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A B S T R A C T   

Liver disease is the cause of approximately 2 million deaths per year worldwide. Liver macrophages (Kupffer 
cells), the most abundant immune cells in the liver, play important roles in innate immunity and contribute to 
many liver diseases. Disulfiram (DSF), a drug used to treat alcohol abuse, has attracted increasing attention due 
to its anti-cancer and anti-inflammatory effects. However, DSF accumulates in several cell types, and few studies 
have examined its utility as a potential treatment for liver injury. Here, we investigated the biological efficacy of 
DSF encapsulated in poly(lactic-co-glycolic) acid nanoparticles (DSF@PLGA NPs). In vitro, DSF@PLGA NPs had 
low cytotoxicity, were selectively taken up by the human macrophage cell line THP-1 via macropinocytosis, and 
inhibited lipopolysaccharide-induced proinflammatory cytokine production by THP-1 cells. Intravenously 
administered PLGA NPs predominantly localized to the liver, specifically CD68-positive Kupffer cells, and 
DSF@PLGA NPs significantly ameliorated thioacetamide-induced proinflammatory cytokine production and 
liver injury. Our results indicate that encapsulation in PLGA NPs promotes specific delivery of DSF to Kupffer 
cells and reduces liver injury and inflammation, suggesting that DSF@PLGA NPs may be a promising treatment 
for liver disease.   

1. Introduction 

Liver disease causes an estimated 2 million deaths annually world-
wide, and the incidence is increasing [1]. As the largest organ in the 
human body, the liver plays critical roles in the maintenance of meta-
bolic and immune homeostasis; accordingly, disruption of liver function 
leads to disorders such as alcoholic liver disease, nonalcoholic fatty liver 
disease, liver fibrosis, and liver cancer [2]. Liver-resident macrophages, 
or Kupffer cells, are non-parenchymal cells that account for 80–90% of 
all macrophages in the body [3]. Kupffer cells play a prominent role in 
acute and chronic liver diseases by virtue of their ability to produce 
inflammatory cytokines and chemokines [4]. Therefore, one approach 
to the treatment of various forms of liver injury may be to selectively 
inhibit the inflammatory responses of Kupffer cells. 

Disulfiram (DSF) is approved by the United States Food and Drug 

Administration (FDA) for the treatment of alcoholism. DSF inhibits the 
activity of aldehyde dehydrogenase (ALDH) in the liver, which results in 
extreme hangover symptoms when consumed with alcohol [5]. DSF has 
been shown to form complexes with copper that inhibit activation of the 
transcription factor NF-κB in cancer cells, leading to oxidative stress [6]. 
DSF also reduces migration of macrophages to the tumor site by inhib-
iting FROUNT, a protein that regulates signaling via the chemokine re-
ceptors CCR2 and CCR5 [7,8]. Thus, in recent years, DSF has been the 
focus of many studies as a potential treatment for cancer [9]. Because 
DSF is FDA-approved, has a good clinical safety profile, and is inex-
pensive, there is interest in its off-label use to treat liver disease. One 
drawback, however, is that DSF lacks specificity and accumulates in 
many cell types, raising concern that inhibition of ALDH activity in 
hepatocytes and the resulting accumulation of acetaldehyde would 
likely increase off-target side effects such as hypotension, tachycardia, 
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and peripheral neuropathy [10,11]. Therefore, new methods to selec-
tively target DSF to Kupffer cells are needed to enhance the 
anti-inflammatory effects of DSF while reducing potential side effects. 

We speculated that both of these goals could be achieved by 
encapsulation of DSF into polymer nanoparticles (NPs), a well- 
characterized method of targeting therapeutic agents to the liver, 
particularly Kupffer cells. Previous studies have shown that approxi-
mately 30%–99% of intravenously (i.v.) administered NPs accumulate 
and are sequestered in the liver [12]. Poly(lactic-co-glycolic) acid 
(PLGA), an FDA-approved biodegradable polymer, has high biocom-
patibility and has been widely used for the controlled and targeted de-
livery of drugs [13]. Moreover, PLGA NPs have reduced hepatotoxicity 
compared with silica or metal NPs, which have been reported to induce 
liver injury [14,15]. In general, the uptake of NPs by different cell types 
in the liver is controlled by the NP size [16]. NPs >200 nm in diameter 
tend to be taken up by Kupffer cells, and the degree of uptake correlates 
positively with NP size [17], whereas NPs smaller than 50 nm tend to be 
taken up by hepatocytes [18]. However, the toxicity of NPs also in-
creases with size [19]; therefore, a diameter limited to about 200 nm is 
preferred for targeting of NPs to Kupffer cells. 

In the present study, we examined the potential for encapsulation in 
PLGA NPs to achieve targeted delivery of DSF to macrophages and to 
ameliorate liver damage in a manner that was non-cytotoxic, particu-
larly towards hepatocytes. We performed in vitro and in vivo experiments 
to characterize the physical and biological properties of DSF@PLGA 
NPs, their uptake by liver macrophages, and their anti-inflammatory 
effects in thioacetamide (TAA) liver injury model mice. Our results 
suggest that formulation of DSF in PLGA NPs may be a safe, inexpensive, 
and effective approach to ameliorate liver injury. 

2. Materials and methods 

2.1. Materials 

PLGA polymer (50:50, inherent viscosity of 0.55–0.75 dL/g in 
chloroform, average molecular weight of 30–60 kDa) was purchased 
from LACTEL Absorbable Polymers (Birmingham, AL, USA). DSF, 
chlorpromazine hydrochloride, filipin III, and 4-methylpyrazole were 
purchased from Tokyo Chemical Industries (Tokyo, Japan). 1,1′-Dio-
ctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI), 1,1′- 
dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine perchlorate (DiR), 
and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) were purchased from 
Sigma Aldrich (St. Louis, MO, USA). All others chemicals and cell culture 
media were purchased from FUJIFILM Wako Pure Chemical Industries 
(Tokyo, Japan). 

2.2. Preparation of NPs using a microfluidic system 

PLGA polymer (30 mg) and DSF (9 mg) were dissolved in 5 mL of 
acetone. The acetone solution (organic phase) was flowed at 1.5 mL/min 
and water (aqueous phase) was flowed at 4.5 mL/min and mixed in a 
microfluidic channel (LTF-0.12.00–4256; Little Things Factory, Elsoff, 
Germany). The resulting solution was mixed with 2 mL of 1 wt% poly-
vinyl alcohol (5 kDa) as a surfactant to improve the dispersion stability 
of NPs. After stirring for 24 h to evaporate the acetone, large aggregates 
and DSF crystals were removed by centrifugation at 1000×g for 10 min, 
and NPs were collected by further centrifugation at 10,000×g for 10 
min. DSF-free PLGA NPs were prepared in the same manner except that 
DSF was omitted. For flow cytometry and fluorescence microscopy, NPs 
were prepared by replacing DSF with 0.5 wt% of the hydrophobic 
fluorescent dyes DiI or DiR. 

2.3. NP characterization and measurement of DSF release in vitro 

The average diameter, polydispersity index, and zeta potential of 
NPs were measured by dynamic light scattering (DLS) method using a 

Malvern Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at 25 ◦C 
with a scattering angle of 173◦. To evaluate the stability, the size of NPs 
was measured by DLS method after suspension in RPMI 1640 medium 
supplemented with 10% fetal bovine serum (FBS; Funakoshi, Tokyo, 
Japan) and incubation at 37 ◦C within 24 h. 

The surface morphology of NPs was observed by scanning electron 
microscopy (SEM) at an operating voltage of 10 kV (SU8000; Hitachi 
High Technologies, Tokyo, Japan) and by transmission election micro-
scopy (TEM) at an operating voltage of 80 kV (JEOL-2100F; JOEL, 
Tokyo, Japan). For SEM observation, NPs solution was dropped onto a 
glass slide and vacuum-dried at room temperature overnight. Platinum 
was sputtered on the samples before the observation. For TEM obser-
vation, NPs solution was dropped onto a a carbon film-coated copper 
mesh TEM grid (ELS-C10, Okenshoji Co., Ltd., Tokyo, Japan) for 2 min. 
After rinshing with water, the grid was vacuum-dried at room temper-
ature overnight. 

To determine the DSF loading and encapsulation efficiencies, sam-
ples of DSF@PLGA NPs were lyophilized using a freeze dryer (FDU- 
1200; EYELA, Tokyo, Japan) and dissolved in chloroform for 1 min with 
sonication. After evaporation of the solvent, DSF was dissolved in 
ethanol and quantified by HPLC with ultraviolet detection at 278 nm 
(Shimazu, Kyoto, Japan). The mobile phase was methanol/water (70/ 
30) delivered at a flow rate of 1.0 mL/min through an L-Column ODS 
(4.6 × 15 mm, Chemicals Inspection and Testing Institute, Tokyo, 
Japan). To evaluate DSF release, DSF@PLGA NPs were suspended in 
phosphate buffered saline (PBS, pH 7.4) and incubated at 37 ◦C with 
shaking for up to 14 days. The samples were then centrifuged at 
10,000×g for 10 min, the supernatants were collected, and the DSF 
concentration was quantified by HPLC as described above. Here, a 
standard calibration curve of DSF was measured in the concentration 
range of 6.25–100 μg/mL by using HPLC method. The limits of detection 
(LOD) and quantification (LOQ) were obtained based on the standard 
deviation (SD) of response and slope of calibration curve. LOD was 
calculated as 3 × SD/slope, and LOQ was calculated as 10 × SD/slope 
[20]. 

2.4. Cell culture 

The human monocyte-like cell line THP-1 was obtained from 
American Type Culture Collection (Manassas, VA, USA) and cultured in 
RPMI 1640 medium supplemented with 10% FBS and 100 mg/mL 
penicillin and streptomycin (Nacalai Tesque, Kyoto, Japan) at 37 ◦C in a 
5% CO2 atmosphere. HepG2, a human hepatocellular carcinoma line, 
was obtained from Japanese Collection of Research Bioresource Cell 
Bank (Osaka, Japan) and cultured in DMEM (low glucose) medium 
supplemented with 10% FBS and 100 mg/mL penicillin and strepto-
mycin at 37 ◦C in a 5% CO2 atmosphere. To induce macrophage dif-
ferentiation, THP-1 cells were treated with 100 ng/mL phorbol 12- 
myristate 13-acetate (PMA; Funakoshi) for 24 h. After macrophage 
differentiation and adhesion to the culture plates, fresh medium was 
exchanged and the cells were further cultured for 48 h at 37 ◦C. 

2.5. Cell viability assay 

Cytotoxicity was measured using the MTT (1-(4,5-dimethylthiazol-2- 
yl)-3,5-diphenylformazan; Dojindo Laboratories, Kumamoto, Japan) 
assay. HepG2 cells and PMA-differentiated THP-1 cells were seeded at 5 
× 104 cells/well into 96-well plates and cultured for 24 h at 37 ◦C. DSF 
(1.9–60 μg/mL) and DSF@PLGA NPs (25–400 μg/mL) were added to the 
cells and the plates were incubated for an additional 24 h. Due to its 
hydrophobicity, DSF was dissolved in dimethyl sulfoxide (DMSO) and 
diluted with RPMI 1640 medium before addition to the cells. The final 
concentration of DMSO in culture was 0.1%. After incubation, the cul-
ture medium was removed and replaced with fresh medium containing 
MTT (0.5 mg/mL) for 2 h. The formazan product was then dissolved in 
DMSO and the absorbance at 570 nm was measured using an Infinite F50 
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Microplate Reader (TECAN, Mannedorf, Switzerland). 

2.6. ALDH assay 

ALDH activity was analyzed by measuring NADH production in a 
spectrophotometric assay [21]. Briefly, HepG2 cells were treated with 
DSF (1.9 and 3.8 μg/mL) and DSF@PLGA NPs (25 and 50 μg/mL) for 24 
h, scraped into 5 mM Tris-HCl buffer (pH 7.5) containing 0.25 M su-
crose, 0.5 mM ethylenediamine-tetraacetic acid (EDTA), and 0.5 mM 
dithiothreitol, and then centrifuged at 8000×g at 4 ◦C for 15 min. The 
supernatant was mixed with 0.1 mM pyrazole, 2 μM rotenone, 0.5 mM 
NAD+, and 50 μM acetaldehyde, and incubated at 25 ◦C for 20 min. 
NADH was measured at 340 nm before and after incubation using a 
V-670 spectrophotometer (JASCO Corporation, Tokyo, Japan). Samples 
without acetaldehyde were used as background controls. 

2.7. Measurement of cellular uptake of NPs 

For the flow cytometric assay, HepG2 and PMA-differentiated THP-1 
cells were placed in 12-well plates at 1 × 105 cells/well and treated with 
150 μg/mL of DiI-labeled PLGA NPs for between 2 and 24 h. After in-
cubation, the cells were washed twice with cold PBS and detached by 
incubation with 0.25% trypsin-EDTA at 37 ◦C. The cells were collected 
by centrifugation at 3×g for 5 min and resuspended in cold PBS. Data 
were acquired on 10,000 cells per sample, with debris and doublets 
excluded by gating, using a FACSCelesta instrument (BD Biosciences, 
San Jose, CA, USA). Data were analyzed using FlowJo software 
(TreeStar, Ashland, OR, USA). 

For the fluorescence microscopy, HepG2 and PMA-differentiated 
THP-1 cells were placed in glass-bottomed dishes (35-mm diameter) at 
1 × 105 cells/well and incubated with 150 μg/mL of DiI-labeled PLGA 
NPs for 24 h. After incubation, the cells were washed three times with 
PBS and fixed with 2% paraformaldehyde at 4 ◦C for 2 h. Nuclei were 
stained with 4′,6-diamidino-2-phenylindole (DAPI) for 10 min at room 
temperature and the cells were visualized using an Axio Observer Z1 
fluorescence microscope (Carl-Zeiss AG, Oberkochen, Germany). 

2.8. Determination of NP uptake pathway 

To investigate the pathway by which of NPs were taken up into cells, 
PMA-differentiated THP-1 cells were plated at 1 × 105 cells/well and 
were incubated for 1 h at 37 ◦C with 150 μg/mL of DiI-labeled PLGA NPs 
in the absence (control) or presence of the following endocytic in-
hibitors: 5 μM cytochalasin B, 5 μM EIPA, 1 μM chlorpromazine, 2.5 μM 
filipin III, or 0.2% sodium azide [22,23]. At the end of the incubation, 
cellular uptake of NPs was evaluated and quantified using the flow 
cytometry and fluorescence microscopy assays described above. 

For SEM, PMA-differentiated THP-1 cells were cultured on cover 
glasses in a 6-well plate at 1 × 105 cells/well and left untreated or 
incubated with PLGA NPs in the absence or presence of 5 μM EIPA at 
37 ◦C for 1 h. The cells were washed three times with PBS, fixed with 
0.1% cacodylate buffer containing 2% paraformaldehyde and 2.5% 
glutaraldehyde at room temperature for 30 min, and then kept at 4 ◦C 
overnight. The next day, the cells were dehydrated with a gradient of 
ethanol/water mixtures (20, 50, 70, 90, and 100%) for 10 min each, and 
then immersed in t-butyl alcohol and placed at − 20 ◦C for 30 min. 
Frozen samples were dehydrated using an FDU-1200 freeze dryer 
(EYELA, Tokyo, Japan) for 24 h. The samples were then observed with 
an SEM (SU8000, Hitachi High Technologies, Tokyo, Japan). 

2.9. In vitro cytokine production and enzyme-linked immunosorbent 
assay (ELISA) 

THP-1 cells were placed in 12-well plates at 2 × 105 cells/well and 
differentiated with PMA. The cells were washed twice with PBS, and 
then incubated alone (control), with 3.8 μg/mL of DSF, or with 50 μg/ 

mL of DSF@PLGA NPs (3.8 μg/mL DSF) with or without 200 ng/mL 
lipopolysaccharide (LPS) for 24 h. After incubation, the supernatants 
were harvested and concentrations of tumor necrosis factor-α (TNF-α) 
and interleukin-6 (IL-6) were assayed using ELISA kits (Thermo Fisher 
Scientific, Waltham, MA, USA) according to the manufacturer’s 
protocol. 

2.10. TAA-induced liver injury model and NP biodistribution 

Animal experiments were approved by the Ethics Committee for 
Animal Experiments of Kumamoto University (decision number is 
A2021-132) and carried out according to the Laboratory Protocol of 
Animal Handing, Kumamoto University, Kumamoto, Japan. In addition, 
the animal experiments in this research work complied with the ARRIVE 
guidelines and were conducted as per the U.K. Animals (Scientific Pro-
cedures) Act, 1986, and associated guidelines. Male C57BL/6 mice (4 
weeks of age) were purchased from SLC (Shizuoka, Japan) and main-
tained under conditions of controlled humidity (55%) and temperature 
(22 ◦C) with a 12 h light/dark cycle. When the mice were 6 weeks of age 
(18–21 g body weight), they were injected intraperitoneally (i.p.) with 
90 mg/kg thioacetamide (TAA) in saline solution twice weekly for 2 
weeks (4 injections). 

To evaluate the biodistribution of NPs, mice were treated with TAA 
to induce liver injury exactly as described above. On day 16, mice were 
injected intravenously (i.v.) with 50 mg/kg DiR-labeled PLGA NPs and 
euthanized 24 h later. The kidneys, heart, liver, lungs, and spleen were 
collected and visualized using an IVIS Lumina Imaging system (Xeno-
gen, Alameda, CA, USA). For quantitation, DiR was extracted as previ-
ously described [24]. Briefly, the tissues were cut into small pieces of 
100 mg and homogenized in 2 mL of chloroform on ice using a Polytron 
tissue homogenizer (PT1200E, Kinematica AG, Lucerne, Switzerland). 
The samples were centrifuged at 10,000×g for 20 min and the super-
natants containing DiR were collected, the solvent was evaporated, and 
the residue was redissolved in 500 μL of chloroform. Fluorescence in-
tensity was measured at excitation/emission wavelengths of 740 
nm/780 nm using a FP-6600 fluorescence spectrophotometer (Jasco 
Corporation). 

To evaluate the anti-inflammatory effects of NPs in the TAA liver 
injury model, mice were treated with TAA for 2 weeks, as described 
above. On days 16 and 19, mice were injected i.p. with 3.8 mg/kg of free 
DSF or i.v. with 50 mg/kg of DSF@PLGA NPs (3.8 mg/kg DSF) and 24 h 
later, the mice were sacrificed. Blood samples were collected, and serum 
samples were prepared. TNF-α and IL-6 levels were measured using 
ELISA kits as described above, and aspartate aminotransferase (ALT) 
and alanine aminotransferase (AST) levels were measured using a 
Transaminase C Test Kit (Wako Pure Chemical Industries). 

For histopathological analysis, the liver tissues were fixed in 
formalin for 24 h, dehydrated in graded alcohol and embedded in 
paraffin blocks. The liver sections were prepared at 3 μm thickness and 
subjected to hematoxylin and eosin (H&E) staining. 

2.11. Statistical analysis 

Experiments were performed in triplicate and data are presented as 
the mean ± standard error (SEM). Data were analyzed using Student’s t- 
test and analysis of variance (ANOVA), followed by the Bonferroni post 
hoc adjustment for multiple comparisons. A difference was considered 
to be statistically significant when the p value was <0.05. 

3. Results and discussion 

3.1. NP characterization and release of DSF in vitro 

DSF-free PLGA NPs and DSF@PLGA NPs were fabricated using a 
microfluidic device. The average diameter, polydispersity index (PDI), 
and zeta potential of the NPs were analyzed by dynamic light scattering 
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(Table 1). The average diameter of the PLGA NPs was ~240 nm with a 
narrow size distribution (PDI <0.1), which can be attributed to the 
advantage of the microfluidic system. The zeta potential of PLGA NPs 
was − 27 mV, suggesting that the NPs would have a lower tendency to 
absorb proteins than positively charged NPs [25]. The surface charge of 
NPs is known to be an important factor for cellular uptake behavior, and 
macrophages are more likely to take up negatively charged NPs 

compared with positively charged NPs [26–28]. The characteristics of 
DSF@PLGA NPs were similar to those of the PLGA NPs (Table 1 and 
Fig. 1). Although the PDI of DSF@PLGA NPs was higher than that of 
PLGA NPs (~0.14 vs ~0.06), SEM and TEM imaging demonstrated that 
DSF@PLGA NPs were uniform in size (Fig. 1C). Furthermore, the par-
ticle size of DSF@PLGA NPs was shown to be stable after incubation in 
RPMI 1640/10% FBS medium at 37 ◦C for 24 h (Fig. 1D). 

According to the standard calibration curve of DSF (Fig. S1; linearity 
R2 > 0.99), DSF loading and encapsulation efficiency in PLGA NPs were 
calculated to be 7.4% and 43.4%, respectively (Table 1), which are 
similar to or slightly higher than the corresponding values reported by 
others who investigated the anti-cancer activity of DSF@PLGA NPs 
using cancer cell lines [29,30]. In addition, the limit of detection (LOD) 
of DSF was 0.013 μg/mL and the limit of quantification (LOQ) of DSF 
was 0.039 μg/mL. The release kinetic of DSF@PLGA NPs in PBS (pH 7.4) 
or PBS containing 10% FBS at 37 ◦C for up to 7 days was quantified 
(Fig. 1E). In PBS, approximately 24% DSF was released in the first 24 h 
followed by release of up to ~70% DSF within 7 days. Whereas, in PBS 
containing 10% FBS, silimar ~24% DSF was released in the first 24 h but 
followed by a higher release rate of up to 100% DSF within 3 days. The 

Table 1 
Characterization, drug loading and encapsulation efficiency of NPs.  

NP 
formulation 

Diameter 
(nm) 

PDI Zeta 
potential 
(mV) 

Drug 
load 
(%) 

Encapsulation 
efficiency (%) 

PLGA 241.3 ±
4.8 

0.059 
±

0.005 

− 27.3 ±
3.1 

N/A N/A 

DSF@PLGA 230.3 ±
5.3 

0.14 ±
0.038 

− 26.4 ±
3.3 

7.4 ±
0.13 

43.4 ± 1.3 

Data represent the mean ± standard deviation of triplicates. DSF: disulfiram, N/ 
A: not applicable, NP: nanoparticle, PDI: polydispersity index, PLGA: poly(lactic- 
co-glycolic) acid. 

Fig. 1. Characterization of PLGA NPs. (A and B) Hydrodynamic diameter (A) and (B) zeta potential of PLGA NPs and DSF@PLGA NPs. (C) SEM (scale bar = 2 μm) 
and TEM (inset: scale bar = 300 nm) images of DSF@PLGA NPs. (D) Stability of DSF@PLGA NPs incubated in RPMI 1640/10% FBS medium at 37 ◦C for up to 24 h. 
(E) DSF release from DSF@PLGA NPs incubated in PBS (pH 7.4) or PBS containing 10% FBS at 37 ◦C for up to 7 days. Data represent the mean ± SEM of triplicates. 
**p < 0.01; n.s., not significant for differences between PBS and PBS containing 10% FBS. 
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accelerated DSF release from NPs was probably due to the serum in PBS 
which improved the solubility of DSF. This is a common phenomenon 
observed in release kinetics study of poorly water-soluble drugs [31]. 

3.2. Cytotoxicity of NPs 

To evaluate the potential cytotoxicity of PLGA NPs and DSF@PLGA 
NPs for liver macrophages vs hepatocytes, we used the human 
monocyte-like cell line THP-1 and the human hepatoblastoma cell line 
HepG2 cells. THP-1 cells were induced to differentiate into macrophages 
by treatment with PMA for 24 h HepG2 or differentiated THP-1 cells 
were then incubated with 25–400 μg/mL of DSF@PLGA NPs (1.9–60 μg/ 
mL DSF) or free DSF at 1.9–60 μg/mL for 24 h and cell viability was 
measured using the MTT assay. Free DSF exhibited relatively little 
cytotoxicity towards THP-1 cells compared with HepG2 cells (Fig. 2). 
Thus, at the highest concentration of free DSF tested, 60 μg/mL (~200 
μM), HepG2 cell viability was reduced to 5%–10% whereas THP-1 cell 
viability remained high at 67%. This result is consistent with a previous 
demonstration that free DSF is more toxic to HepG2 cells than to the 
human embryonic kidney cell line HEK-293 [32]. Notably, encapsula-
tion of DSF into PLGA NPs reduced the cytotoxicity of DSF for both cell 
lines (Fig. 2), which was likely a result of the slow release of 
NP-encapsulated DFS, as shown above, and reduced exposure to the 
cells. DSF-free PLGA NPs at concentrations up 800 μg/mL were not 
cytotoxic to HepG2 or THP-1 cells (cell viability >80%; Fig. S2). Based 
on these results, we selected the non-toxic concentrations of 3.8 μg/mL 
free DSF and 50 μg/mL DSF@PLGA NPs (3.8 μg/mL DSF) for further 
experiments. 

3.3. ALDH activity in HepG2 cells 

We determined the effect of DSF@PLGA NPs on ALDH activity in 
HepG2 cells, which have been reported to behave similarly to normal 
human hepatocytes in terms of ALDH regulation [33]. HepG2 cells were 
incubated alone (control), with free DSF at 1.9 and 3.8 μg/mL, or with 
DSF@PLGA NPs at 25 and 50 μg/mL (1.9 and 3.8 μg/mL DSF) for 24 h 
and ALDH activity was then measured. Free DSF at 1.9 μg/mL had no 
effect on ALDH activity, whereas the activity was decreased by ~50% at 
3.8 μg/mL. However, encapsulation of DSF prevented ALDH inhibition, 
as demonstrated by the lack of significant effect of DSF@PLGA NPs on 
ALDH activity at either DSF concentration (Fig. 3). DSF has been re-
ported to inhibit ALDH activity via formation of mixed disulfide and 
covalent adducts (two carbamoyl derivatives) of DSF and its metabolites 
with cysteine-302 at the ALDH active site [34]. These data suggest that 
encapsulation of DSF within PLGA NPs prevents DSF–ALDH adduct 

formation and inhibition of ALDH activity in hepatocytes. We also 
investigated the ALDH activity in THP-1 cells using the same method. 
However, ALDH activity in THP-1 cells was undetectable. This is 
consistent with the idea that ALDH is highly expressed in hepatocytes, 
but not in Kupffer cells [35]. 

3.4. Uptake of PLGA NPs by THP-1 and HepG2 cells 

To examine cellular uptake, HepG2 and differentiated THP-1 cells 
were incubated at 37 ◦C for 24 h with PLGA NPs labeled with the dye DiI, 
which emits fluorescence at ~570 nm and can thus be detected in the 
phycoerythrin (PE) channel of flow cytometers. As shown in Fig. 4A, 
PLGA NPs were taken up much more rapidly and extensively by THP-1 
compared with HepG2 cells. Essentially 100% of THP-1 cells had taken 
up DiI-PLGA NPs by 16–24 h, compared with only about 20% of HepG2 
cells over the same incubation time (Fig. 4A and B). We also analyzed 
the cells by fluorescence microscopy, which confirmed the marked 
accumulation of NPs in differentiated THP-1 cells compared with HepG2 
cells (Fig. 4C). 

The preferential uptake of PLGA NPs by THP-1 cells could be related 
to the physicochemical properties of the NPs, such as size, shape, and 

Fig. 2. Cytotoxicity of DSF and DSF@PLGA NPs. Viability of (A) THP-1 cells and (B) HepG2 cells was evaluated using the MTT assay after incubation with the 
indicated concentration of free DSF or DSF@PLGA NPs at 37 ◦C for 24 h. Data are presented as the mean ± SEM of triplicates. *p < 0.05, **p < 0.01, ***p < 0.001; n. 
s., not significant for differences between DSF and DSF@PLGA NPs. 

Fig. 3. Effects of free DSF and DSF@PLGA NPs on ALDH activity in HepG2 
cells. Cells were incubated in the absence (CT) or presence of free DSF or 
DSF@PLGA NPs at 37 ◦C for 24 h. Data are presented as the mean ± SEM of 
triplicates. **p < 0.01; n.s., not significant for differences vs control and ##p <
0.01 for differences between DSF and DSF@PLGA NPs. 
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zeta potential [36]. As noted, NPs >200 nm tend to be taken up by 
macrophages, whereas smaller sized NPs (<100 nm) are taken up not 
only by macrophages but also other cell types, including the liver, 
ovarian, and lung cancer cell lines HepG2, HeLa, and A549, respectively 
[37–39]. We also evaluated cellular uptake of NPs by the murine 
macrophage cell line RAW 264.7. Incubation of cells with 100 μg/mL 
DiI-PLGA NPs at 37 ◦C for 24 h resulted in uptake by 39% of RAW 264.7 
cells, 46% of undifferentiated THP-1 cells, and 64% of 
PMA-differentiated THP-1 cells (Fig. S3). This is consistent with the ef-
fects of PMA treatment which increases the endocytosis activity of 
THP-1 cells [40]. 

3.5. Identification of the pathway of PLGA NP uptake by THP-1 cells 

To determine the mechanism by which DiI-PLGA NPs were taken up 
by differentiated THP-1 cells, we incubated the cells for 1 h at 37 ◦C with 
optimal non-toxic concentrations of several endocytosis inhibitors; 
namely, sodium azide (NaN3), cytochalasin B (CytB), EIPA, chlor-
promazine (Chlor), and filipin III [22,23]. These agents inhibit (i) 
energy-dependent endocytosis (NaN3); (ii) phagocytosis, an 
actin-dependent pathway preferentially used by “professional phago-
cytes” to engulf large particles such as bacteria and cell debris (CytB) 
[41]; (iii) macropinocytosis, an actin-dependent nonspecific endocytic 
pathway mediated by the formation of large membrane protrusions 
(EIPA) [42]; (iv) clathrin-dependent endocytosis, which involves 
encapsulation of transmembrane receptors and transporters (Chlor) 
[43]; and (v) caveolae-dependent endocytosis, which occurs via for-
mation of flask-shaped membrane invaginations about 50–100 nm in 
diameter (filipin III) [44]. 

As shown in Fig. 5A and B, DiI-PLGA NP uptake by THP-1 cells was 
significantly inhibited by NaN3 (~80% inhibition), CytB (~20%), and 
EIPA (~50%), whereas Chlor and filipin showed little effect on uptake 
(~10% and 8%, respectively). These results suggested that PLGA NPs 
are taken up by THP-1 cells mainly via macropinocytosis and, to a lesser 
extent, via phagocytosis. This result is in agreement with a previous 
study suggesting that NPs of 100–200 nm diameter enter cells via 

clathrin- or caveolae-mediated endocytosis pathways, whereas those 
>200 nm diameter are predominantly taken up via phagocytosis or 
macropinocytosis [45]. To confirm our finding, we also examined the 
cells by fluorescence microscopy. In agreement with the flow cytometry 
assay, very few DiI-PLGA NPs were visible within EIPA-treated THP-1 
cells compared with control untreated cells (Fig. 5C). 

Macropinocytosis occurs through a pathway involving actin reor-
ganization, formation of membrane protrusions (ruffling), and uptake of 
extracellular fluid and its contents [42]. To examine this process in more 
detail, we performed SEM of THP-1 cells after incubation with PLGA NPs 
in the absence or presence of EIPA, as previously reported [46]. We 
observed active membrane ruffling on the surface of THP-1 cells and 
PLGA NPs were localized at the sites of ruffles (Fig. 5D). However, in-
cubation with EIPA significantly inhibited membrane ruffling, consis-
tent with the observed reduction in cellular uptake of NPs. To determine 
whether uptake of PLGA NPs interfered with macropinocytosis of other 
molecules, we incubated THP-1 cells with rhodamine-labeled dextran 
(70 kDa), a common fluorescent marker of macropinocytosis [47]. 
Notably, we observed no difference between rhodamine-dextran uptake 
in the presence or absence of PLGA NPs, indicating that PLGA NPs did 
not interfere with macropinocytosis of other molecules (Fig. S4). 

3.6. In vitro anti-inflammatory effects of DSF and DSF@PLGA NPs 

We next evaluated the potential anti-inflammatory effects of 
DSF@PLGA NPs compared with free DSF. Differentiated THP-1 cells 
were untreated or stimulated with LPS in the absence or presence of free 
DSF (3.8 μg/mL) or DSF@PLGA NPs (50 μg/mL) for 24 h. Production of 
the proinflammatory cytokines TNF-α and IL-6 was then quantified by 
ELISA. As expected, incubation with LPS increased the production of 
both cytokines compared with untreated cells, but the increase was 
significantly attenuated by the presence of free DSF or DSF@PLGA NPs, 
although encapsulated DSF was much more effective (Fig. 6). Many 
studies have demonstrated the ability of DSF to inhibit inflammatory 
responses via effects on several mechanisms, including inhibition of the 
chemokine signal regulator FROUNT, the pore-forming proteins 

Fig. 4. Cellular uptake of DiI-labeled PLGA NPs by THP-1 and HepG2 cells. (A) Time course of DiI-labeled PLGA NP uptake by THP-1 and HepG2 cells measured by 
flow cytometry after incubation at 37 ◦C for up to 24 h. (B) Representative flow cytometry histograms of the cells incubated at 37 ◦C for 24 h as in (A). (C) 
Fluorescence microscopy images of DiI-labeled PLGA NP uptake (red) by THP-1 and HepG2 cells after incubation at 37 ◦C for 24 h. Nuclei were stained with DAPI 
(blue). Yellow arrows indicate DiI-labeled PLGA NPs uptake by HepG2 cells. Scale bar = 50 μm. Data are presented as the mean ± SEM of triplicates. ***p < 0.001 for 
differences between THP-1 cells and HepG2 cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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gasdermin D, the NF-κB pathway, and inflammasome components such 
as nod-like receptor protein 3 [9,48,49]. However, to the best of our 
knowledge, this is the first report of the ability of DSF encapsulated in 
NPs to directly target the macrophage inflammatory response. Thus, 
encapsulation in PLGA NPs may be an effective method to improve the 
anti-inflammatory effects of DSF. 

3.7. In vivo distribution of PLGA NPs 

Before assessing the in vivo efficacy of DSF@PLGA NPs for the 
treatment of liver injury, we analyzed the biodistribution of PLGA NPs in 
untreated C57BL/6 mice by injecting them i.v. with PLGA NPs labeled 
with the near-infrared fluorescent dye DiR, which enables 2- and 3- 
dimensional visualization of tissue uptake using an IVIS system. At 24 
h after injection, imaging of the excised kidneys, heart, liver, lungs, and 
spleen showed that PLGA NPs mainly accumulated in the liver and, to a 

lesser extent, in the spleen, whereas no signal was detected in the kid-
neys, heart, or lung (Normal + PLGA NPs, Fig. 7A). Quantitative analysis 
of extracted organs confirmed that ~30% of injected DiR-PLGA NPs 
accumulated in the liver (Fig. 7B), which is consistent with the known 
accumulation of NPs >200 nm in Kupffer cells within the liver [50,51]. 
PLGA is biodegradable polymer that is degraded to lactic acid and gly-
colic acid, which are non-toxic and easily metabolized via Krebs cycle 
pathway [52]. Therefore, there is minimal toxicity associated with using 
PLGA NPs in drug delivery applications. 

We next analyzed the distribution of DiR-PLGA NPs in C57BL/6 mice 
treated for 2 weeks with twice-weekly i.p. injections of TAA, a hepato-
toxic compound that induces oxidative stress and inflammation in the 
liver via activation of the JNK signaling pathway [53]. Injected NPs were 
also found to accumulate predominantly in the livers of TAA-treated 
mice, but the proportion of injected NPs in the liver was significantly 
higher than that seen in untreated mice (~40% vs 30%; Fig. 7A and B). 

Fig. 5. Mechanism of DiI-labeled PLGA NP uptake by THP-1 cells. (A) Representative flow cytometry histograms of DiI fluorescence and (B) quantification of the 
relative uptake of DiI-labeled PLGA NPs after incubation of THP-1 cells for 1 h at 37 ◦C with sodium azide (NaN3), cytochalasin B (CytB), 5-(N-ethyl-N-isopropyl) 
amiloride (EIPA), chlorpromazine (Chlor), or filipin III. (C) Fluorescence microscopy images of DiI-labeled PLGA NP (red) uptake by THP-1 cells without and with 
EIPA treatment for 1 h. Nuclei were labeled with DAPI (blue). Scale bars = 50 μm. (D) SEM images of untreated THP-1 cells and THP-1 cells incubated with PLGA NPs 
in the absence or presence of EIPA for 1 h at 37 ◦C. NPs are pseudocolored red and membrane protrusions (ruffles) are indicated with yellow arrows. Scale bars = 2 
μm. Data are presented as the mean ± SEM of triplicates. *p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Fig. 6. Effect of free DSF and DSF@PLGA NPs on proinflammatory cytokine production by THP-1 cells. (A) TNF-α and (B) IL-6 levels produced by LPS-activated THP- 
1 cells incubated with or without free DSF and DSF@PLGA NPs (3.8 μg/mL equivalent) for 24 h. Data are presented as the mean ± SEM of triplicates. *p < 0.05, **p 
< 0.01, ***p < 0.001 for differences vs control (CT+) and ###p < 0.001 for differences between DSF (+) and DSF@PLGA NPs (+). 

Fig. 7. Distribution of DiR-labeled PLGA NPs to the major organs of mice. Organs were harvested at 24 h after intravenous injection of NPs to untreated and 
thioacetamide (TAA)-treated C57BL/6 mice. (A) IVIS images and (B) quantitative analysis of DiR extracted from organs. (C) Fluorescence microscopy images of liver 
sections from injected mice stained with anti-CD68. Nuclei were stained with DAPI (blue). Yellow arrows indicate DiI-PLGA NPs (red) co-localized with CD68+

(green) Kupffer cells. Data are presented as the mean ± SEM of triplicates. **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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This result may be due to the activation of liver-resident liver macro-
phages by TAA, which would lead to an increase in NP uptake [54]. 
Fluorescence microscopy of liver sections immunostained with an 
antibody against the macrophage marker CD68 [55] showed 
co-localization of the administered DiR-labeled PLGA NPs with CD68+

Kupffer cells, and not with hepatocytes (Fig. 7C). This result is in 
agreement with previous studies of NP uptake in the liver, which 
demonstrated that PLGA NPs (~270 nm in diameter) mainly localized 
with Kupffer cells, followed by endothelial cells, hepatic stellate cells, 
and, to a minor degree, hepatocytes [50]. 

3.8. Amelioration of TAA-induced liver injury by administration of DSF 
and DSF@PLGA NPs 

The effect of free DSF and DSF@PLGA NPs on TAA-induced liver 
injury in mice was evaluated by treating the mice with TAA for 2 weeks, 
as described above, followed by i.p. injection of 3.8 mg/kg free DSF or i. 
v. injection of 50 mg/kg DSF@PLGA NPs on days 16 and 19 (Fig. 8A). 
The administration routes of free DSF (i.p.) and DSF@PLGA NPs (i.v.) 
were different. Several studies conducted in the last few years reported 
that DSF had anti-cancer and anti-inflammatory effects [56,57]. Most of 

these studies used oral administration or i.p. injection rather than i.v. 
injection due to the low water solubility of DSF. For the administration 
of DSF@PLGA NPs, however, we chose i.v. rather than i.p. injection 
because it reportedly leads to superior accumulation of PLGA NPs in the 
liver [58]. 

Blood samples were collected 24 h later, AST and ALT levels or TNF-α 
and IL-6 levels were measured. As expected, AST and ALT levels were 
significantly increased in TAA-injected mice compared with control 
mice, confirming the successful induction of liver injury (Fig. 8B and C). 
However, administration of either free DSF or DSF@PLGA NPs signifi-
cantly suppressed the TAA-induced increase in both AST and ALT, and 
DSF@PLGA NPs were significantly more effective than the same con-
centration of free DSF (Fig. 8B and C). Similar results were seen when 
TNF-α and IL-6 levels were measured, which also demonstrated not only 
the efficacy of DFS in suppressing TAA-induced inflammation but also 
the significantly superior efficacy of DSF@PLGA NPs compared with 
free DSF (Fig. 8D and E). To demonstrate the pharmacokinetics of 
DSF@PLGA NPs and free DSF in the liver, liquid chromatography- 
electrospray ionization-mass spectrometry (LC-MS) with an Agilent 
Ultivo Triple Quadrupole LC-MS system (Agilent Technologies, Santa 
Clara, CA, USA) was used (Fig. S5). Using this LC-MS system, we were 

Fig. 8. Effect of free DSF and DSF@PLGA NP administration on TAA-induced hepatotoxicity. (A) Experimental protocol: TAA was injected on days 2, 5, 9, and 12, 
and free DSF (3.8 mg/kg i.p.) or DSF@PLGA NPs (50 mg/kg i.v.) were injected on days 16 and 19. (B–E) Aspartate aminotransferase (AST), alanine transaminase 
(ALT), TNF-α, and IL-6 level measured 24 h after injection of DSF and DSF@PLGA NPs. Data are presented as the mean ± SEM of triplicates. ***p < 0.001 for 
differences vs control (CT+); #p < 0.05 and ##p < 0.01 for differences between DSF (+) and DSF@PLGA NPs (+). 
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able to separate and identify standard samples of DSF, and confirmed 
that 2.5 pmol DSF was the lower limit of detection. However, due to the 
rapid metabolism of DSF in plasma and liver (half-life: 2–4 min) [59], 
free DSF in the liver was undetectable. DSF derived from DSF@PLGA 
NPs was also undetectable. Swider et al. reported that PLGA NPs accu-
mulated in the liver but were rapidly degraded within 24 h, in contrast 
to the 72-h degradation of PLGA NPs observed in an in vitro experimental 
setting [60]. Therefore, the extinction of DSF in the liver in our exper-
iments is probably attributable to the rapid degradation of PLGA NPs in 
the liver, and the immediate metabolism of released DSF. 

These results are consistent with other studies indicating that free 
DSF reduces liver injury in carbon tetrachloride-treated mice, an effect 
mediated by reductions in the activation and viability of hepatic stellate 
cells [61]. Our results suggest that encapsulation in PLGA NPs enables 
the preferential delivery of DSF to Kupffer cells, thereby avoiding un-
desirable effects on hepatocytes and hepatic stellate cells [62,63]. To 
evaluate the liver damage, histopathological evaluation by hematoxylin 
and eosin staining of liver sections was performed (Fig. S6). We found a 
mild inflammatory cell infiltration in the liver tissue of TAA-treated 
mice, but no inflammatory tissue was observed in DSF@PLGA NPs 
treated mice. Collectively, DSF@PLGA NPs may therefore represent a 
promising therapeutic formulation for the treatment of liver injury. 

4. Conclusions 

In this study, we demonstrated the superior biological efficacy of DSF 
when encapsulated in PLGA NPs compared with free DSF. DSF@PLGA 
NPs exhibited reduced cytotoxicity, reduced inhibition of ALDH activity, 
and enhanced anti-inflammatory effects compared with free DSF. 
Moreover, DSF@PLGA NPs exhibited marked selectivity for uptake by 
macrophages compared with hepatocytes. PLGA NPs were taken up by 
macrophages mainly through macropinocytosis. In a mouse model of 
liver injury, we showed that PLGA NPs were preferentially delivered to 
the liver and co-localized with CD68-positive Kupffer cells. DSF@PLGA 
NPs also effectively ameliorated liver injury and reduced the production 
of proinflammatory cytokines in TAA-treated mice. Taken together, our 
results provide strong support for the potential utility of DSF@PLGA NPs 
for the treatment of liver injury. 
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