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Abstract: The cellular uptake mechanism and intracellular fate of self-assembled nanoparticles 

(NPs) of cholesterol-modified pullulan (CHSP) by human hepatocellular carcinoma (HepG2) 

cells were investigated. Covalent conjugation with fluorescein isothiocyanate (FITC) yielded 

stably labeled CHSP (FITC-CHSP), which was successfully formulated into NPs (mean 

particle size 63.0 ± 1.9 nm) by dialysis. A cytotoxicity assay clearly indicated that the CHSP 

NPs did not show significant toxicity in HepG2 cells. The effects of NP concentration, incu-

bation time, and temperature on the cellular uptake of the NPs were systematically evaluated 

by fluorometry, and the results suggested that cellular uptake of the NPs was concentration-, 

time-, and temperature-dependent. In vitro experiments with endocytic inhibitors revealed that 

clathrin-mediated endocytosis and macropinocytosis were involved in the internalization of 

CHSP NPs. The intracellular trafficking study demonstrated that CHSP NPs were entrapped in 

the lysosomes at 1 hour after incubation; colocalization of NPs with either the Golgi appara-

tus or the endoplasmic reticula was not observed during the entire course of the study. These 

results suggested that the CHSP NPs may serve as a versatile carrier for intracellular delivery 

of therapeutic agents.

Keywords: cholesterol-modified pullulan, self-assembled nanoparticles, FITC, endocytosis, 

intracellular trafficking

Introduction
Pullulan, a water-soluble and linear polysaccharide with maltotriose repeating units 

joined by α-1,6-linkages, has been used in many research fields, including food, 

pharmaceutical, and biomedical sciences, due to its biocompatible and biodegradable 

nature.1–4 Hydrophobically modified pullulan can self-assemble into nanoparticles 

(NPs) in aqueous media by means of inter- or intramolecular interactions between 

its hydrophobic moieties, to minimize interfacial free energy. The self-assembled 

NPs, consisting of a hydrophobic core and hydrophilic shell, have been recognized 

as a promising drug carrier, since their hydrophobic domain can encapsulate various 

hydrophobic drugs.5

In recent years, many studies have been carried out to investigate the synthesis 

and the application of pullulan-based self-assembled NPs as drug delivery systems,6–12 

among which, cholesterol-bearing pullulan (CHP), synthesized by the reaction 

between cholesteryl N-(6-isocynatohexyl)carbamate and pullulan using 1,6-hexyl 

diisocyanate linkages, has attracted much attention. CHP can form stable hydrogel 

NPs by self-assembly,13,14 and can then form complexes with various drugs and pro-

teins by hydrophobic interaction and release them upon exposure to specific proteins 
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or cyclodextrin.15–18 The hydrogel NPs can also be used as 

a drug carrier system in medicine17,19,20 as well as artificial 

molecular chaperones in biotechnology.21–23 On the basis 

of these, our group developed a new method to synthesize 

cholesterol-modified pullulan (CHSP) by directly grafting 

proper cholesterol residues onto pullulan using succinyl 

linkages, thus providing a new strategy for the effective and 

safe synthesis of CHSP. In vitro studies indicated that CHSP 

self-assembled NPs showed potential as a sustained-release 

carrier of mitoxantrone.24

To improve the therapeutic potential of the NP-based car-

riers for intracellular delivery, it is important to understand 

the cellular uptake mechanism and the intracellular fate of 

NPs. To date, a few reports have discussed the internalization 

of self-assembled NPs of hydrophobically modified chitosan 

into the cells by endocytic pathways.25,26 However, the cellular 

uptake mechanism and intracellular fate of self-assembled 

NPs of hydrophobically modified pullulan remains to be 

understood. Fluorescently labeled NPs can provide a rapid, 

simple, and sensitive means to quantify cell-associated NPs 

by fluorometry.27–29 In the present study, fluorescein isothio-

cyanate (FITC) was covalently bound to the pullulan, and 

self-assembled NPs of FITC-labeled CHSP (FITC-CHSP) 

were prepared by dialysis. Human hepatocellular carcinoma 

cells (HepG2 cells) were chosen as an in vitro model, and the 

cellular uptake of the NPs was quantified by fluorometry, to 

investigate the effect of NP concentration, incubation time, 

and temperature, on the uptake. Meanwhile, several selective 

endocytosis inhibitors, chlorpromazine, filipin, and amiloride, 

were selected to study the potential endocytosis mechanism. 

Furthermore, the intracellular fate of CHSP NPs was investi-

gated by confocal laser scanning microscopy (CLSM).

Materials and methods
Preparation and characterization  
of FITC-CHSP
The synthetic route of CHSP was described in our previous 

report.24 FITC-CHSP was prepared by the method of Kaneo 

et al.30 Briefly, CHSP (1 g) was dissolved in dimethyl sulfox-

ide (DMSO; Sigma-Aldrich, St Louis, MO, USA) (10 mL) 

containing a few drops of pyridine. FITC (Sigma-Aldrich; 

100 mg) was added, followed by dibutyltin dilaurate (Sigma-

Aldrich; 20 mg), and the mixture was heated for 2 hours at 

95°C. After several precipitations in ethanol to remove free dye, 

the FITC-CHSP fraction was filtered off and dried in vacuo 

at 80°C. The synthesized FITC-CHSP was further dialyzed, 

in the dark, against deionized water and replaced on a daily 

basis until no fluorescence was detected in the supernatant. 

The resultant FITC-CHSP were lyophilized in a freeze dryer 

and used to prepare the FITC-CHSP NPs as described above. 

The chemical structure of the FITC-CHSP conjugates obtained 

was characterized by Fourier transform infrared spectroscopy 

(FT-IR) (Nicolet™ Nexus 470-ESP; Thermo Fisher Scientific, 

Waltham, MA, USA).

Labeling efficiency was calculated as the percent weight 

of conjugated FITC to the weight of FITC-CHSP. To deter-

mine the labeling efficiency, the fluorescence intensity of 

a solution of FITC-CHSP, dissolved in DMSO and appro-

priately diluted with phosphate-buffered saline (PBS) (pH 

7.4), was measured in the fluorometer (LS-50B, PerkinElmer 

Inc, Waltham, MA, USA) (λexc 490 nm, λemi 520 nm). The 

fluorometer was calibrated with different concentration FITC 

standard solutions prepared by diluting 100 µg/mL DMSO 

solutions of FITC with PBS (pH 7.4).

Preparation and characterization  
of FITC-CHSP self-assembled NPs
FITC-CHSP self-assembled NPs were prepared by a dialysis 

method. In brief, FITC-CHSP was dissolved in anhydrous 

DMSO, and then the solution was transferred into a preswollen 

dialysis membrane (molecular weight cutoff [MWCO] 

12–14 kDa) (SpectraPor® RC; Spectrum Laboratories Inc, 

Rancho Dominguez, CA, USA) and dialyzed against deion-

ized water for 24 hours at room temperature (deionized water 

was exchanged at 3-hour intervals). The dialysate was filtered 

with a 0.45 µm filter to remove the precipitated material. The 

morphology of the FITC-CHSP self-assembled NPs was 

observed using a transmission electron microscope (TEM) 

(JEM-100CXII, JEOL Ltd, Tokyo, Japan). The particle size 

and size distribution of the NPs were measured by dynamic 

laser light scattering (DLS) (Zetasizer Nano-ZS; Malvern 

Instruments Ltd, Worcestershire, UK).

In vitro release of FITC from NPs
The in vitro release profiles of FITC from the NPs were evalu-

ated as follows: 2 mL of the FITC-CHSP NP suspension was 

transferred to a dialysis tube (MWCO 12–14 kDa) (D-Tube™ 

Dialyzer Maxi; EMD Millipore, Billerica, MA, USA), and 

the dialysis tube was immersed in 10 mL of PBS (pH 7.4). 

The tube was stirred at 100 rpm at 37°C. At predetermined 

time intervals, the release medium was collected and the fresh 

release medium was then added. Each sample was then sub-

jected to centrifugation at 10,000 × g for 8 minutes (5810R, 

Ependorff AG, Hamburg, Germany), and the concentration 

of FITC in the supernatant was measured in the fluorometer 

(λexc 490 nm, λemi 520 nm). Unlabeled CHSP NPs were 
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also prepared by dialysis. The fluorometer was calibrated with 

standard solutions containing 0.002 to 0.1 µg/mL of FITC 

dissolved in the supernatant generated from unlabeled CHSP 

NP suspension that underwent the same procedures as above. 

Analyses were performed in triplicate. The cumulative release 

percentage (Q%) was calculated by the following equation:

	 Q

C V V C

W LE

n i i
i

n

FITC CHSP

%
%

%,=
× +

×
×=

−

−

∑
0

1

100
 NPs

�

(1)

where C
n
 is the sample concentration at T

n
, V is the total 

volume of release medium, V
i
 is the sample volume at T

i
, C

i
 

is the sample concentration at T
i
 (both V

0
 and C

0
 were equal 

to zero), and LE% is labeling efficiency.

Cell culture
HepG2 cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM; Thermo Fisher Scientific, Waltham, MA, 

USA) (25 mmol/L glucose) supplemented with 10% fetal bovine 

serum (FBS; Sigma-Aldrich), 100 IU/mL penicillin (PAA Labo-

ratories, Pasching, Austria), and 100 µg/mL streptomycin (PAA 

Laboratories), at 37°C using a humidified 5% CO
2
 incubator.

Cytotoxicity
The cytotoxicity of CHSP NPs against HepG2 cells was evalu-

ated by 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay (Sigma-Aldrich). The principle of MTT 

assay is a reduction in metabolic activity, which is an early 

indication of cellular damage.31 The cells at logarithmic growth 

phase were seeded in a 96-well plate (Nunc™ Edge 96-Well 

Plate; Thermo Fisher Scientific) at 5.0 × 103 cells/well and grown 

for 24 hours. The culture medium was then replaced by 200 µL 

of DMEM containing different concentrations of CHSP NPs, 

and the cells were further incubated for 24 hours and 72 hours, 

respectively. DMEM without NPs was used for control. Follow-

ing incubation, the cells were washed three times with the culture 

medium. Then, 100 µL of DMEM and 20 µL of MTT solution 

(5 mg/mL in PBS) were added to each well. After incubation 

for another 4 hours, the MTT medium was removed, 150 µL 

of DMSO was added, and then the mixture was shaken for 

10 minutes at room temperature to dissolve the reacted dye. The 

absorbance was measured at 570 nm with a microplate reader 

(Varioskan Flash; Thermo Fisher Scientific). The percentage of 

cell viability (CV%) was calculated as follows:

	 CV
OD

OD
treated

control

% %,= × 100

�

(2)

where OD
treat

 and OD
control

 are the absorbances of the treated 

cells and the control cells.

NP uptake by HepG2 cells
The capacity for cellular internalization of FITC-CHSP NPs 

was visualized and quantified by CLSM and fluorometry, 

respectively. HepG2  cells were seeded at a density of 

1.6 × 105 cells/cm2 in glass bottom culture dishes (P35G-

0-10-C, MatTek Corp., Ashland, MA, USA) and incubated. 

Subsequently, cells were rinsed twice with PBS (pH 7.4) and 

replenished with 1 mL serum-free medium containing the 

FITC-CHSP NPs for different time intervals (0.5, 1, 2, 3, 4, 

5, 6 hours). After incubation, test samples were aspirated. 

Cells were then washed twice with prewarmed PBS before 

they were fixed in 4% paraformaldehyde. Finally, the fixed 

cells were counterstained with 4′,6-diamidino-2-phenylindole 

(DAPI) (Sigma-Aldrich, St Louis, MO, USA) to visualize 

nuclei and were examined under a CLSM (TCS SL; Leica 

Microsystems, Wetzlar, Germany).

To quantify the cellular uptake of NPs, cells were plated 

in 12-well plates (Costar®, Corning Inc, Corning, NY, USA) 

at a density of 1.6  ×  105 cells/cm2 and incubated with a 

FITC-CHSP NP suspension in serum-free medium, washed 

three times with PBS (pH 7.4) and then lysed by incubating 

them with 1 mL of 0.5% Triton™ X-100 (Sigma-Aldrich) in 

0.2 N NaOH. Cell-associated FITC-CHSP NPs were quanti-

fied by analyzing the cell lysate in a microplate reader (λexc 

490 nm, λemi 520 nm) calibrated with standard solutions 

containing 3.5 to 60.0 µg/mL of FITC-CHSP NPs in a cell 

lysate solution (2 × 105 untreated HepG2 cells dissolved in 

1 mL of the Triton X-100 solution). Uptake was expressed 

as the amount (µg) of FITC-CHSP NPs associated with unit 

weight (mg) of cellular protein. The protein content of the 

cell lysate was measured using the Pierce BCA Protein Assay 

kit (Thermo Fisher Scientific).

Initially, the concentration- and time-dependent cellular 

uptake of NPs was determined. To study the concentration-

dependent NP uptake, cells were incubated with different 

concentrations of NP suspension (0.05–2  mg/mL) for 

4 hours. To study the time-dependent NP uptake, cells were 

incubated with a suspension of NPs (0.15 mg/mL) for dif-

ferent time periods.

Endocytosis inhibition
The effect of temperature block was studied by preincubat-

ing the cells at 4°C for 1 hour, followed by treatment with 

the FITC-CHSP NPs for 2  hours at 4°C.32 To study the 

effect of various inhibitors on the uptake of NPs, cells were 
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preincubated with the following inhibitors individually, 

at concentrations which were nontoxic to the cells: 7 µg/mL 

of chlorpromazine (Sigma-Aldrich),33,34 to inhibit the clathrin-

mediated endocytosis, 1 µg/mL of filipin (Sigma-Aldrich),32 

to inhibit caveolae-mediated endocytosis, or 50 µM amiloride 

(Sigma-Aldrich),26 to inhibit macropinocytosis. Following 

the preincubation for 1 hour at 37°C, the inhibitor solutions 

were removed, and the freshly prepared FITC-CHSP NPs, in 

medium containing inhibitors at the same concentrations, were 

added and further incubated for 2 hours. Subsequently, the 

cells were washed three times with PBS and analyzed accord-

ing to the methods mentioned above. The group in the pres-

ence of FITC-CHSP NPs but without inhibitor treatment was 

used as control, and their uptake was expressed as 100%.

Investigation of intracellular  
fate of CHSP NPs
To study the intracellular fate of CHSP NPs, immunofluo-

rescence staining was used to identify the Golgi apparatus, 

endoplasmic reticula (ER), and lysosomes. The antibodies used 

in the study were mouse monoclonal Anti-Giantin antibody 

(9B6) – Golgi Marker (ab37266; Abcam, Cambridge, UK), 

mouse monoclonal Anti-Calnexin ER membrane marker 

antibody (AF18) (ab31290; Abcam), mouse monoclonal 

Anti-lysosomal-associated membrane protein [LAMP]2 anti-

body (H4B4) – Lysosome marker (ab25631; Abcam), and goat 

Anti-Mouse IgG (H+L), CF™ 647 antibody (SAB4600182; 

Sigma-Aldrich). Briefly, cells were treated with the FTIC-

CHSP NPs in the serum-free medium. After incubation, 

at predetermined time points, cells were washed twice 

with the prewarmed PBS, f ixed in 4% paraformalde-

hyde, and then washed an additional three times with PBS. Cells 

were permeabilized (with PBS containing 0.3% Triton X-100 

[v/v], 0.1% bovine serum albumin (BSA; Sigma-Aldrich) [w/v]) 

for 15 minutes at room temperature. The samples were blocked 

with dilution buffer (PBS containing 10% goat serum (v/v), 

0.3 M glycine) for 1 hour and then incubated with the primary 

antibody (1:200 for Golgi marker; 1:1000 for ER membrane 

marker and Lysosome marker) for 1 hour at room temperature. 

Cells were washed three times with permeabilization buffer and 

then incubated with the secondary antibody (1:1000, goat anti-

mouse IgG (H+L), CF 647A antibody) for 45 minutes at room 

temperature. After the secondary antibody incubation, cells were 

washed twice with the permeabilization buffer, counterstained 

to visualize nuclei with DAPI, and examined by CLSM (LSM 

710; Carl Zeiss Meditec Inc, Jena, Germany).

Statistical analysis
All data were presented as mean ± standard deviation. 

Statistical analysis was conducted by using the Student’s 

t-test, with P , 0.05 as the significant difference.

Results and discussion
Characterization of FITC-CHSP
In this study, CHSP (with the substitution of 5.40 choles-

terol residues per 100  glucose units in the pullulan), was 

used to prepare FITC-CHSP. Figure  1  shows the FT-IR 

spectra of FITC, CHSP, and FITC-CHSP. The spectra of 

FITC (Figure 1A) displayed a hydroxy characteristic peak 

at 3423 cm-1 and a strong isothiocyanate characteristic peak 

at 2015 cm-1 as well as a characteristic peak assigned to the 

carbonyl group of lactone, at around 1727 cm-1. Furthermore, 

the absorption peaks at 1594, 1535, and 1458 cm-1 were char-

acteristics of benzene ring stretching vibration. For FITC-

CHSP (Figure 1C), the peak at 2930 cm-1 was attributed to the 

stretching vibration of methyl and methylene groups, and the 

characteristic peak observed at 1733 cm-1 was assigned to 

the carbonyl group. Compared with FITC, the isothiocyanate 
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Figure 1 FT-IR spectra of (A) FITC (B) CHSP and (C) FITC-CHSP.
Abbreviations: CHSP, cholesterol-modified pullulan; FITC, fluorescein isothiocyanate; FT-IR, Fourier transform infrared spectroscopy.
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characteristic peak at 2015 cm-1 disappeared in the spectra of 

FITC-CHSP, which suggested the isothiocyanate group was 

involved in the addition reaction with the hydroxyl group. 

The labeling efficiency, calculated as the percent weight of 

conjugated FITC to weight of FITC-CHSP, was 3.0%.

Characterization of FITC-CHSP  
self-assembled NPs
The amphiphilic FITC-CHSP conjugates can form self-

assembled NPs in aqueous solution, due to hydrophobic 

inter- and intramolecular interactions. Figure 2A shows the 

morphological characteristics of the FITC-CHSP NPs. The 

NPs had an almost spherical shape and were well dispersed, 

without any aggregation. Since all the uptake study was 

performed in serum-free medium, we characterized NPs sus-

pended in serum-free medium. Figure 2B shows the particle 

1
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Figure 2 (A) Morphological characteristics and (B) size distribution of FITC-CHSP NPs, as determined by TEM and DLS, respectively.
Abbreviations: DLS, dynamic light scattering; FITC-CHSP, fluorescein isothiocyanate-labeled cholesterol-modified pullulan; NP, nanoparticle; TEM, transmission election 
microscopy.

size distribution of FITC-CHSP NPs, as measured by DLS. 

The results indicate that the average diameter of NPs was 

63.0 ± 1.9 nm, with a narrow size distribution. In addition, 

the mean diameter of NPs was not remarkably changed for 

3 weeks, and no precipitates were found in the solution.

In vitro release of FITC from NPs
The use of fluorescent markers in NP visualization can lead 

to the misinterpretation of NP uptake data, due to the leach-

ing or dissociation of fluorescent markers into the released 

medium35 and hence, subsequently into the cells. Thus, the 

in vitro release study of FITC from FITC-CHSP NPs was 

conducted, and the results were shown in Figure 3. It can be 

found that less than 1% of the conjugated FITC was released 

over 24 hours, which was considered negligible in compari-

son with the NP uptake outcome of the HepG2 cells. It is thus 
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Figure 3 In vitro release profiles of FITC from FITC-CHSP NPs in PBS (pH 7.4), 
at 37°C.
Note: Data represents means ± SD (n = 3).
Abbreviations: CHSP, cholesterol-modified pullulan; FITC, fluorescein isothiocyanate; 
NP, nanoparticle; PBS, phosphate-buffered saline; SD, standard deviation.
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Figure 4 Cytotoxicity of CHSP NPs against HepG2 cells.
Note: Data represents means ± SD (n = 6).
Abbreviations: CHSP, cholesterol-modified pullulan; HepG2, hepatocellular 
carcinoma; NP, nanoparticle; SD, standard deviation.
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A
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0 0.05 mg/mL 0.5 mg/mL 2 mg/mL

6 h4 h2 h1 h30 min0

0.3 mg/mL0.15 mg/mL

Figure 5 Cellular uptake profile of CHSP NPs as a function of (A) NP concentration (4 hours, 37°C) and (B) incubation time (0.15 mg/mL, 37°C). 
Notes: HepG2 cells were incubated with FITC-CHSP NPs under the condition indicated above each image, and the samples were prepared for CLSM investigation (scale 
bar, 20 µm).
Abbreviations: CHSP, cholesterol-modified pullulan; CLSM, confocal laser scanning microscopy; FITC, fluorescein isothiocyanate; HepG2, hepatocellular carcinoma; 
NP, nanoparticle.
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Figure 6 Effect of NP concentration on cellular uptake by HepG2 cells, at 37°C.
Notes: Various NP concentrations ranging from 0.05 to 2 mg/mL were applied to 
the HepG2 culture for 4 hours. Data represents mean ± SD (n = 4).
Abbreviations: HepG2, hepatocellular carcinoma; NP, nanoparticle; SD, standard 
deviation.

reasonable to assume that most of the FITC was associated in 

the NPs and that the fluorescence measured from the uptake 

samples mainly reflects the cellular-associated fluorescent 

NPs but not the released fluorescence in the medium.

Cytotoxicity
To test the safety of CHSP NPs, we evaluated the cytotox-

icity to HepG2 proliferation over a range of concentrations 

(20, 50, 150, 300, 500, 1000, and 2000 µg/mL). As shown in 

Figure 4, after a 24-hour exposure to CHSP NPs at different 

concentrations, the cell viabilities of HepG2 cells were all 

over 100%. Furthermore, CHSP NPs did not show signifi-

cant toxicity at the concentrations applied in this study, at 

72 hours. The cell viability of HepG2 cells was up to 93.0%, 

even at the highest concentration tested (2000 µg/mL) for 

72 hours, which clearly indicated that CHSP NPs exhibited 

excellent cell viability in HepG2 cells.

NP uptake by HepG2 cells
CLSM images of cellular uptake of CHSP NPs as a function 

of NP concentration and incubation time were shown in 

Figure 5. Evidently, the degree of NP uptake was clearly 

concentration-dependent in the studied concentration range 

of 0.05 mg/mL to 2 mg/mL (Figure 5A). To investigate 

the effect of incubation time on NP uptake, CHSP NPs 

(0.15 mg/mL) were added to the cultured HepG2  cells 

and incubated at 37°C. At 30  minutes postincubation, 

the fluorescence signal from the CHSP NPs was detected 

primarily near the cellular membrane (Figure 5B). As the 

incubation time increased, the CHSP fluorescence became 

more intense inside the cells. However, there was no vis-

ible difference in fluorescence intensity beyond the 4-hour 

incubation.
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Figure 7 Effect of incubation time on NP uptake by HepG2 cells, at 37°C.
Notes: The concentration of NPs used was 0.15 mg/mL. Data represents mean ± 
SD (n = 4).
Abbreviations: HepG2, hepatocellular carcinoma; NP, nanoparticle; SD, standard 
deviation.
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Figure 8 Effect of temperature on nanoparticle uptake by HepG2 cells. (A) Confocal images showing cellular uptake of CHSP  NPs; (B) quantification of cellular uptake of 
CHSP  NPs by fluorometry.
Notes: Two different temperatures 4°C and 37°C were used to evaluate the uptake of three different concentrations of  NPs (0.3, 0.6, and 0.9 mg/mL). For (A), the scale 
bar = 20 µm; Data in (B) represent mean ± SD (n = 4).
Abbreviations: CHSP, cholesterol-modified pullulan; HepG2, hepatocellular carcinoma; NP, nanoparticle; SD, standard deviation.

To quantify the cellular uptake of CHSP NPs, a series 

of standard solutions containing different amounts of 

FITC-CHSP NPs in a cell lysate solution (2 × 105 untreated 

HepG2 cells dissolved in 1 mL of the Triton X-100 solution) 

were tested to determine the linear relationship between the 

concentration of FITC-CHSP NPs and the corresponding 

fluorescence intensity. The results showed that fluorescence 

intensity (F) in the cell lysate solution varied linearly with 

concentration (C) of FITC-CHSP NPs in the range of 3.5 to 

60.0 µg/mL, obeying the following linear regression:

F C R= − =16 4 21 0 0 9952. . ( . ).
�

(3)

As shown in Figure 6, the uptake of CHSP NPs by the 

HepG2 cells was concentration-dependent, and the uptake 

amount increased with increasing NP concentration from 

0.05 to 2.0  mg/mL, while the efficiency of uptake was 

reduced at higher doses. Figure 7  indicates that uptake of 

CHSP NPs by HepG2  cells at 37°C was also dependent 

on the incubation time and increased with the incubation 

time over a 4-hour period. However, the NP uptake had no 

significant further increase beyond 4 hours, since the curves 

showed a plateau effect after that time, which could be due 

to the limited saturation level.

Endocytosis inhibition
Temperature-dependent uptake studies were carried out with 

three different NP concentrations (0.3, 0.6, and 0.9 mg/mL) 

at both 37°C and 4°C. There was a significant reduction 

(P , 0.05) in CHSP NP uptake by HepG2 cells at 4°C, with the 

uptake being reduced to 12%–15% of that at 37°C at equivalent 

dosing concentrations (Figure 8). These results suggest that 

an energy-dependent endocytic process could be responsible 
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for up to about 88% of NP uptake, while physical adhesion or 

diffusion probably describes the remaining uptake of NPs.

To elucidate their potential cellular uptake pathways, 

the interaction between CHSP NPs and cell membranes was 

investigated by treating the cells with different chemical 

inhibitors, of clathrin-mediated endocytosis, macropinocytosis, 

and caveolae-mediated endocytosis, and then analyzed by 

fluorometry. The inhibition of clathrin-mediated endocytosis 

was tested by using the cationic amphiphilic drug chlorprom-

azine, which causes clathrin to accumulate in late endosomes, 

thereby inhibiting coated pit endocytosis.36–39 Compared with the 

control, the cellular uptake of CHSP NPs was reduced by ∼55% 

(P , 0.05) (Figure 9), indicating that clathrin-mediated endo-

cytosis may be involved. Caveolae, a specialized type of lipid 

rafts, are flask-shaped invaginations in the plasma membrane, 

enriched in proteins as well as cholesterol and sphingolipids.40,41 

Filipin (1 µg/mL), an inhibitor of caveolae-mediated transport 

processes,42 did not affect NP uptake by the HepG2  cells 

(P . 0.05), which might be due to the absence of caveosomes 

in HepG2 cells, as reported in the literature.43 Alternatively, 

the cells treated with amiloride (50 µM), a specific inhibitor of 

the Na+/H+ exchange required for macropinocytosis,44 caused a 

significant decrease in NP uptake by ∼30% (P , 0.05). Taken 

together, our inhibition studies suggest that clathrin-mediated 

endocytosis and macropinocytosis may be involved in the 

internalization of CHSP NPs.

Investigation of intracellular  
fate of CHSP NPs
Generally, NPs are taken up by cellular systems through 

endocytosis.45 Endocytosis, via clathrin-coated pits or 
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Figure 9 Effect of endocytic inhibitor on the internalization of FITC-CHSP NPs.
Notes: HepG2  cells were pretreated with chlorpromazine (7  µg/mL), filipin 
(1 µg/mL), or amiloride (50  µM), in serum-free medium for 1  hour, and then 
treated with FITC-CHSP NPs (0.15  mg/mL, 2  hours, 37°C). The group in the 
presence of FITC-CHSP NPs but without inhibitor treatment was used as control, 
and their uptake was expressed as 100%. *P , 0.05, compared with the control 
value.
Abbreviations: FITC-CHSP, fluorescein isothiocyanate-labeled cholesterol-
modified pullulan; HepG2, hepatocellular carcinoma; NP, nanoparticle.

Giantin Calnexin LAMP2
30

 m
in

1 
h

2 
h

4 
h

Figure 10 Confocal images of the intracellular trafficking of CHSP NPs at the 
indicated times using immunofluorescence staining to identify the Golgi apparatus 
(Giantin), endoplasmic reticula (Calnexin), and lysosomes (LAMP2).
Notes: The nucleus in each cell was labeled with DAPI staining (blue color). 
Colocalization of NPs (green color) with either the Golgi apparatus (Giantin, red 
color) or the ER (Calnexin, red color) was not observed. Instead, NPs were found 
colocalized with lysosomes (LAMP2, yellow color in merged images) at 1  hour. 
Scale bar = 20 µm.
Abbreviations: CHSP, cholesterol-modified pullulan, LAMP2, lysosomal-associated 
membrane protein 2; NP, nanoparticle.

uncoated pits (fluid phase), transfers materials to the lyso-

somal degradative compartment, while caveolae-mediated 

endocytosis can result in translocation to the ER, Golgi, or 

through the cell by trancytosis.46 Understanding the intracel-

lular fate of NPs with respect to their uptake pattern is crucial 

in designing a new macromolecular carrier.

Here, to track the CHSP NPs, Golgi apparatus, ER, and 

lysosomes were immunofluorescently stained. The position 

of the nucleus in each cell was labeled with DAPI staining. 

The intracellular localization of the CHSP NPs was traced 

at different time points. As shown in Figure 10, the colocal-

ization of NPs with either the Golgi apparatus (shown by 

Giantin) or the ER (shown by Calnexin) was not observed 

throughout the entire course of the study. Instead, NPs were 

found colocalized with lysosomes (shown by LAMP2), at 

1 hour after incubation. Interestingly, as the incubation time 

increased, the NPs entrapped in the lysosomal compartments 
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gradually migrated toward the perinuclear region. A similar 

study showed the time-dependent movement of HeLa lyso-

somes containing hydrophobically modified glycol chitosan 

NPs toward the nucleus.26

Conclusion
In conclusion, the cellular uptake of CHSP NPs was concen-

tration-, time-, and temperature-dependent. Pretreatment of 

HepG2 cells with several endocytic inhibitors (eg, chlorpro-

mazine, filipin, and amiloride) indicated that more than one 

mechanism was involved simultaneously in the NP uptake. 

Moreover, colocalization studies showed that some of the 

CHSP NPs were trapped in the lysosomal compartment, while 

colocalization of NPs with either the Golgi apparatus or the 

ER was not observed during the entire course of the study. In 

summary, our findings suggest that the CHSP NPs have poten-

tial for improving drug delivery in the treatment of lysosomal 

storage diseases, cancer, and Alzheimer’s disease.
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