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ABSTRACT
Purpose There is significant interest in the application of nano-
particles to deliver immunostimulatory signals to cells.We hypoth-
esized that curdlan (immune stimulating polymer) could be con-
jugated to PLGA and nanoparticles from this copolymer would
possess immunostimulatory activity, be non-cytotoxic and func-
tion as an effective sustained drug release system.
Methods Carbodiimide chemistry was employed to conjugate
curdlan to PLGA. The conjugate (C-PLGA) was characterized
using 1H and 13C NMR, FTIR, DSC and TGA. Nanoparticles

were synthesized using an emulsion-solvent evaporation tech-
nique. Immunostimulatory activity was characterized in THP-1
derived macrophages. MTTassay and real-time impedance mea-
surements were used to characterize polymer and nanoparticle
toxicity and uptake in macrophages. Drug delivery capability was
assessed across Caco-2 cells using rifampicin as a model drug.
Results Spectral characterization confirmed successful synthesis
of C-PLGA. C-PLGA nanoparticles enhanced phosphorylated
ERK production in macrophages indicating cell stimulation. Nano-
particles provided slow release of rifampicin across Caco-2 cells.
Polymers but not nanoparticles altered the adhesion profiles of the
macrophages. Impedance measurements suggested Ca2+ de-
pendent uptake of nanoparticles by the macrophages.
Conclusions PLGA nanoparticles with macrophage stimulating
and sustained drug delivery capabilities have been prepared. The-
se nanoparticles can be used to stimulate macrophages and con-
currently deliver drug in infectious disease therapy.
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ABBREVIATIONS
CI Cell index
C-PLGA Curdlan- poly(D,L-lactide-co-glycolide)
DIEA N,N-Diisopropylethylamine
DMF Dimethylformamide
DSC Differential scanning calorimetry
EDC 1-Ethyl-3(3-dimethylaminopropyl)carbodiimide

hydrochloride
FTIR Fourier transform infrared spectroscopy
LC-MS Liquid chromatography mass spectrometry
MTT 3-(4,5-dimethylythiazol-2-yl)-2,5-

diphenyltetrazolium bromide
NHS N-Hydroxysuccinimide
NMR Nuclear magnetic resonance spectroscopy
NP Nanoparticle
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PLGA poly(D,L-lactide-co-glycolide)
PMA Phorbol myristate acetate
RIF Rifampicin
ROS/RNS Reactive oxygen and reactive nitrogen species
SEM Scanning electron microscope
TEER Transepithelial electrical resistance
TGA Thermogravimetric Analysis

INTRODUCTION

In recent times, appreciation of modulation of the immune
system to achieve clinically favorable treatment outcomes in
diseases has increased. For example, in cancer treatment,
much focus is currently placed on ‘immuno-oncology’, to de-
velop therapies to stimulate cells of the immune system to
eradicate cancerous cells (1,2). With respect to infectious dis-
eases, a similar approach has been proposed, as a number of
infectious disease pathogens typically reside within cells of the
immune system in particular, macrophages (3,4). In this case,
one strategy could be to stimulate the macrophages to self-
eradicate intracellular pathogens through action of innate cel-
lular defense mechanisms. This has important implications in
treatment of diseases such as tuberculosis (TB) and human
immunodeficiency virus (HIV) in which the pathogens may
reside in a latent form and these cells serve as infection reser-
voirs (4). Pharmaceutical scientists have made significant con-
tributions to the development of polymeric vehicles for deliv-
ery of immune-modulatory signals to cells (5). In a previous
study, an immunomodulatory nanoparticle (NP) composed of
the immune modulating polysaccharide 1,3-β-glucan
adsorbed onto the surface of a chitosan shell, poly(D,L-
lactide-co-glycolide) (PLGA) core NP was described (4). This
NP system could significantly enhance secretion of the pro-
inflammatory cytokines IL-12p70, TNF-α and INF-γ and in-
crease generation of reactive oxygen and reactive nitrogen
species (ROS/RNS) by alveolar-like macrophages compared
to glucan free NPs. 1,3-β-glucans are a family of glucopyra-
nose polysaccharides that consist of 1,3-glycosidic linkages
with varying degrees of branching, molecular weight and wa-
ter solubility (6). The immune-modulatory properties of β-
glucans have been well described (7). Glucans activate
dectin-1, a lectin type cell surface receptor widely expressed
by cells of the immune system, in particular, the macrophages.
Dectin-1 activation leads to pro-inflammatory gene expres-
sion as well as intracellular ROS/RNS production (8).

Following the proof of concept of an immune modulating
glucan adsorbed NP (4), we hypothesized that curdlan (a lin-
ear form of 1,3-β-glucan) could be conjugated to PLGA and
NPs from the copolymer would possess macrophage stimulat-
ing capability, be non-cytotoxic, and function as a sustained
release drug delivery system. Conjugation of curdlan to PLGA

would integrate bioactivity into the polymer providing the
potential to formulate immune stimulating NPs in a single
step. Further, conjugation allows enables easier control of
the curdlan density on the NP, through simple variations of
molar ratios of curdlan and PLGA during conjugation, or
dilution of the copolymer with native PLGA during NP syn-
thesis. Therefore, in this work, we first report a method of
conjugating curdlan to PLGA. We then demonstrate stimula-
tion of macrophages by NPs of the copolymerand the
sustained drug delivery capability of the NPs in vitro and across
a model of small intestinal mucosa (Caco-2 cells) using the
anti-tubercular drug RIF as a model. Using cell impedance
measurements we generate insights into the real-time effects of
the polymers and NPs on the macrophages.

MATERIALS AND METHODS

Materials

1-Ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochlo-
ride (EDC.HCl), N-Hydroxysuccinimide (NHS), N,N-
Diisopropylethylamine (DIEA), Curdlan from Alcaligenus
faecalis (molecular weight (MW) 189 kDa), rifampicin (RIF),
poly vinyl alcohol (PVA: MW, 13–23 kDa, partially hydro-
lysed (87–89%)) and poly(D,L-lactide-co-glycolide) (50/50) with
the terminal carboxylic acid group (PLGA-COOH:MW, 24–
38 kDa) and non-acid terminated (PLGA, MW, 30–60 kDa)
were all purchased from Sigma-Aldrich (St Louis, MO).
VivaSpin 20 (3000 MWCO polyethersulfone membrane)
were purchased from National Separation (Pty) Ltd (Johan-
nesburg, South Africa). All reagents were of analytical grade
or above and were used as purchased unless otherwise stated.
Acetonitrile used as mobile phase in high-performance liquid
chromatography (HPLC) and liquid mass spectrometer (LC-
MS/MS) was purchased from Merck. Deionised water was
obtained from a Barnstead EasyPure (II) UV-ultrapure water
system (Thermo Fisher Scientific, USA) and was used
throughout the study. THP-1 cells were purchased from
Highveld Biologicals (Pty) Ltd (Johannesburg, South Africa).
Caco-2 cells were obtained fromAmerican TypeCulture Col-
lection (Rockvillle MD, USA). The media and supplements
used to maintain cell growth were purchased from LTC Tech
(Johannesburg, South Africa).

Methods

Synthesis of Curdlan-PLGA (C-PLGA) Copolymer

The procedure followed for the synthesis of C-PLGA copoly-
mer was adopted from (6,9), with modification. Curdlan was
conjugated to PLGA-COOH as follows: In an oven-dried
round bottom flask, Curdlan (50 mg, 0.286 μmoles) was
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suspended in anhydrous DMF (4 mL) and heated at 60°C
under N2 atmosphere until dissolution. In another flask,
PLGA-COOH (5.26 μmoles) and NHS (15 μmoles) were
stirred in DMF (1 mL) and the mixture cooled to 0°C in an
ice-bath. EDC.HCl (20 μmoles) and DIEA (20 μmoles) were
added and the mixture allowed to warm to room temperature
and then reacted for 2 h. Upon cooling, the curdlan-DMF
solution was added to the 1 mL EDC-activated PLGA solu-
tion, and the resultant mixture (curdlan to PLGA ratio 1:20)
was further stirred at room temperature for 48 h. After this
time, the solvent was removed under high vacuum to obtain a
white amorphous material, which was washed successively
with chloroform (10 mL×5) and water to remove the
carbodiimide chemistry byproduct (i.e., urea, which is readily
soluble in water (10)). The resulting C-PLGA conjugate was
then further washed with de-ionised water (in 3 kDa
Vivaspin® tubes at 15000 rpm; 5 min each interval), and
the product obtained lyophilised to obtain an amorphous
white powder. A schematic of the synthesis of the C-PLGA
is shown in Fig. 1. For synthesis of copolymer for use in NP
synthesis, the curdlan-PLGA solution obtained in the steps
above was diluted with non-acid terminated PLGA (50:50;
Mw 30–60 kDa) and stirred for another 24 h to obtain an
overall 1% curdlan loading in the mixture after lyophilization.
Dilution to 1% curdlan was performed to mitigate the poor
solubility of C-PLGA in the organic solvents used in NP syn-
thesis and also to avoid any potential detrimental over stimu-
lation of the macrophages by high concentrations of curdlan.

Characterization of Polymers

Polymers (PLGA, C-PLGA and curdlan) were characterized
by 1H and 13C NMR (Bruker 400 MHz Avance III HD
Nanobay instrument using a 5 mm BBO probe on Topspin
3.2) using tetramethylsilane as an internal standard and
DMSO-d6 as the solvent, and by FTIR (Perkin Elmer: Spec-
trum 100, in attenuated total reflectance mode from 550 to
4000 cm−1). Thermal behavior was characterized by TGA in
a Q500 device (TA instruments TGA 2960) in ramp mode

from room temperature to 700°C at the rate of 10°C/min
under nitrogen) and by DSC (Perkin Elmer DSC Q2000) in
the temperature range of 20 to 200°C using the ramp method
at the rate of 10°C/min under nitrogen atmosphere. DSC
sample analysis was accomplished by weighing 4–10 mg of
the material and sealing it in an aluminum sample pan, and
an empty pan was used as a reference. Samples were run in
triplicate.

NP Preparation and Characterization

C-PLGA NPs were synthesized using an emulsion solvent
evaporation technique adopted with modifications from ref-
erence (4). 20 mg/mL C-PLGA copolymer solution in DMF:
chloroform (20:80) was added drop-wise to 10 mg/mL PVA
solution in de-ionised water, under stirring at 1000 rpm.Upon
complete addition, the suspension on ice was subjected to high
speed homogenization at 8000 rpm for 10 min using a
Silverson L4R mixer homogenizer (Silverson, MA). Organic
solvents were subsequently removed in vacuo and the NPs col-
lected through centrifugation at 15 000 rpm for 5 min, follow-
ed by washing three times with de-ionized water and lyophi-
lized over a period of 72 h in the presence of 1% sucrose as a
cryoprotectant. PLGA NPs were also synthesized using an
emulsion-solvent evaporation technique. However, in this in-
stance a 20 mg/mL PLGA solution was prepared in ethyl
acetate. To synthesize RIF loaded NPs, the procedure as de-
scribed above was followed, except that the ethyl acetate or
DMF/chloroform mixture contained 2 mg/mL RIF.

The particle size, polydispersity index and zeta potential
were measured using photon correlation spectroscopy tech-
niques using a Malvern Zetasizer NanoZS (Malvern Instru-
ments, UK) with measurements conducted at 25°C and at an
angle of 173°. Approximately 1 mg of the NP was suspended
in 1 mL de-ionised water with vortexing and sonication. The
intensity-weighted mean value was determined and the aver-
age of three measurements taken. Scanning electron micros-
copy (SEM, Phillips XL 30, scanning microscope, Phillips,
Eindhoven, The Netherlands) was used to determine the

Fig. 1 Schematic of synthesis of C-
PLGA copolymer. Acid terminated
PLGA is reacted with curdlan to
produce C-PLGA conjugate
(Reagents and conditions: EDC.HCl,
NHS, DIEA, DMF, rt, 48 h).
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shape and surface morphology of the NPs produced. Particles
were coated with carbon under vacuum before SEM.

Characterization of Drug Loading and in Vitro Drug Release

The amount of RIF loaded in the NPs (μg RIF per mg NP)
was determined as described previously (4). Briefly, 1 mg NPs
was sonicated in 600 μL acetonitrile for up to 5 min to break-
up the NPs. To the suspension in acetonitrile, 400 μL of
10 mM phosphate buffer pH 6.6 was added (to match the
HPLC mobile phase). This suspension was centrifuged at 15
000 rpm for 5 min, before 50 μL of the supernatant was
injected onto an HPLC/UV system for quantitation of RIF
(assay conditions described below). To characterize drug re-
lease, RIF loaded NPs (1 mg/mL) were incubated in phos-
phate buffer pH 7.4 containing 5 mg of ascorbic acid per
10 mg of NP (to mitigate oxidative degradation of RIF) at
37°C in a shaking water bath (100 rpm) over 6 h. At set time
points, the NPs were removed from the bath, centrifuged at 15
000 rpm for 5 min, and the supernatant collected and
analysed for RIF concentration using a validated HPLC
method (described below). Samples were diluted with aceto-
nitrile before injection, in order to match the HPLC mobile
phase.

Transportation of RIF Across a Caco-2 Cell Monolayer

As the oral route is common for administration of anti-infec-
tives, the capability of the NPs to deliver RIF across intestinal
tissue was assessed using a Caco-2 cell model. Caco-2 cells
were cultured in medium consisting of Dulbecco’s Modified
Eagle Medium (DMEM), high glucose with glutamine, foetal
bovine serum, penicillin and streptomycin. The cells were
maintained in culture flasks in an incubator with the following
conditions; 5% CO2 atmosphere, 37°C, 90% relative humid-
ity. Cells were passaged upon reaching 80–90% confluence
and were seeded on 30 mm polycarbonate membranes with a
pore size of 0.4 μMand an area of 4.2 cm2 (Millicel, Millipore,
USA) at a concentration of 10 000 cells/cm2 and maintained
at 37°C in a humidified atmosphere with 5%CO2. Cells were
ready for use 21 days post-seeding. Apical to basolateral trans-
port studies were performed as previously described (11) with
slight modifications. The buffer used was HBSS buffered with
25 mMHEPES at pH 7.4. Caco-2 cells, 21 days post seeding,
were equilibrated in pre-warmed HBSS for 15 min at 37°C
and the trans-epithelial electrical resistance (TEER) mea-
sured. 1 mL HBSS was added to the apical compartment
and 2 mL to the basolateral compartment. 100 μL of the
preparations (approximately 1 mg/mL NPs suspended in wa-
ter containing 1 μg/mL RIF; or 1 μg/mL RIF in water) was
then spiked into the apical compartment. The plates were
incubated at 37°C in a shaking incubator at 450 rpm, to
minimize the unstirred water layer. At the beginning and

end of the experiment an aliquot was withdrawn from the
apical solution (the donor) to determine initial and final donor
concentrations. At selected time intervals from 0 to 6 h, an
aliquot was withdrawn from the basolateral side, and replaced
with fresh HBSS. At the end of the experiment TEER was
measured to determine whether the test preparations had any
effect on the integrity of the cells. Samples collected were spun
down (10 000 rpm for 10 min) to remove cellular debris and/
or NPs, and the supernatant collected for assay of RIF using a
validated LC-MS assay (described below). The concentration
of RIF measured over time was converted into flux (μg/cm2/
h) representing the rate of translocation of the drug across the
tissue.

HPLC and LC-MS Assay

The HPLC/UV system comprised of Shimadzu Prominence
HPLC series (Shimadzu Corporation, Kyoto, Japan) with a
CBM-20A controller bus module, LC-20AT liquid chromato-
graph, CTO-10AS VP column oven and SPD Diode array
detector. RIF was eluted under isocratic conditions using
60:40v/v 10 mM phosphate buffer pH 6.6: acetonitrile, at a
flow rate 1 mL/min and detection wavelength 254 nm. A
calibration curve of RIF mass on column versus absorbance
with linearity over the range 0.0025 to 0.02 μg (r2≥0.99) was
used to quantify the RIF extracted from the NPs and in the
drug release study.

The LC–MS/MS system consisted of a Shimadzu Promi-
nence Ultra-Fast LC (UFLC) series system (Shimadzu Corpo-
ration, Kyoto, Japan) coupled with an ABSciex 3200 QTrap
Triple Quadrupole Tandem Mass Spectrometer equipped
with Analyst 1.6 software (AB Sciex, Massachusetts, USA).
Chromatography was performed using a 9 min gradient elu-
tionmethodwith 0.1% formic acid (FA) as mobile phase A and
acetonitrile (0.1% FA) as mobile phase B at a flow rate of
0.5 mL/min on a Phenomenex Kinetex 2.6 μ C8 analytical
column (50 mm×4.60 mm). Briefly, the time program for the
gradient method used was: 2%B for 1 min; ramped up to 98%
B until 2 min; held at 98% B until 7 min; ramped down to 2%
B until 8 min; equilibrated at 2% B until 9 min. The mass
spectrometer was operated in positive ion mode with the tran-
sition of 823.4 m/z −791.4 m/z for RIF detection. The fol-
lowing ion source parameters were used: curtain gas flow,
35 psi; ion spray voltage, 4500 V; temperature, 500°C; gases
1 and 2, 45 psi; declustering potential, 45 V; entrance poten-
tial, 4 V; collision cell entrance potential, 28.87 V; collision
energy, 25 V and collision cell exit potential, 6.1 V. The pa-
rameters for the quantification method: peak areas integrated;
expected retention time of RIF, 3.04 min; 30 s RT window;
noise percentage, 50%; peak splitting factor, 2; smoothing
width, 5 points; linear fit calibration curve; no weighting of
calibration points. The range of the assay was 5 ng/mL to
1 μg/mL (r2≥0.99).
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Determination of Macrophage Stimulatory Capability of the NPs:
Phosphorylated ERK Production in THP-1 Derived Macrophages

THP-1 cells were routinely maintained at 37°C in a 5% CO2

humidified incubator. The growth medium used was RPMI-
1640 medium with GlutaMAX (Gibco), supplemented with
penicillin (50 μg/mL), streptomycin (50 μg/mL) and 10%
heat inactivated foetal calf serum. THP-1 cells (1×106 cells
per well) were plated into a 6-well plate in growth medium
containing phorbol-12-myristate-13-acetate (PMA, 50 nM)
for 48 h. PMA differentiates THP-1 cells into macrophage-
like cells. PMA free growth medium was added for an addi-
tional 24 h. In duplicate wells, 100 μL (of 1 mg/mL NP sus-
pension in water) of PLGANPs or C-PLGANPs was added to
the cells. Curdlan (100 μL of 1 mg/mL aqueous solution) was
used as a positive control. The NPs used were not loaded with
RIF to avoid any confounding effects arising from the drug.
After 5 min of incubation at 37°C, the cells were washed with
ice-cold PBS to remove the particles, and were immediately
lysed by incubation in lysis buffer (50 mM Tris.HCl pH 7.4,
150 mM NaCl, 0.5% EDTA, 1% Triton-X 100, 0.1% sodi-
um dodecyl sulphate (SDS), 50 mM NaF, 30 mM Na4P2O7

and 100 μM Na3VO4 containing the Complete™ (Roche)
protease inhibitor cocktail). Cell lysates were centrifuged (12
000 rpm, 15 min) and supernatants were mixed with an equal
volume of 2× sample buffer (100 mM Tris HCl pH 6.8, 10%
glycerol, 4% SDS, 0.01% bromophenol blue and 200 mM β-
mercaptoethanol) and incubated for 20 min. Proteins were
separated by SDS polyacrylamide gel electrophoresis and
transferred to nitrocellulose (BioRad, Johannesburg, South
Africa) using a blotter (BioRad). The nitrocellulose was
blocked for 1 h in blocking solution (20 mM Tris.HCl
pH 7.5, 150 mM NaCl, 5% powdered milk, 0.1% Tween-
20) and phosphorylated ERK was detected using a polyclonal
rabbit anti-phospho-ERK antibody (1:1000, Cell Signaling,
Danvers, MA) overnight at 4°C. The blot was washed (three
times over a period of 10 min, blocking solution) and incubat-
ed with horseradish peroxidase-coupled anti-rabbit secondary
antibody (1:1000, Cell Signaling 1 h, room temperature). Af-
ter three more 10 min washes in blocking solution, the pro-
teins were visualized by enhanced chemiluminesce (BioRad).

Characterization of Cell Viability, Adhesion, Proliferation
and Morphology in the Presence of Polymers and NPs

The 3-(4,5-dimethylythiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay and the impedance technology of
the real time cell electronic sensing analyzer (RT-CES™,
ACEA Biosciences Inc., San Diego, USA) were used for
determining cytotoxicity on the THP-1 derived macro-
phages. For both assays, a pre-determined cell density of
40,000 cells/well was used and THP-1 cell differentiation
performed as described above.

TheMTT assay quantifies mitochondrial dehydrogenase ac-
tivity as a measure of cell viability (12). Polymer and NP concen-
trations in the range 0.13–200 μg/mL were tested, and viability
was determined at 24 h and 72 h post treatment as per method
previously described (13). Polymer solutions and NP suspensions
were prepared in water. However, polymer solutions were ini-
tially dissolved in DMSO to aid solubility (final concentration in
culture ≤1%). We established that this concentration of DMSO
did not affect the viability of the cells as demonstrated by control
cells. The concentration of the polymers or NPs that produced
50% of cell growth inhibition (IC50) was estimated from plots of
cell viability (%) versus concentrations (μg/mL).

RT-CES™ provides an indirect measurement of viability
(14–16) and cytotoxicity (17) by measuring the impedance or
cell index (CI) produced as cells attach on the surface of an
electronic (E)-plate. The background of the E-plates was deter-
mined for 1 min in 100 μL of complete RPMI and this was
subsequently replaced with 200 μL of 40 000 THP-1 cell sus-
pension containing 50 nM PMA. After equilibrating the E-
plates at room temperature for 30 min THP-1 differentiation
and adhesion profile was automatically monitored for 48 h
(with 50 nM PMA) and for an additional 24 h (PMA-free)
before treatment with 0.4, 40 or 100 μg/mL of PLGA and
C-PLGA polymers or NPs (PLGANP, C-PLGANP). Polymer
solutions contained ≤1% of DMSO to aid solubility. The pro-
file of the treated cells was further monitored for an additional
72 h. At the start of each adhesion phase, impedance was mea-
sured short term every 1 min and subsequently every 30 min to
determine both transient and long term effects respectively.
Increases in CI relative to untreated controls were interpreted
as cell viability (adhesion), cell spreading (swelling) or cell pro-
liferation, while decreases were associated with cytotoxicity or
cell detachment resulting from changes in adhesion properties.
Microscopic examination of the cells was performed using an
inverted microscope (Zeiss Axiovert 40 C, Carl Zeiss Inc.,
Thornwood, NY) to assess any morphological changes.

Statistical Analysis

Data were analyzed for statistical differences by the Students’
t-test using the Statistical Package for Social Science v 22
(IBM, SPSS, Chicago). Statistical differences were considered
at p<0.05. All data are presented as mean±s.d., unless other-
wise stated.

RESULTS AND DISCUSSION

Synthesis and Characterization of C-PLGA

Synthesis of the C-PLGA copolymer was carried out as shown
in Fig. 1 and verified by NMR, FTIR, TGA and DSC. The
NMR fingerprint of pure PLGA and curdlan correlated with
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literature (18,19). The 1H NMR spectrum of C-PLGA (Fig. 2)
reveals a new peak at 3.69 ppm which is attributed to the
presence of curdlan OCH2 groups in the copolymer.

Similarly, the 13C NMR spectrum of C-PLGA (Fig. 3) re-
vealed peaks resonating at 87.7 and 100.9 ppm, also attribut-
ed to the carbons of the curdlan backbone in the copolymer.

Fig. 2 1H NMR spectra of PLGA-COOH, curdlan and C-PLGA copolymer. C-PLGA spectra reveals new peak (highlighted) at 3.69 ppm attributed to the
presence of curdlan OCH2 groups.

Fig. 3 13C NMR spectra of PLGA-COOH, curdlan and C-PLGA copolymer. C-PLGA spectra reveals new peaks resonating at 87.7 and 100.9 ppm, attributed
to the carbons of the curdlan backbone in the copolymer.
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The percentage of curdlan grafted onto the PLGA-COOH
backbone was found to be about 3%, calculated from the
intensity of the peak resonating at 3.69 ppm vs that of
PLGA-COOH resonating at 5.62 ppm in the 1H NMR,
and peaks at 100.9 ppm vs that of PLGA-COOH at
68.7 ppm in the 13C NMR. The FTIR spectrum (Fig. 4) of
PLGA-COOH exhibited strong characteristic adsorption
peaks/bands at about 1750.8, 1452, 1180–1129 cm−1 which
correspond to the C-O (carbonyl), C-O-C (ether) and C-H
(methyl) bonds, respectively. Furthermore, for pure curdlan
the strong band at 3373.0 cm−1 corresponds to OH
(hydroxide) bond, while those in the region 2920.0, 1100–
1190 and 892.5 cm−1 corresponds to the CH stretching, C-
O-C bonds and the β-linked glycosidic bridges found in poly-
saccharides, respectively. In the case of the C-PLGA conju-
gate, all the characteristics of the pure PLGA and curdlan
were pronounced, thus indicating the successful formation of
the conjugate.

Figure 5 shows the TGA curves over the temperature
range 25–700°C of PLGA-COOH, curdlan and C-PLGA.
Curdlan shows two stages of weight loss, firstly a gradual
weight loss of ±4.5 wt% between 25 and 250°C, which can
be attributed to the desorption of adsorbed and bound water
(20), and secondly from 250 to 380°C which is attributed to
curdlan decomposition. Both PLGA-COOH and C-PLGA
shows a single weight loss stage attributed to thermal decom-
position. The onset temperatures of decomposition for both
PLGA-COOH and C-PLGA is ±200°C, with C-PLGA
showing a faster decomposition rate with 23.6 wt% loss at
250°C, while at the same temperature PLGA-COOH shows
4.5 wt% loss. Previous studies have shown that the grafting of
molecules onto a polymer chain can reduce thermal stability
due to the incorporation of some Bweak links^ into the poly-
mer structure (21,22). A further indication of conjugation can
be obtained from changes in the char residue, as previous
studies have shown that greater residues are associated with
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Fig. 4 FT-IR spectra of acid terminated PLGA-COOH, curdlan and Curdlan-PLGA copolymer.
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increased grafting yields (22,23). PLGA-COOH and curdlan
show char residues of 0.3 and 5 wt%, respectively, while C-
PLGA shows a residue of 10 wt%.

DSC analysis of PLGA-COOH, curdlan and C-PLGAwere
conducted as shown in Fig. 6. Two heating scans were per-
formed as the first heating is affected by thermal history of the
polymer, and therefore does not reliably indicate the original
polymeric properties. No thermal events were detected in the
cooling scan (data not shown). In the second scan PLGA-
COOH shows a glass transition temperature (Tg) of 50.6±
0.2°C, while the C-PLGA conjugate shows a more subtle Tg of
42.5±0.2°C. No thermal transitions are shown for curdlan in
the same temperature range, with only a broad symmetric en-
dotherm of water thermodesorption at 100.5±6.7°C in the first

heating scan. The slight decrease in Tg of the C-PLGA sample
would suggest PLGA-COOH microphase separation induced
by the presence of curdlan. This phenomenon is known to occur
after grafting or conjugation reactions onto polymers (24–26).
Additionally, the presence of molecules bound to a polymer
could favour unobtrusive motion of the polymer chains due to
increased free volume, which could be reflected by a subtle Tg

(27). Taken together our characterizations confirm the successful
formation of the C-PLGA copolymer.

Characterization of the PLGA and C-PLGA NPs

The physicochemical characteristics of the PLGA and C-
PLGA NPs are presented in Table I. The C-PLGA NPs had
significantly greater (p<0.05) size and zeta potential compared
to the PLGANPs. This was also the case for the RIF loaded C-
PLGA NPs. This was expected given the incorporation of
curdlan onto the PLGA backbone. It is possible that the use
of different organic solvents, i.e., ethyl acetate in the case of
PLGA NPs and DMF/chloroform in the case of C-PLGA
NPs, could have resulted in the differences in particle size ob-
served. However, studies which have evaluated the impact of
variations in organic solvents on PLGA particle size, indicate
that NP size changes occurring due to differences in organic
solvents are relatively small (28), and therefore we deduce that
the size changes observed in this study are due to the presence
of curdlan. SEM analysis of the NPs (Fig. 7) revealed that
spherical NPs were formed from both polymers. No differences
in surface characteristics could be observed between the PLGA
and the C-PLGA NPs. SEM of the RIF loaded NPs showed
images similar to the drug-free NPs (data not shown). Approx-
imately 1 μg of RIF could be loaded per mg of NPs which was
acceptable to characterize the performance of the NPs with
respect to drug release and intestinal transport.

Fig. 5 TGA thermogram curves of PLGA-COOH, curdlan and Curdlan-
PLGA.
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In-Vitro Drug Release Profiles

A characteristic biphasic release profile was observed (Fig. 8)
i.e., an initial burst phase (occurring up to 1 h, and
representing release of up to 30% of drug cargo), followed
by a sustained release phase. Drug release was tracked up to
6 h and at this time point 26.9±2.6% and 18.2±1.2% of
encapsulated RIF had been released by the PLGA NPs and
C-PLGA NPs, respectively. This suggested that the majority
of the encapsulated drug was still present within the core of the
NPs and needed a longer period for complete release. We
attempted to track drug release at 24 h and beyond (data
not shown), however we observed a trend of decreasing drug
concentrations indicating the reduced protection of RIF by
ascorbic acid at time points beyond 6 h. Therefore data be-
yond 6 h could not be used to describe the drug release per-
formance of the NPs. The C-PLGANPs released significantly
less drug (p<0.05) than the PLGA NPs at both 1 h and 6 h,
suggesting that incorporation of curdlan enhanced the
sustained release properties of PLGA NPs. It would not be
unreasonable to assume that the copolymer make-up of the
C-PLGANPs could retard rates of drug diffusion and/or have
reduced rates of polymer erosion in comparison to PLGA
NPs. The sustained drug release profiles observed under these
pH conditions suggests the potential of the NPs to provide
sustained plasma, trans-intestinal and intracellular
(cytoplasm) drug concentrations.

RIF Flux Across Caco-2 Cell Monolayer

The flux (μg/cm2/h) of RIF across an intestinal monolayer
(Caco-2 cells) was assessed. We observed that RIF had a sig-
nificantly greater flux (p<0.05) across the intestinal model of
Caco-2 cells as a free solution than when encapsulated in the
NPs (Fig. 9). RIF flux (as solution) was 2.3 and 3.1 fold greater
than when it was delivered by the PLGA NPs and C-PLGA
NPs, respectively. There was no significant difference
(p>0.05) in RIF flux between the PLGA NPs and C-PLGA
NPs over 6 h. The driving force for flux is the concentration
gradient of ‘free’ drug (i.e., drug not encapsulated in NPs)
across the donor and receptor sides of the membrane. As
encapsulated RIF was released slowly, and remained predom-
inantly encapsulated, flux would be expected to be slower for
the NP encapsulated RIF compared to RIF solution. There-
fore, the reduced flux suggests that the NPs could serve as a
system for sustained RIF delivery across the intestine.
Sustained drug concentrations would be beneficial for contin-
ued killing of microbes and preventing generation of drug
resistant strains, provided the delivered concentrations are
continually above the minimum inhibitory concentrations.
However, further studies in animals to characterize plasma
and tissue concentrations of drug delivered by the NPs are
warranted.

Stimulation of Phosphorylated ERK Production
in Macrophages

Macrophages were stimulated in duplicate with either
100 μg/mL of PLGA NP, C-PLGA NP or curdlan (positive
control), and cells assayed for phosphorylated ERK produc-
tion. Phosphorylated ERK is an upstream mediator of ROS/
RNS and is therefore indicative of immune-stimulation (29).
Figure 10 shows phosphorylated ERK generated after 5 min
of stimulation. Basal production of phosphorylated ERK in
the cells stimulated with PLGA NPs was observed.

Table I Characteristics of the PLGA and C-PLGA Nanoparticles (Empty
and Drug Loaded)

Samples Size (nm) PDI Zeta potential
(mV)

Drug loading
(μg/mg)

PLGA 286.9±9.9 0.23±0.03 −16.5±0.1 –

PLGA(RIF) 264.3±4.6 0.12±0.04 −11.6±0.5 1.16±0.05

C-PLGA 486.8±26.6 0.42±0.01 −25.9±0.3 –

C-PLGA(RIF) 301.2±5.5 0.19±0.03 −29.9±0.1 1.05±0.03

Fig. 7 Scanning electron
micrographs of (a) PLGA NPs and
(b) C-PLGA NPs.
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Stimulation of the cells with C-PLGA NPs resulted in en-
hanced production of phosphorylated ERK. This activation
of ERK by C-PLGA NPs was similar to that of curdlan-only
treated cells and supports the hypothesis that NPs from the C-
PLGA would possess immune-stimulatory activity. These re-
sults are also in line with previous observations of enhanced
stimulation of alveolar-like macrophages by 1,3-β-glucan
adsorbed chitosan-PLGA NPs in comparison to chitosan-
PLGA NPs (4). We believe cellular stimulation could be an
important adjunct approach (together with drug action) in the
eradication of intracellular pathogens, particularly in the case
of pathogens such as M.tb which are able to switch off the
antimicrobial response of the macrophage, and remain dor-
mant within these cells for long periods of time (30). Our data
suggests enhanced macrophage production of ROS/RNS
which is known to be toxic to intracellular pathogens and

trigger cytocidal reactions as part of the host pathogen defense
strategy (31). However, studies in pathogen infected macro-
phages are warranted to prove efficacy of this approach..

Cell Viability, Proliferation, Adhesion
and Morphological Changes in the Presence
of Polymers and NPs

The target site of action of the NPs is the macrophage,
therefore it was important to characterize any toxicity of
the polymers and NPs on the macrophages. The effect of
the polymers and NPs on the viability of THP-1 derived
macrophages was assessed using the MTT assay. Polymers
(PLGA and C-PLGA) as well as the PLGA NPs and C-
PLGA NPs did not adversely affect the viability of the mac-
rophages over a 72 h period (Fig. 11). The IC50 for all
treatments was found to be >200 μg/mL suggesting that
the polymers and NPs were not toxic.

The impedance data of the RT-CESTM analyser,
which is a label free method for monitoring cell viability,
cytotoxicity, adhesion and proliferation profiles of adher-
ent cells, was successfully used in monitoring the differen-
tiation of the THP-1 cells. THP-1 differentiation was first
monitored for 48 h (with PMA) and 24 h (PMA free).
During the 72 h period, sustained increases in CI were
observed as the undifferentiated monocytes became differ-
entiated into adherent macrophages (Fig. 12). This was
followed by treatment with the polymers and NPs for a
further 72 h. Untreated cells maintained a relatively
steady state with respect to CI changes for up to 30 h
followed by a gradual decline in CI likely resulting from
loss in cell integrity. The steady state maintained by the
cells is supported by the fact that differentiated cells do
not proliferate (32).

PLGA and C-PLGA polymer treated cells resulted in dose
response profiles (Fig. 12a and b) not seen in the MTT study.
The profile for C-PLGA was more profound with an initial
increase in CI followed by a gradual drop to values as low as
zero (at 40 and 100 μg/mL) which could be interpreted as

Fig. 8 Cumulative in vitro release profiles of RIF from the PLGA (-●-) and C-
PLGA (-○-) NPs in phosphate buffer pH 7.4 at 37°C over a 6 h period.

Fig. 9 Rate of translocation of rifampicin (RIF), expressed as flux (μg/cm2/h)
across caco-2 cells as drug solution (RIF) and delivered by NPs (PLGA (RIF)
and C-PLGA (RIF). * A statistically significant difference (p<0.05) was ob-
served in the flux of RIF as a solution compared to NPs.

Fig. 10 Phosphorylation of ERK in THP-1 derived macrophages. Macro-
phages were stimulated in duplicate with PLGA NPs, C-PLGA NPs and
curdlan as described under Materials and Methods. The cells were lysed
and phosphorylated (phospho) ERK was detected by western blotting. This
gel is a representative gel of two separate experiments.
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cytotoxicity (16). Peaks in the CI, attributed to uptake and cell
swelling were observed for the polymers. Minimal uptake of
PLGA was observed compared to C-PLGA (CI peaked at 1.9
±0.2 for C-PLGA compared to 1.1±0.4 for PLGA at 40 μg/
mL). At 100 μg/mL, no peak was observed for PLGA, and for
C-PLGA the peak was diminished compared to that at 40 μg/
mL attributable to a dose response loss of cell adhesion. Inter-
estingly, microscopic examination revealed pronounced cell
proliferation and clumping or aggregation in the C-PLGA
treated cells (Fig. 13), which we attributed to the immuno-
stimulatory nature of the polymer. Cell stimulation causes
morphological changes which result in changes in cellular im-
pedance (33). Surprisingly, MTT assay of the cells from the E-
plate indicated cell viability (up to 100% or more) of the cells
treated with C-PLGA, likely due to stimulation (Fig. 13f).
Considering that MTT and RT-CES data have previously
been correlated, this finding was unexpected and points to
the need to correlate data from different methods before con-
clusions are derived. These findings are crucial for studies
involving testing of small molecules on differentiating cells in
which impedance measurements or MTT assay are used as a
tool for determining viability or cytotoxicity.

The profiles obtained for PLGA NPs and C-PLGA NPs
(Fig. 12c and d) were similar to those of C-PLGA polymer in
the first 3 h post treatment but with a reversal in the dose

responsiveness. We attribute the reversal in dose responsive-
ness when compared to the polymers, to the latter’s effects on
cell adhesion being dose dependent. Microscopically, PLGA
NPs and C-PLGA NPs (Fig. 13d and e) did not present the
clumping observed for C-PLGA (Fig. 13c) further supporting
the differences in adhesion profiles. An initial short term in-
crease in CI post treatment was observed which peaked at 1.5
±0.1 and 1.7±0.1 following treatment with PLGA NPs and
C-PLGA NPs respectively (100 μg/mL), compared to un-
treated cells (1.2±0.1). Again this peaking was associated with
uptake and swelling (14). This was followed by a period in
which CI dropped to below control levels (~0.7) within 8 h
possibly due to changes in the cell morphology and hence
decrease in adhesion. The drop in CI for the NPs, unlike for
C-PLGA polymer, was followed by gradual sustained in-
creases in CI to form characteristic Bspoon-shaped^ profiles
between 80 and 120 h. Such ‘spoon shaped’ profiles are asso-
ciated with intracellular Ca2+ increases (34). To determine
any differences in Ca2+ signaling between the PLGA NPs
and C-PLGA NPs, the negative area under the curve (for
the Bspoon shaped^ structure) was calculated with 1 as base-
line at 100 μg/mL using Graphpad Prism® (San Diego, Cal-
ifornia, USA). The area was found to be 20.7±1.5 and 22.8±
5.6 for PLGA NPs and C-PLGA NPs respectively, (area for
untreated cells was 13.6±4.9), and no significant difference

Fig. 13 Phase images of cells treated with 100 μg/mL of polymers and NPs at 72 h post treatment. Images were obtained with an inverted microscope.
Untreated cells are represented in (a), PLGA treated cells in (b), C-PLGA in (c), PLGA NPs in (d) and C-PLGA NPs treated cells in (e). The characteristic
morphology of stimulated and proliferating cells (clumping and aggregations) is depicted for C-PLGA treated cells (c). This morphology is absent for cells in (b), (d)
and (e). The C-PLGA (c) treated cells also appear more rounded (hence less adhesion) compared to cells treated with PLGA, PLGA NPs or C-PLGA NPs. The
number of cells in (e) appears >D>C>B. Corresponding MTT treated cells are shown in (f) (n=2). According to the MTT data, C-PLGANP treated cells were
more viable than cells treated with PLGA, C-PLGA or PLGA NP. The viability data also appears to correspond with cell number as seen in images B-E i.e.,
E>D>C>B. All treated cells were more viable than untreated cells (>100%) likely a result of the stimulatory nature of the treatments.
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was observed between treatments (p>0.05). Phagocytosis is a
Ca2+ dependent process (35) and could explain the observa-
tion of ‘spoon shaped’ profiles for bothNPs. Dose-dependency
of the spoon shaped profiles was observed (0.4–100 μg/mL)
suggesting increased phagocytosis. Interestingly, curdlan
through Dectin-1 activation is known to increase intracellular
Ca2+ following phosphorylation of various intracellular phos-
pholipases (36), However, no significant difference in the areas
of the spoon shaped profiles was observed between the C-
PLGA NPs and PLGA NPs treated cells, possibly due to
masking by phagocytosis.

Although the impedance data did not correlate with the
MTT findings especially for C-PLGA (since adhesion recep-
tors were altered), it was useful in providing valuable insights
on the effects of the NPs on the macrophages with respect to
Ca2+ modulation.. Additional studies to determine how adhe-
sion of the treated cells was affected by determining the pres-
ence of adhesion receptors such as CD11c and CD18 which
are predominantly expressed on differentiated THP-1 macro-
phages (37,38) will be useful in understanding how polymers,
in particular C-PLGA affect cell adhesion. These results are
the first to the best of our knowledge to show Ca2+ signaling
related uptake of NPs using impedance measurements.

CONCLUSION

We have shown successful synthesis of a bio-intergrated C-
PLGA copolymer. NPs synthesized from this polymer possess
immune-stimulatory activity, as well as sustained drug delivery
potential. The polymers and NPs were non-toxic against
THP-1 macrophages as determined by MTT assays. Real
time impedance measurements of the macrophages in the
presence of the polymers and NPs provided novel insights into
uptake, adhesion profiles and stimulation, which were other-
wise not discernible from the endpoint MTT assay. Dose de-
pendent loss of macrophage adhesion was observed in the
presence of the polymers, in particular C-PLGA. No loss of
cell adhesion was observed in the case of NP treated cells. For
the first time, the Ca2+ dependent uptake of NPs into macro-
phages has been demonstrated using impedance measure-
ments and this could lead to increased application of this tech-
nology in studies involving NPs. We expect our results to lead
to further development of bio-intergrated polymers and
immunostimulatory NPs for cellular targeted therapy.
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