanoparticles
saha-s-s-Ve (TPgs 15%) 30 days later 160.8±4.5 0.072±0.019 −8.0±1.1 Nanoparticles

Note: Data presented as mean ± sD.
Abbreviations: Na, not applicable; TPgs, d-a-tocopheryl polyethylene glycol succinate; PDI, polydispersity index.
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Figure 6 (A and B) TeM and size distribution of saha-s-s-Ve/TPgs (15%) NPs.
Abbreviations: TeM, transmission electron microscopy; TPgs, d-a-tocopheryl polyethylene glycol succinate; NP, nanoparticle.

Figure 7 (A) CAC measurement using pyrene as fluorescent probe: plots of the intensity ratio (I3/I1) from pyrene emission spectra versus the logarithm concentration 
of saha-s-s-Ve/TPgs NPs. (B and C) stability of saha-s-s-Ve/TPgs NPs in human plasma. saha-s-s-Ve/TPgs NPs were incubated in human plasma for 0, 4, 8, 12, 
and 24 h.
Abbreviations: cac, critical aggregation concentration; TPgs, d-a-tocopheryl polyethylene glycol succinate; NP, nanoparticle; PDI, polydispersity index; h, hours.
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Table 2 In vitro cell growth inhibition assay

Formulation Xlog Pa IC50 (µM)b

MDA-MB-231 PC-3 HepG2 A549

saha 2.97 3.50±0.90 2.99±0.23 12.8±1.1 10.7±2.0
saha-s-s-Ve 12.44 2.02±0.42* 2.21±0.26 7.98±1.64* 1.99±0.29*
saha-O-Ve 11.46 6.09±0.50 5.27±1.00 10.7±1.6 17.4±2.1
Nh2-s-s-Ve Not tested .30 .30 .30 .30
saha-s-s-Ve/TPgs NPs Not tested 3.03±0.71 1.85±0.21* 6.30±0.59** 6.66±0.53*

Notes: aThe Xlog P was calculated using the method reported by cheng et al.57 ball of the compounds were assayed three times, and their inhibition results were means of 
the three independent assays and expressed with standard deviations. Statistical significance: *P,0.05 vs saha, **P,0.01 vs saha. 
Abbreviations: Ic50, half maximal inhibitory concentration; TPgs, d-a-tocopheryl polyethylene glycol succinate; NP, nanoparticle.

survive even in the presence of human plasma and thereby 

benefit from the EPR effect; dynamic light scattering measure-

ments were used to study the stability of the SAHA-S-S-VE/

TPGS NPs. As shown in Figure 7B and C, the size of SAHA-

S-S-VE/TPGS NPs remained unchanged over 24 h and the 

PDI showed a bit of increase after 12 h. These stable charac-

teristics indicated that the SAHA-S-S-VE/TPGS NPs might be 

delivered to solid tumor through EPR effect. In addition, the 

NPs exhibited excellent storage stability, with no significant 

change in the size over 1 month at 4°C (Table 1).

In vitro cytotoxicity
The proliferation inhibition of SAHA-S-S-VE/TPGS 

NPs was evaluated against HDAC inhibitor sensitive cell 

lines: MDA-MB-231 (human breast cancer cell),47 PC-3 

(human prostatic cancer),48 HepG2 (human hepatocellular 

cancer),49 and A549 (human lung cancer),50 compared 

with free SAHA, SAHA-S-S-VE, SAHA-O-VE, and the 

conjugate material. The IC
50

 values were summarized in 

Table 2. Both SAHA-S-S-VE and SAHA-S-S-VE/TPGS 

NPs showed enhanced antiproliferative activities (lower 

IC
50

 values) compared with free SAHA in all the tested cell 

lines, whereas the NH
2
-S-S-VE showed little toxicity in the 

given concentration range after 48 h. Among these four cell 

lines, SAHA-S-S-VE/TPGS NPs revealed the most obvi-

ous antiproliferative activity (P,0.01, compared to free 

SAHA) in HepG2 cell line. The enhanced cytotoxic might 

be due to one or two of the following mechanisms: 1) the 

lipophilic nature of SAHA-S-S-VE (higher log P; Table 2) 

might facilitate intracellular uptake11,14,51 and 2) when the 

concentration of SAHA-S-S-VE/TPGS NPs was higher than 

the CAC, part of the self-assembled SAHA-S-S-VE/TPGS 

NPs might keep intact for the low GSH concentration in the 

cell culture medium,38 which resulted in the greater cellular 

uptake through the endocytic pathway and higher cytotoxic 

efficiency.1 Besides, the GSH-insensitive SAHA-O-VE 

appeared to have a significantly lower proliferation inhibitory 

efficacy than SAHA-S-S-VE, which might be resulted from 

the slow release of SAHA.

Tumor accumulation study
Particles in the 60–400 nm size range usually extravasate and 

accumulate in a wide range of tumor types through a passive 

tumor targeting mechanism referred to as the EPR effect.52 

To verify the applicability of SAHA-S-S-VE/TPGS NPs for 

passive tumor targeting, DiR solution and DiR-loaded NPs 

were administered into H22 tumor-bearing mice. Due to i.p. 

injection, both the groups showed noticeable fluorescence 

signal in abdominal cavity. As shown in Figure 8A, after 24 

h, the signals of free DiR were extremely weaker than DiR-

loaded NPs, indicating that free DiR has been quickly cleared 

from the bloodstream. On the other hand, the DiR fluorescence 

signal of DiR-loaded NPs was clearly detected at the tumor 

site. However, little signal was displayed at the tumor site for 

free DiR. This pronounced intratumoral distribution could be 

attributed to the nanosized particles by taking the advantage of 

EPR effect. Moreover, the stability of the DiR-loaded NPs also 

contributed to reach the tumor tissues. And the PEG corona in 

NPs further prevented DiR from opsonization. Ex vivo imag-

ing was performed and analyzed to acquire the fluorescent 

signal of internal tumors. As shown in Figure 8B, compared 

to DiR, DiR-loaded NPs showed higher fluorescence signal. 

The fluorescent intensities of tumors treated with DiR solu-

tion and DiR-loaded NPs were calculated as (0.59±0.18) ×107 

p/s/cm2/sr and (2.50±0.39) ×107 p/s/cm2/sr, respectively, and 

were statistically significant (Figure 8C, P,0.005, n=5). As 

compared to free DiR, the DiR-loaded NPs acquired higher 

fluorescent intensity at the tumor region even after 24 h. These 

results indicated that NPs were effective nanodrug platform 

to deliver HDAC inhibitor to solid tumor.

In vivo therapeutic efficacy
To illustrate the advantages of SAHA-S-S-VE/TPGS NPs 

for solid tumor therapy, the antitumor efficacies toward 
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Figure 8 (A) representative NIrF images of mice (24 h p.i.) injected with Dir solution or Dir-loaded NPs. The white arrows indicate the tumors. (B) ex vivo NIrF image 
of tumors after treatment with Dir solution or Dir-loaded NPs (n=5). (C) Quantification of tumor fluorescence showed in panel B (***P,0.005, n=5).
Abbreviations: NIRF, near-infrared fluorescence; NP, nanoparticle; p.i., post-injection.
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female Kunming mice bearing (H22) hepatoma tumors 

were studied. As shown in Figure 9A, tumors in vehicle 

group showed rapid uncontrolled growth 9 days later; 

SAHA group showed a modest effect in inhibiting the tumor 

growth at a dose of 50 mg/kg every other day. However, 

delivery of SAHA-S-S-VE/TPGS NPs at the same dose 

led to an enhanced antitumor activity (P,0.05 vs SAHA, 

P,0.01 vs vehicle) (Figure 9A), presumably because of its 

enhanced NP accumulation at tumor tissue and triggered 

SAHA release in tumor cells due to the strongly reductive 

intracellular environments. Moreover, the perfusion in solid 

tumor is poor, which may be the primary reason that many 

nanodrugs failed.53 However, when the redox-responsive 

nanodrug accumulated at the tumor site, higher GSH 
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concentration in the tumor environment could trigger drug 

release. Free drug might subsequently penetrate deep into 

the tumor. On the other hand, the lower antitumor efficacy 

of free SAHA should be attributed to the destruction of 

hydroxamic acid under physiological conditions.18,19,54 In 

addition, the changes in the body weight of mice were 

monitored during the period of study (Figure 9B). There 

were no obvious changes of body weight in all the treat-

ment groups.

Conclusion
In conclusion, the objective was to develop self-assembling 

SAHA prodrug with high drug loading by taking advantage 

of the EPR effect of NPs and naturally difference of GSH 

between the tumor and normal tissues. Prodrug SAHA-

S-S-VE was well designed and facilely synthesized, with 

redox trigger-responsive property and comparable HDAC 

inhibitory activity after reduction. The prodrug was able 

to self-assemble into spherical NPs with nanometer size, 

unimodal size distribution, whose mechanisms were 

validated through molecular dynamics simulations. With a 

biocompatible TPGS functionalization, the SAHA-S-S-VE/

TPGS NPs showed outstanding stability in vitro and enhanced 

antiproliferative activities. Moreover, in vivo animal experi-

ments confirmed that SAHA-S-S-VE/TPGS NPs possessed 

significant passive tumor-targeting property and tumor inhi-

bition effect. Collectively, our studies demonstrated that the 

improved SAHA delivery in solid tumor was made possible, 

through this redox-responsive nanodrug delivery system. 

This nanodrug strategy opened a new window to deliver 

HDAC inhibitor efficiently for solid tumor therapy.
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Supplementary materials
Method s1: synthesis of saha-s-s-Ve
Synthesis of NH

2
-S-S-VE: cystamine dihydrochloride (3.0 g, 

13.0 mmol) was first stirred with NaOH (1.2 g, 30 mmol) 

in 30 mL ice water for 30 min and then extracted with ether 

(15 mL3) to get the cystamine solution. d-α-Tocopherol suc-

cinate (1.4 g, 2.6 mmol) was dissolved in dry CH
2
Cl

2
 (15 mL) 

under inert atmosphere. Next, 1,1′-carbonyldiimidazole 

(0.42 g, 2.6 mmol) was added in one portion at 0°C and 

stirred for 15 min (the conversion was monitored by thin layer 

chromatography (TLC); indicator: bromocresol green). The 

resulting solution was slowly dropped to the corresponding 

cystamine solution for 20 min at 0°C, then stirred for 4 h at 

room temperature. After removing the solvents, the resulting 

residue was dissolved in ethyl acetate (50 mL) and washed 

with water (50 mL), saturated sodium bicarbonate (50 mL), 

and saturated sodium chloride (50 mL) three times, respec-

tively (the excessive cystamine was eliminated and monitored 

by TLC; indicator: triketohydrindene hydrate). Evaporate the 

solvent. The crude product was used for next step without 

further purification.

synthesis of saha-s-s-Ve
SAHA (0.25 g, 0.95 mmol) was added to the solution of 

1,1′-carbonyldiimidazole (0.15 g, 0.95 mmol) in anhydrous 

THF (20 mL) at 0°C. The resulting solution was stirred for 

30 min at room temperature. Then NH
2
-S-S-VE (0.63 g, 

0.95 mmol) was added to the above solution and stirred for 

4 h (the reaction was monitored by TLC). After removing the 

solvents, the resulting residue was dissolved in ethyl acetate 

(50 mL), washed with HCl (0.5 M, 55 mL) and H
2
O (55 mL3). 

The crude product can be purified by column chromatography 

(CH
2
Cl

2
/CH

3
OH, 150:1). SAHA-S-S-VE was obtained as a 

white waxy solid with the yield of 60%. 1H NMR (CDCl
3
): 

δ 0.83–0.87 (m, 12H), 1.04–1.75 (m, 34H), 1.95 (s, 3H), 1.99 

(s, 3H), 2.06 (s, 3H), 2.18 (s, 2H), 2.28 (t, J =7.2 Hz, 2H), 

2.55 (s, 2H), 2.60 (t, J =6.8 Hz, 2H), 2.76–2.79 (m, 4H), 2.95 

(t, J =6.8 Hz, 2H), 3.46–3.53 (m, 4H), 6.23 (s, 1H), 6.70 

(s, 1H), 7.05 (t, J =7.8 Hz, 1H), 7.26 (t, J =7.8 Hz, 2H), 

7.49 (d, J =7.6 Hz, 2H), 7.94 (s, 1H), 9.84 (s, 1H). 13C NMR 

(CDCl
3
): 11.81, 12.13, 12.98, 19.64, 19.75, 20.59, 21.03, 

22.62, 22.71, 24.45, 24.79, 25.17, 27.98, 28.05, 28.26, 29.23, 

30.84, 31.02, 32.72, 32.80, 37.13, 37.30, 37.46, 37.92, 38.04, 

38.63, 39.38, 40.55, 75.15, 117.52, 119.90, 123.10, 124.07, 

124.89, 126.61, 128.89, 138.21, 140.47, 149.49, 155.33, 

171.77, 171.90, 172.26. MS (ESI) m/z: 978.0 [M+Na]+. 

HRMS (AP-ESI) m/z: calculated for C
52

H
82

N
4
O

8
S

2
 [M+H]+ 

955.5647, found: 955.5645.

Method s2: synthesis of saha-O-Ve 
NH

2
-O-VE was synthesized following the similar procedure 

of NH
2
-S-S-VE without neutralizing to get 1,8-diamino-3, 

6-dioxaoctane (yield: 80%). Then it was used for the next 

step, and SAHA-O-VE was synthesized following the same 

procedure of SAHA-S-S-VE. White powder, yield: 75%. 
1H NMR (CDCl

3
): δ 0.83–0.87 (m, 12H), 1.02–1.85 (m, 34H), 

1.95 (s, 3H), 2.01 (s, 3H), 2.06 (s, 3H), 2.15 (s, 2H), 2.27 

(t, J =7.2 Hz, 2H), 2.53 (s, 2H), 2.61 (t, J =7.8 Hz, 2H), 2.95 

(t, J =7.8 Hz, 2H), 3.35–3.38 (m, 2H), 3.43–3.46 (m, 2H), 

3.54–3.58 (m, 8H), 6.19 (s, 1H), 6.68 (s, 1H), 7.04 (t, J =7.8 

Figure S1 Pharmacophore model and structures of FDa-approved hDac inhibitors.
Abbreviations: FDa, Us Food and Drug administration; hDac, histone deacetylase; ZBg, zinc binding group.
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Scheme S1 synthesis of saha-O-Ve. reagents: (a) cDI, ch2cl2; (b) cDI, ThF.
Abbreviations: cDI, N,N′-carbonyldiimidazole; ThF, tetrahydrofuran.

Figure S2 Molecular dynamics simulations of the self-assembly of saha-s-s-Ve molecules (initial status).

Hz, 1H), 7.27 (t, J =7.8 Hz, 2H), 7.50 (d, J =7.8 Hz, 2H), 

7.92 (s, 1H), 9.59 (s, 1H). 13C NMR (CDCl
3
): 11.81, 12.12, 

12.98, 18.43, 19.63, 19.64, 20.50, 20.57, 22.63, 22.64, 24.45, 

24.51, 24.80, 25.01, 27.78, 27.98, 28.00, 29.23, 30.72, 31.02, 

32.41, 32.71, 32.79, 36.81, 36.98, 37.01, 39.36, 39.37, 41.40, 

58.46, 69.35, 69.91, 70.32, 75.09, 76.71, 117.43, 119.78, 

123.01, 123.93, 124.95, 126.67, 128.85, 138.30, 140.46, 

149.41, 155.17, 171.69, 171.83, 172.22. MS (ESI) m/z: 

969.0 [M+NH
4
]+.
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Figure S3 Molecular dynamics simulations of the self-assembly of SAHA-S-S-VE molecules (final status).

Figure S4 spectra of saha-s-s-Ve, saha, and VecOOh (d-α-tocopherol succinate) in methanol. according to the UV/Vis spectra, saha-s-s-Ve and VecOOh, both 
had absorption at 288 nm, while saha had no absorption. This can be attributed to the d-α-tocopherol group of saha-s-s-Ve and VecOOh. Then 288 nm was chosen as 
the wavelength to detect the remaining saha-s-s-Ve, without the interference of saha or its derivatives. In addition, compared to the UV/Vis absorption of free saha at 
240 nm and free VECOOH at 288 nm, the SAHA-S-S-VE conjugate possessed both UV/Vis absorptions of SAHA and VECOOH. The UV/Vis results further confirmed the 
successful conjugation between saha and VecOOh.
Abbreviation: UV/vis, ultraviolet-visible.
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Figure S5 saha-s-s-Ve in rP-hPlc chromatograms was detected by UV absorption using 288 nm as the monitored wavelength. (A) saha-s-s-Ve; (B) mixture of saha-
s-s-Ve and its reduced product; (C) totally reduced product of saha-s-s-Ve.
Abbreviations: hPlc, high performance liquid chromatography; rP, reverse phase; UV, ultraviolet; min, minutes.
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