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Abstract. Nanoparticles as drug delivery systems offer benefits such as protection of the encapsulated drug against degradation, site-specific targeting and prolonged blood circulation times. The aim of this study was to investigate nanoparticle
uptake into Caco-2 cell monolayers, their co-localization within the lysosomal compartment and their cytotoxicity in different cell lines. Rhodamine-6G labelled poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles were prepared by a double
emulsion solvent evaporation freeze-drying method. Uptake and co-localisation of PLGA nanoparticles in lysosomes were
visualized by confocal laser scanning microscopy. The cytotoxicity of the nanoparticles was evaluated on different mammalian cells lines by means of Trypan blue exclusion and the MTS assay. The PLGA nanoparticles accumulated in the intercellular spaces of Caco-2 cell monolayers, but were also taken up transcellularly into the Caco-2 cells and partially
co-localized within the lysosomal compartment indicating involvement of endocytosis during uptake. PLGA nanoparticles
did not show cytotoxic effects in all three cell lines. Intact PLGA nanoparticles are therefore capable of moving across
epithelial cell membranes partly by means of endocytosis without causing cytotoxic effects.
Keywords: biocompatible polymers, Caco-2 cells, cellular uptake, cytotoxicity, PLGA nanoparticles

1. Introduction

Nanoparticles have received a lot of interest as carriers for drug molecules via the oral route of drug
administration because they are capable to overcome
certain drug delivery challenges. Nanoparticles can
encapsulate a large variety of hydrophilic and hydrophobic drugs [1, 2], enhance the bioavailability of
certain drugs, increase the residence time and can
target specific tissues [3]. Nanoparticles also provide protection to drug molecules against enzy-

matic and hydrolytic degradation in the gastrointestinal tract [4] and can be directly taken up by enterocytes [5, 6]. Biomaterials that have been used as drug
carriers include natural polymers (e.g. chitosan, cellulose, hydroxyapatite) and synthetic polymers (e.g.
!-hydroxy acids such as poly(glycolic acid), poly(Llactic acid) and poly(D,L-lactide-co-glycolide)) [7,
8]. The physical properties of nanoparticles prepared from natural polymers are less predictable
and concerns were raised regarding their stability
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and immunogenicity. Synthetic polymers are therefore more favoured in some cases for drug delivery
system development [9].
Poly(D,L-lactide-co-glycolide) (PLGA) is one of
the most suitable polymers for bio-applications
amongst the synthetic polymers owing to its favorable biodegradable and biocompatibility characteristics which has been proven over the past three
decades [10]. This co-polymer degrades to compounds that are found in the human body (i.e. lactic
and glycolic acid) and is safe for human consumption [11], which has been approved by the Food and
Drug Administration (FDA) for use in drug delivery
systems [12–14]. PLGA based nanoparticles are
mainly produced by the double-emulsion, solvent
evaporation or the spray drying techniques [15].
Since PLGA particles are hydrophobic in nature, the
body recognizes them as foreign particles and eliminates them from the blood stream through the reticulo-endothelial system. This is probably one of the
greatest disadvantages of particle-based controlled
drug delivery systems [16] since long circulation
times is key to optimised therapeutic outcomes for
some drugs [17]. Researchers have attempted to overcome this limitation by modifying the surface properties of PLGA nanoparticles. This was achieved by
coating with molecules that hide the hydrophobic
nature of these nanoparticles by providing a hydrophilic layer at the surface and thereby increasing the
blood circulation half-life of PLGA nanoparticles
pronouncedly [18]. The most commonly used compounds for coating of PLGA micro- and nanoparticles are polyethylene glycol [19] and chitosan [20].
Although PLGA nanoparticle surface modification is
done to improve its formulation properties [15],
uncoated PLGA nanoparticles have been widely
investigated to obtain fundamental information [21].
PLGA nanoparticles have been extensively investigated and have demonstrated good potential as carriers for several classes of drugs such as anticancer
agents, antihypertensive agents, immunomodulators,
hormones, nucleic acids, proteins, peptides and antibodies [22]. For purposes of oral drug delivery where
prolonged blood circulation may be beneficial to
the patient [23], it is important to investigate the
movement of intact nanoparticles across epithelial
cell monolayers and to identify the mechanisms by
which these nanoparticles are taken up.
Since it is known that the interaction of nanoparticles
varies from one cell line to another [24], it is impor-

tant to test toxicity on the type of cells of interest. In
this study, the toxicity of PLGA nanoparticles was
investigated specifically in two epithelial cell lines
(viz. Caco-2 and HeLa) and in a hepatic cell line (viz.
HepG2). The epithelial cells were selected to represent the tissue type through which the nanoparticles
are taken up after administration and the hepatic
cells were selected to represent tissue from an organ
to which the nanoparticles are exposed after uptake
into the systemic circulation. The Caco-2 cell line
originated from colorectal epithelial cells and under
standard culturing conditions they spontaneously
differentiate into columnar cells that resemble the
characteristics of small intestinal enterocytes [25].
The Caco-2 cell line is an established in vitro model
for predicting human intestinal drug permeability
[26]. Both HeLa (human epithelial cells from cervical carcinoma) and HepG2 (human hepatocellular
carcinoma cells) cells have been used successfully
for in vitro toxicity studies [27]. Furthermore, both
HeLa and HepG2 cell lines are commonly used to
study three main cytotoxicity indicators (i.e Reactive oxygen species, intracellular glutathione depletion and calcein uptake) [28].
Although different in vitro methods are available to
measure toxicity of compounds, the Trypan Blue
exclusion method and MTS technique were utilised
in this study to evaluate the toxicity effects of PLGA
nanoparticles on the selected cell lines. Application
of Trypan Blue dye to cells result in the selective
staining of cells with compromised cell membranes. During the MTS technique, the compound
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, is converted into a blue formazan dye by metabolically
active mitochondria of viable cells [29–31].
The aim of this study was to determine the uptake
and co-localisation of PLGA nanoparticles in the
Caco-2 cell model by means of confocal laser scanning microscopy as well as to test the in vitro cytotoxicity of PLGA nanoparticles by means of Trypan
Blue exclusion and MTS assays in the three selected
cell lines (i.e. Caco-2, HeLa and HepG2).

2. Experimental
2.1. Materials and cell cultures

All mammalian cell cultures (i.e. Caco-2, HeLa and
HepG2) were purchased from Highveld Biologicals
(Pty) Ltd (Johannesburg, South Africa). The chemicals and growth media used to maintain cell growth
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were purchased from Sigma-Aldrich (St. Louis, Mo,
United State of America). These materials include
Dulbecco’s Modified Eagle’s Medium (DMEM),
Fetal Bovine Serum, penicillin/streptomycin solution
and trypsin/EDTA. Hanks Balanced Salt Solution
(HBSS), D-glucose, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES).
The following materials were employed to formulate
poly(D,L-lactide-co-glycolide) (PLGA) nanoparticles and were purchased from Sigma-Aldrich (St.
Louis, Mo, United State of America): 50:50 PLGA
Mw = 40–75 kDa, with an inherent viscosity of
0.57 dL/g), polyvinyl alcohol (PVA, Mw = 13–
23 kDa; 87–89% hydrolyzed) ethyl acetate, Rhodamine 6G fluorophore and phosphate buffer saline
(PBS).
Tissue culture flasks and Transwell™ permeable
supports were supplied by Corning-Costar® (Corning, New York, USA), while the LysoTraker Green
DNP-26 dye used in the confocal laser scanning
microscopy (CLSM) study was purchased from
Celtic Molecular Diagnostic (Mowbray, South
Africa). For toxicity studies, Trypan Blue dye and
emetine were also purchased from Sigma-Aldrich (St.
Louis, Mo, United State of America). CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay
kit used in MTS method was purchased from
Promega Corporation (Madison, United State of
America).

2.2. Formulation of poly(D,L-lactide-coglycolide) nanoparticles
The PLGA nanoparticles were prepared using a double emulsion solvent evaporation method as previously described [32]. In brief, 100 mg of PLGA was
dissolved in 8 mL ethyl acetate. For nanoparticle fluorescent labeling purposes, 1 mg of Rhodamine 6G
was dissolved in 2 mL PBS at pH 7.4. The PLGA and
Rhodamine 6G solutions were mixed and placed in
an ice bath and then homogenized at 5000 rpm for
3 min using a high speed homogenizer (Silverson
L4R, Silverson Machines Ltd, UK) to form the first
oil-in-water (o/w) emulsion. This emulsion was
poured into 40 mL of a 1% (w/v) PVA solution, which
was homogenized at 8000 rpm for 3 min to form a
water-in-oil-in-water (w/o/w) emulsion. This emulsion was stirred overnight on a magnetic stirring plate
at 500 rpm to remove the organic solvent through
evaporation under aseptic conditions. The pellet
collected from the centrifugation step was placed at

–72°C (for a minimum period of 2 h) prior to freeze
drying. The particles were lyophilised using a Genesis 12, 25, 35 freeze-dryer (Virtis Co., New York,
USA) for 24–48 h to obtain dry powder.

2.3. Characterization of the physical
properties of the PLGA nanoparticles
The particle size, polydispersity index (PDI) as well
as the zeta potential were determined by means of
photon correlation spectroscopy using a Malvern
Zetasizer Nano ZS apparatus (Malvern Instruments
Ltd, Worcestershire, UK). A quantity of 2 mg of the
lyophilized PLGA nanoparticles was suspended in
1 mL of distilled water and vortexed for 2 min and
then introduced into the cell of the Zetasizer apparatus for analysis. The analysis of the nanoparticle sample was performed at 25°C in triplicate. The surface
morphology of the PLGA nanoparticles was analyzed
using a scanning electron microscope (LEO 1525
Field Emission scanning electron microscope, Zeiss,
Oberkochen, Germany).
2.4. Caco-2 cell monolayer integrity
Transepithelial electrical resistance (TEER) measurements have become universally established as
the most convenient method to evaluate and monitor the development of confluent epithelial cell culture monolayers. TEER was measured with a Millicell®-ERS meter (Microsep (Pty) Ltd, Johannesburg, SA) for 21 days until an acceptable reading
has been obtained. A TEER value of "250 #/cm2 was
used as a reference point to indicate the formation of
an intact monolayer in order to perform cellular
uptake studies [33, 34]. TEER measurements were
also used to check if the PLGA nanoparticles did not
affect the monolayer integrity during treatment. At
the end of the uptake experiment, the cell monolayers were washed with PBS and culture medium
(DMEM) was added to both apical and basolateral
chambers and incubated in the incubator for 48 h
and the TEER was then measured to determine
recovery. The following Equations (1) and (2) were
used to calculate TEER and TEER difference [%]:
TEER [$·cm] = (Twc – Tnc)%·%A

(1)

where Twc is the TEER readings across filters with
cells, Tnc is the TEER readings across filters without cells and A is the membrane surface area.

199

Nkabinde et al. – eXPRESS Polymer Letters Vol.8, No.3 (2014) 197–206

TEER difference [%] = (Tbt – Tat)%·%100

(2)

where Tbt is the TEER readings before treatment at
21 days, Tat is the TEER readings after treatment
with PLGA nanoparticles.

2.5. Cellular uptake and lysosomal colocalization of the PLGA nanoparticles
Caco-2 cells at passage between 28–35 were seeded
at a density of 1.5·105 cells/cm2 on polycarbonatetreated filter membranes in Transwell plates (6-well
plates, 0.4 µm pores, 4.7 cm2 area) and monitored
for at least 21 days until confluence was obtained.
The culture medium (2 mL in the filter and 3 mL in
the well) was replaced at every 48 h during monitoring of the cell monolayers. The culture medium was
decanted off from the Caco-2 cells and the cells
were then washed three times with phosphate buffer
saline and equilibrated for 1 h in the incubator with
the assay medium HBSS supplemented with 10 mM
D-glucose and 10 mM HEPES (pH 7.4).
The Caco-2 cell monolayers were treated with
100 &g/mL of Rhodamine 6G-labelled PLGA nanoparticles and also stained with 1 µg/mL of LysoTraker Green DNP-26 dye in order to visualize the
compartmentalization of nanoparticles within lysosomes. The cells were incubated over a 2 h period and
the cells were visualized with the CLSM at 0.5, 1 and
2 h. At each time point, the medium was removed
and the cells were washed with PBS to remove
excess Rhodamine 6G-labelled PLGA nanoparticles. The filter membrane with attached cell monolayer was cut using a sterile blade and mounted to a
microscope slide and the cover slip was put in
place. The images were acquired with a filter that is
appropriate for each fluorescent dye as described
below.
These experiments were performed with a
PCM2000 CLSM with a pinhole setting of 1/4 Array
Units used for optimal sample viewing. The fluorescence of LysoTraker Green DNP-26 (488 nm line of
Argon Ion laser with 515 nm emission filter) and
Rhodamine 6G (525 nm line of Helium-Neon laser
with 550 nm emission filter) was monitored in different optical sections. Z-series of optical sections
were acquired at spacing steps of 0.6 &m from the
surface through the vertical axis of the specimen by
a computer-controlled motor drive. Images were
captured with EZ2000 Software and converted to
Tag Image File Format.

2.6. Cytotoxicity of PLGA nanoparticles
2.6.1. Trypan blue exclusion
Caco-2, HeLa and HepG2 cells were seeded in
100 mm tissue culture dishes at a density of
1·105 cells/cm2 and grown for 24 h in DMEM. The
cells were washed three times with PBS and treated
with 1.2 mg/mL of PLGA nanoparticles for 24 h. As
a control, selected dishes containing cells from each
cell line were not treated with nanoparticles. After the
24 h period, the cells were detached from the surface area with 1 mL trypsin/EDTA and neutralized
with DMEM. Stained cells (i.e. non-viable cells)
and non-stained cells (i.e. viable cells) were counted
with a haemocytometer under an inverted microscope (Axiovert, Zeiss) to calculate the percentage
viability of the cells.
2.6.2. MTS assay
Caco-2 cells were seeded in 96-well plates in 100 µL
of culture medium at a density of 1·104 cells/well
and grown for 24 h in culturing medium. The Caco-2
cells were then washed three times with PBS. The
cells were then treated with 100 µL of PLGA nanoparticles suspensions prepared in DMEM with the
following concentrations: 0.01, 0.07, 0.64 and
5.8 mg/mL. The positive control group consisted of
emetine solutions with the following concentrations: 0.01, 0.07, 0.64 and 5.8 &g/mL. The plate was
then incubated at 37°C, 5% CO2 and 90% humidity
conditions for 24 h after which 20 µL of a mixture of
MTS-based solution were added directly into each
well. The plate was then incubated for additional 3 h
under same atmospheric conditions and the
absorbance measured at 490 nm in a spectrophotometric microtitre plate reader (Tecan Infinite F500,
Männedorf, Switzerland) against blank wells (with
only DMEM) to subtract background absorbance at
690 nm. Cells incubated with DMEM without PLGA
nanoparticles were used as a negative control. The
cell viability was expressed as a percentage relative
to the control as calculated by Equation (3):
Cell viability [%] 5

ODsample
ODcontrol

(3)

where ODsample is the optical density of the test
compound, ODcontrol is the optical density of the control group (untreated cells).
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2.7. Data analysis and statistics
All results reported in this article are expressed as
mean±standard deviation (SD) of three replicates
(n = 3), unless otherwise stated. Statistical evaluation
was performed with Student’s t test using Microsoft
Office Excel (2007) merged with GraphPad Prism
4.0 (2008) (Microsoft Corporation, Redmond, Washington, USA). A probability (p) value of less than or
equal to 0.05 was considered statistically significant.

3. Results and discussion
3.1. Physical properties of the PLGA
nanoparticles

Figure 1. Transepithelial electrical resistance across the
Caco-2 monolayers grown on a filter membrane
as a function of culture time as well as before and
after treatment compared to the control (filter
membranes without cells)

The Rhodamine 6G-labelled PLGA nanoparticles
had an average size of 266.8±10.5 nm with a PDI
value of 0.061±0.005, indicating a relatively narrow particle size distribution. The zeta potential of
Rhodamine 6G-labelled PLGA nanoparticles was
found to be –16.1±1.7 mV.

nanoparticles did not compromise the cell monolayer integrity (Figure 1).

3.2. Caco-2 cell monolayer integrity
The TEER values of the Caco-2 cell monolayers
increased steadily over time under normal culturing
conditions until values above 250 $·cm2 were
reached. This indicated that intact cell monolayers
with well-developed tight junctions were formed.
The decrease in TEER after treatment of the cell
monolayers with PLGA nanoparticles was below
10%, which indicated that treatment with the PLGA

3.3. Cellular uptake of PLGA nanoparticles
Confocal laser scanning microscopy (CLSM) images
presented in Figure 2 clearly indicate that the Rhodamine 6G-labeleld PLGA nanoparticles were internalized and accumulated within the Caco-2 cells in
a time-dependent way. The Rhodamine 6G-labeleld
PLGA nanoparticles were taken up to a lower extend
after 30 min of incubation (Figure 2a) compared to
90 min incubation time (Figure 2b) as indicated by

Figure 2. Confocal laser scanning microscopy images of Caco-2 cell monolayers treated with Rhodamine 6G-labelled
PLGA nanoparticles after 30 min (a) and 90 min (b), respectively
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the number of fluorescent dots in the cells. Figure 2b also indicates that accumulation of the Rhodamine 6G-labelled PLGA nanoparticles not only
occurred within the Caco-2 cells, but they also accumulated in the intercellular spaces between the cells
after 90 min of exposure time.
The fact that the PLGA nanoparticles have been
internalized within the Caco-2 cells is in line with
previous findings that indicated intact nanoparticles
could gain access to the intracellular milieu of
epithelial cells and could even move into cytoplasmic organelles [35].

3.4. Lysosomal co-localization of PLGA
nanoparticles
Figure 3a shows a CLSM image of Rhodamine 6Glabelled PLGA nanoparticles taken up by a single
Caco-2 cell (red fluorescing color) after 60 min incubation time, while the image in Figure 3b illustrates
LysoTraker Green dye within the lysosomes (green
fluorescing color) of the same cell. Figure 3c shows
that the PLGA nanoparticles were co-loclize within
some of the lysosomes of the cell as indicated by
the yellowish fluorescence (some of which are
pointed out by arrows on the image), which is a combination of both red and green fluorescence. This
indicates that a portion of the PLGA nanoparticles
were taken up by means of endocytosis and thereby
co-localized within the lysosomes. The endocytosis
pathway is the only uptake mechanism by which
intracellular lysosomal/phagosomal co-localization
of particles can be justified [36, 37]. Lysosomes are
organelles that contain degradation enzymes which
digest foreign particles [38], but a specialized endocytotic process (i.e. transcytosis) can escape endolysosomal degradation [39]. It was further confirmed

in an in vitro study that nanoparticles taken up by
means of transcytosis escaped lysosomal degradation
to be released into the systemic circulation [40].

3.5. Cellular internalization of PLGA
nanoparticles
In order to confirm that the PLGA nanoparticles were
taken up into the Caco-2 cells and not only adsorbed
onto the surface of the cell membrane, their uptake
was quantified by acquiring and evaluating slices of
the cell monolayer that was stacked together with
cross-sectional slices perpendicular to the plane of
the cell monolayer midpoint (z-axis). The z-direction
image (Figure 4) shows that the Rhodamine 6Glabelled PLGA nanoparticles were taken up crosssectional and when viewed from the side it is clear
that they got transported from the apical surface of
the cell membrane towards the basolateral membrane. The z-slices further show that PLGA nanoparticles were present in different planes throughout
the thickness of the monolayer. This confirms transcellular uptake of the PLGA nanoparticles by intestinal epithelial cell monolayers and co-localisation
in lysosomes (yellow fluorescence as indicated with
arrows in Figure 3). In a previous study [41], localisation of PLGA nanoparticles was demonstrated
within organelles such as the cell nucleus for particles in the 100 nm size range, whereas in this study
the PLGA nanoparticles (with size of 266.8 nm)
were found to be co-localised within the lysosomes.
It is important to mention nanoparticle size and size
distribution patterns are factors that may influence
their interaction with the cell membrane [22]. Studies previously conducted on nanoparticles with an
average size between 200 and 350 nm found that they
were distributed to various tissues [32], while nano-

Figure 3. Confocal laser scanning microscopy images of a single Caco-2 cell exposed to Rhodamine 6G-labelled PLGA
particles for 60 min. a) PLGA nanoparticles (red) taken up by the Caco-2 cell, b) compartmentalisation of green
fluorescence from Lysotracker green within lysosomes in the Caco-2 cell and c) co-localisation of PLGA
nanoparticles (yellowish green) within the lysosomes (indicated by arrows)
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Figure 4. Z-stack images of Caco-2 cells 90 min after exposure to Rhodamine 6G-labelled PLGA nanoparticles. Images
sectioned vertical (orange arrow) and parallel (red arrow) indicating cell adsorption of nanoparticles within cell
monolayers

particles smaller than 70 nm was rapidly excreted by
the kidneys. Surface charge or zeta potential of nanoparticles was also shown to be an important factor
that may influence cellular internalization of nanoparticles, especially when they are oppositely charged
than the cell’s membrane [42].

3.6. Cytotoxicity of PLGA nanoparticles
3.6.1. Trypan blue exclusion and MTS assay
The viability of the different cell lines according to
the Trypan blue exclusion test after exposure to
PLGA nanoparticles is shown in Figure 5. There was
no significant difference observed in the percentage
cell viability for all three cell types (p = 0.95 for
Caco-2; p = 0.91 for HepG2 and p = 0.63 for HeLa
cells) between untreated cells (negative control)
and those that were treated with PLGA nanoparticles at a concentration of 1.2 mg/mL. The trypan blue
exclusion study therefore indicated that the PLGA
nanoparticles were not cytotoxic to mammalian cell
lines investigated. The MTS assay results confirmed
that PLGA nanoparticles were not toxic to Caco-2
cells even when treated to a maximum concentration of 5.8 mg/mL (Figure 6) in comparison to emetine, which shown a markedly decrease in cell viability with increasing concentration (Figure 7). Team
work previously conducted on similar PLGA nano-

Figure 5. Viability of different mammalian cell lines determined by means of the Trypan blue exclusion test.
(') represents untreated cells (control) and (()
represents cells treated with PLGA nanoparticles.
Data presented as mean ±SD, n = 3

particles used in this study showed that PLGA nanoparticles with an average size of 300 nm had no detrimental effects on mammalian cells including Caco-2
cells up to a concentration range of 0.001 mg/mL
[32]. Particles prepared by the emulsion solvent evaporation technique were not toxic to human glioblastoma U87MG cells at 200 &g/mL [43] or mammalian
cells [44, 45]. This study showed that PLGA nanoparticles are not toxic to Caco-2 cells even at relatively high concentrations, which have not been
evaluated before. Emetine was used as the positive
control (due to its toxicity on eukaryotic cells by
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systems. Since it was shown in this study that intact
PLGA nanoparticles move across epithelial cell
monolayers without damaging these cells, they are
suitable as drug carrier systems specifically for
applications such as targeting specific tissues or to
prolong blood circulation time after oral administration. It is recommended that future studies investigate the influence of physiological factors as well
as physical properties of the nanoparticles on their
mechanism of uptake in epithelial cells.
Figure 6. Viability of Caco-2 cells expressed relative to the
control (not treated), which exposed to different
concentrations of PLGA nanoparticles as determined by the MTS assay. Data presented as mean
±SD, n = 3
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