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Abstract: The propensity of monocytes to migrate into sites of mycobacterium tuberculosis (TB)
infection and then become infected themselves makes them potential targets for delivery of drugs
intracellularly to the tubercle bacilli reservoir. Conventional TB drugs are less effective because of
poor intracellular delivery to this bacterial sanctuary. This study highlights the potential of using
semicrystalline delta inulin particles that are readily internalised by monocytes for a monocyte-based
drug delivery system. Pyrazinoic acid was successfully attached covalently to the delta inulin particles
via a labile linker. The formation of new conjugate and amide bond was confirmed using zeta potential,
Proton Nuclear Magnetic Resonance (1HNMR) and Fourier transform infrared spectroscopy (FTIR).
Scanning electron microscopy (SEM) confirmed that no significant change in size after conjugation
which is an important parameter for monocyte targeting. Thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC) were used to establish the change in thermal properties.
The analysis of in-vitro release demonstrated pH-triggered drug cleavage off the delta inulin particles
that followed a first-order kinetic process. The efficient targeting ability of the conjugate for RAW
264.7 monocytic cells was supported by cellular uptake studies. Overall, our finding confirmed that
semicrystalline delta inulin particles (MPI) can be modified covalently with drugs and such conjugates
allow intracellular drug delivery and uptake into monocytes, making this system potentially useful
for the treatment of TB.
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1. Introduction

Mycobacterium tuberculosis (Mtb) remains a deadly and contagious human pathogen responsible
for tuberculosis which is now the leading cause of death from infectious diseases surpassing human
immunodeficiency virus infection (HIV) and acquired immune deficiency syndrome (AIDS) according
to reports from the Global Tuberculosis Report 2017 [1]. Tuberculosis (TB) affects around 2 billion
people or 30% of the global population making it a significant public health problem [2]. Despite the
progress achieved in global TB control, eradication and treatment has been significantly jeopardized
by the HIV epidemic [3–5] and the emergence of multidrug-resistant TB (MDR) and extensively
drug-resistant TB (XDR TB) [6,7]. Intracellular pathogens such as Mycobacterium tuberculosis cause
chronic infection in human because the pathogen has adapted specialized mechanisms of evading
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and overturning immune recognition, phagosome-lysosome fusion, and destruction by the immune
system of the host [8–10]. Also, the pathogen uses infected monocytes as cellular reservoirs [11] and
vehicles to spread to other parts of the body [12].

Unfortunately, the Bacille Calmette–Guérin (BCG) vaccine only protects children against
disseminated infection but not pulmonary TB and doesn’t provide any protection of adults [13].
Furthermore, current conventional TB treatments are limited in their ability to reach target sites and to
fully control both replicating and non-replicating bacteria in infected macrophages making treatment
of TB very difficult. Due to its survival strategies the TB pathogen is capable of escaping destruction
by therapeutic drugs [13], which translates to treatment failure and extended treatment regimens.
Adding pyrazinamide (PZA), which uniquely kills dormant tubercle bacilli, to the drug regimen allows
reduction in the duration of TB treatment from 9–12 months to about 6 months. PZA is a prodrug
converted intracellularly into pyrazinoic acid (POA) by nicotinamidase enzyme [14]. The use of POA
ester derivatives to deliver POA intracellularly has been reported [15,16]. However, the instability
and hydrolysis of the POA ester before reaching the target site was a major setback during in-vivo
studies despite a promising results in-vitro. Consequently, designing a stable POA prodrug with serum
stability and good intracellular targeting remains a major challenge.

The host innate immunity plays a key role in protection against Mtb. Monocytes are a highly
mobile subclass of the circulating white blood cells that are recruited from the bloodstream to site of
infection, injury, and inflammation in the body [17,18]. The recruitment of monocytes is crucial for host
defences against invading pathogens, but they also contribute to the pathogenesis of inflammatory
diseases [17]. This recruitment, migration, ability to penetrate sites of inflammation, tumours and also
cross biological barriers, reaching deep hypoxic areas [19,20]; this makes them an important target
that can be utilised to deliver drug cargos in the treatment of conditions such as tuberculosis [21,22],
HIV [23,24], cancer [25,26], and inflammatory diseases [27]. Chronic infections like TB could be
alleviated by the design of novel drug delivery systems that use the body’s own circulating monocytes
to safely deliver drugs intracellularly to the tubercle bacilli reservoir and is an approach that is currently
gaining more attention [28].

Delivery of therapeutics to monocytes and macrophages has often exploited particle-based
delivery strategies. Modification of the particles surface chemistries, attaching ligands to particles
and using different shape and size of particles are different approaches reported in the literature as a
strategy in the targeting of drugs to monocytes [29]. A type of particle previously used as a vaccine
adjuvant is constructed from inulin, a natural plant fructan found in chicory, dahlia, and Jerusalem
artichoke [30]. Inulin consists of linear chains of fructosyl groups linked by β (2→1) glyosidic bonds
that is terminated at the reducing end by an α-d-(2→1)-glucopyranoside ring [31]. Semicrystalline
form of inulin (MPI) can be exploited for targeting and sustained drug release to monocytes because
this insoluble form of inulin prevents rapid renal excretion. Previous work from our group has shown
that this semicrystalline inulin is approximately 1–2 microns in diameter with regular and consistent
spherulite-like discoid structure [32]. Due to its potent ability to activate complement, this modified
inulin has demonstrated potential use for cancer treatment [33] and as a vaccine adjuvant [34–37].
MPI has excellent tropism towards monocytes, and an ability to bind and be internalized by monocytes
with high efficiency [38].
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This study involved the use of MPI as starting material for the development of a novel drug delivery
system to target drugs to human immune cells. We hypothesized that the mononuclear phagocytes
that act as the principal vehicle for dissemination of tubercle bacilli could also serve as a transporter for
the delivery of TB drug. In order to improve the stability of the POA conjugates and cellular targeting
of antibiotics to phagocytic cells, we reasoned that by attaching TB drugs to the inulin nanostructure
surface by using a covalent hydrolysable linkage the conjugate will be cleaved by intracellular acidic
conditions and enzymes contained in the lysosome after internalization into monocytes (Figure 1).
To achieve this, we designed amine-modified MPI particles coupled to pyrazinoic acid (PCA) using
carbodiimide reaction chemistry N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysuccinimide (NHS) that allows pH-triggered and controlled release of the active
drug PCA into the cellular compartments including lysosomes (Figure 2). This should ultimately result
in the release of drugs inside the infected monocytes.

This system exploits the change in pH that occur along the monocytes endosomal/lysosomal
pathway from neutral extracellular pH of ~7.4 to an endosomal acidic pH of ~4.5. The modified MPI
vehicle developed here allows the MPI to act as both a drug delivery system, and its carrier delta
inulin itself has intrinsic immunostimulatory activity [39]. The safety profile, simple modification
procedure, abundancy, biodegradability, and biocompatibility of inulin gives it several advantages
over other targeting systems. The drug-modified MPI particles (MPIEDPCA) were characterized in
this study using physicochemical techniques including FTIR, 1HNMR, as well as in-vitro drug release
and cellular uptake study.
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2. Materials and Methods

2.1. Materials

Delta inulin was prepared and supplied by our industrial partner Vaxine Pty Ltd. (Adelaide,
Australia) by a method previously described [32]. PCA, sodium metaperiodate, sodium acetate,
acetic acid, glycerol, ethanolamine, ethylenediamine, acetonitrile, sodium cyanoborohydride solution
(5 M in 1 M NaOH), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC)
and N-hydroxysuccinimide (NHS) and phosphate buffered saline tablets (PBS, pH 7.4, 0.01 M),
6-[Fluorescein-5(6) carboxamido] hexanoic acid (FITC) were purchased from Sigma-Aldrich Castle
Hill, New South Wales Australia. Dimethyl sulfoxide (DMSO) for cell work were supplied by Merck
(New South Wales, Australia). The NMR solvents, deuterated water (D2O) and DMSO (DMSO-D6),
were purchased from Cambridge Isotope Laboratories (Tewksbury, MA, USA). All reagents and
chemicals used were of analytic grade. General cell culture was supplied as a gift from Vaxine Pty Ltd.
For the biological work, cell media and staining reagents Dulbecco’s Modified Eagle Medium (DMEM),
l-Glutamine, trypsin and McCoy’s 5A (Modified) Medium were all purchased from Thermo Fisher
Scientific (Thebarton, Adelaide, Australia). High purity (Milli-Q) water obtained from Sartorius™
Arium Pro-Ultrapure Water System was used in all of the experiments.

2.2. Experimental/Methods

Oxidation and Diamine Coupling of Inulin Particles

For inulin particle oxidation, sodium periodate (40 mg) was dissolved in sodium acetate buffer
(0.1 M, pH 5.5) in 4 mL to give a concentration of 10 mg/mL in a light protected container. In a separate
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light protected container, inulin particles (3.4 mL, 53 mg/mL, 180 mg) were added to 10.7 mL sodium
acetate buffer to make up 14.1 mL in a light protected container. The sodium periodate solution
(3.92 mL) was added to the inulin. The final concentration of inulin was 10 mg/mL and both were
reacted on a rotator at room temperature in the dark for 45 min to allow oxidation of the inulin
particles. The reaction was quenched with glycerol (1.8 mL) before centrifuging (RCF = 3270 for 7 min).
The oxidized particles were washed three times with PBS pH 7.4 0.01 M (RCF = 3270 for 7 min) and the
final oxidized particles were redispersed in PBS to make approximately about 10 mg/mL.

2.3. Diamine Coupling of Oxidized MPI Particles

The solution of ethylenediamine (36.84 mg/mL, 100× excess) was prepared in Milli-Q water.
The phosphate buffer (0.4 M) was prepared using sodium dihydrogen phosphate hydrate (2.76 g) with
Milli-Q water. An equal amount of each was combined and the pH was adjusted using concentrated
hydrochloric acid to pH 6.5. The oxidized inulin particles were then redispersed in this buffer
(10 mg/mL) and sodium cyanoborohydride solution (180 µL, 5M in 1 M NaOH) was then added to this
dispersion and this was further reacted for 18 h. The amine-modified inulin particles are then washed
three times using PBS by centrifugation (RCF 3270 for 7 min) and the final modified particles were
redispersed in PBS. The variables such as the concentration of ethylenediamine (50–200× excess), molar
(0.01–0.2 M) of the buffer, pH (6.5–7.4), duration of reaction (12–36 h), the concentration of sodium
cyanoborohydride solution (0.5–1.5×) were considered for optimization.

2.4. PCA Loading onto Amine Modified MPI Particles

The amine-modified MPI particles (150 mg) were dispersed in sodium phosphate buffer (pH 7,
0.1 M) and to this was added pyrazine carboxylic acid (0.25 mmol, 93.3 mg). Then EDC (0.312 mmol,
187.3 mg) and NHS (0.025 mmol, 8.9 mg) were added and the whole mixture was reacted for three
hours at room temperature. The final modified particles were washed three times by centrifuging (rcf
3270 for 7 min) using PBS and lastly, the final particles were stored in PBS buffer. The variables such
as the amount of PCA (1–4×), NHS (1–4×), EDC (1–4×), the way of addition of each ingredients, pH
(6.3–10.5), duration of reaction (3–24 h), and the concentration of MPI for the reaction (5–20 mg/mL)
were considered for the optimization.

2.5. Characterization of MPI-ED-PCA

2.5.1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained using Shimadzu IRPrestige-21 FTIR 8400 spectrophotometer (Kyoto,
Japan). FTIR was used to characterize the presence of functional chemical groups in the materials.
The synthesized MPIEDPCA, MPI was freeze-dried and mixed with KBr powder to form a pellet then
the FTIR spectra were obtained in the range of 4000–400 cm−1 using 64 scans.

2.5.2. Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy NMR

Proton nuclear magnetic resonance (1H NMR) spectroscopy (Bruker Avance III 500 NMR, Bruker,
Wissembourg, France) was used to validate the synthesis method and demonstrate that PCA was
coupled to modified MPI particles. The 1H NMR spectra were recorded using a Bruker Avance II 300,
spectrometer operating at 300 MHz. The 1H NMR spectra allow us to show that the drug is attached
to the inulin backbone and also a means of quantification of the PCA molecules linked to MPI by
comparing the integrals of the peak at δ 8.79–9.206, ascribable to the protons of the PCA, to those at δ
3.55–4.25 belonging to the protons of MPI backbone.

2.5.3. Zeta Potential Measurements

Z-potential measurements (mV) were performed at 25 ◦C using a Malvern Zetasizer Nano ZS
instrument (Malvern, Worcestershire, UK), fitted with a 532 nm laser at a fixed scattering angle of 173◦.
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Aqueous solutions of MPIEDPCA (0.1 mg/mL), were analyzed after filtration through a 5-µm cellulose
membrane filter. The zeta potential (mV) was calculated from the electrophoretic mobility using
the Smoluchowski relationship and assuming that K·a� 1 (where K and a are the Debyes–Hückel
parameter and particle radius, respectively).

2.5.4. Thermogravimetric Analysis (TGA)

About (6 ± 0.1 mg) each of MPI and the conjugate were weighed and the TGA analysis was carried
out using a Thermogravimetric Analyzer Discovery TGA 550 (New Castle, DE, USA) under a nitrogen
flow of 10 mL min−1 with a heating rate of 10 ◦C/min between room temperature and 600 ◦C.

2.5.5. Differential Scanning Calorimetry (DSC)

DSC of the MPI, PCA and conjugate sample was carried out using a Discovery DSC TA Instrument
(model Discovery DSC 2920 (New Castle, DE, USA) calibrated with an indium standard. Dry samples
about (2 ± 0.1 mg) were analyzed by heating from room temperature to 250 ◦C at a rate of 10 ◦C/min
under a nitrogen atmosphere (10 mL min−1).

2.5.6. Drug Loading

About 200 µL of the MPIEDPCA conjugates were added to 800 uL of HCl acid (pH 1.2) and
heating up the sample at 60 ◦C for about 5 min in order to break the bond (hydrolysis). After 24 h the
sample was centrifuged for 5 min at 4500 rcf. Then the total amount of PCA in the supernatant was
evaluated using HPLC after dilution of the test sample to appropriate concentration. The amount of
PCA in the sample was analyzed using HPLC system (Shimadzu Corporation, Kyoto, Japan) consisting
of a series of LC-20ADXR pumps, SIL-20ACXR autosampler, CTO-20AC column oven and SPD20A
variable UV detector set at 268 nm, and C18 Altima 250 mm × 4.6 mm column (5 µm) The mobile phase
was a mixture of KH2PO4 buffer (pH 2.10): Acetonitrile (90:10 v/v) eluted at a flow rate of 0.9 mL/min.

2.5.7. In-Vitro Cleavage

Artificial Lysosomal Fluid (ALF) and Simulated Body Fluid (SBF) were prepared as reported in
the literature [40]. 30 mg MPIEDPCA particles which are equivalent to 3 mL was centrifuged and the
supernatant was discarded. Then 1 mL of the release media was used to reconstitute this solid particle
and transferred into a dialysis bag. The dialysis was then immersed into 15 mL of release medium in a
clear glass bottle containing ALF at (PH 4.5, 5.2 and 6.0) respectively and this was incubated at 37 ◦C
under continuous stirring (50 rpm) in a Benchtop Incubator Shaker. An aliquot of the external medium
(1 mL) was collected from the outside of the dialysis bag at different time points and replaced with an
equal amount of fresh medium and sink condition was also maintained. The amount of PCA cleave
from the MPIEDEDPCA was evaluated by HPLC. Then the % cumulative release from the MPIEDPCA
at different pH was determined using HPLC after appropriate dilution of the sample.

2.5.8. Efficient Uptake of FITC Labelled MPI Particles by RAW 264.7 Macrophage Cells

The amine-modified MPI was labelled with 6-[fluorescein-5(6) carboxamido] hexanoic acid (FITC)
by using similar PCA coupling protocol but with the PCA exchanged for a molar quantity of the probe.
This coupling results in the formation of FITC modified inulin particles (MPIEDFITC). Then RAW
264.7 cells of 1 × 105 cells/well were plated into each 12-well plate at 37 ◦C, 5% CO2, high glucose
media and left overnight to allow for proper attachment. After this, the cells were then exposed to
FITC labelled MPI (MPIEDFITC) and FITC alone at a concentration of 20 µg/mL for 0.5, 2 and 4 h
time point. At each time point, the cells were washed 3× in sterile PBS and then scraped off and spun
down at 1000 rpm for 5 min. The cell pellet obtained after this procedure was then resuspended in
100 µL of PBS. To ensure an even and uniform preparation of cells before staining, the cells were spun
down at 1000rpm for 5 min in a Cytospin4 cytocentrifuge (Thermoshadon, Cheshire, UK). Slides were
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then left to dry for 24 h before fixation for 10 min in neutral buffered formalin. Counterstaining and
coverslipping were then performed using 4, 6 diamidino-2-phenylindole (DAPI) containing fluorescent
mounting media. Images of each time point and treatment were then taken using a Zeiss Elyra PS.1
Laser Scanning Confocal Microscope with Zeiss ZEN lite software (CLSM).

2.5.9. Flow Cytometry Measurements (FACS)

For the flow cytometry analyses, RAW 264.7 macrophage cells (~1 × 106/mL) were seeded into
12 well plates and cultured in high glucose media for 24 h in 37 ◦C, 5% CO2. Then FITC (20 µg/mL) and
MPIEDFITC conjugate at 20 µg/mL equivalent of FITC was added to the cells and incubated at 37 ◦C
for 30 min, 2 h and 4 h. After each time point, cells were rinsed with PBS three times scrapped off and
spun down (centrifuged) at 1000 rpm for 5 min. The supernatant was discarded and the pellet at the
bottom resuspended with 200 µL PBS. Finally, the percent of cells containing FTIC in the suspended
cells was analyzed using CytoFLEXTM flow cytometry (Beckman Coulter, Brea, CA, USA). The results
were analysed with FlowJoTM software.

3. Results/Discussion

3.1. Synthesis and Physicochemical Characterization of MPIEDPCA

The use of periodate activation is a common approach used in the covalent attachment of amines
to polysaccharides such as inulin, dextran, starch, and cellulose [41,42]. The hydroxyl groups on inulin
particles were oxidized using sodium periodate and this produced highly reactive hemiacetal aldehyde
that subsequently reacts with an ethylenediamine linker to form a Schiff-base. The labile Schiff-base
was reduced to a secondary amine linkage by the addition of sodium cyanoborohydride solution to
stabilize the linkage. The first modification results in the introduction of amine pendant group to the
inulin particles. The second step involves the coupling of PCA to the amine modified MPI particles via
an amide bond. This used EDC/NHS as a coupling agent to activate the carboxylic acid on PCA to
react with modified amine forming MPIEDPCA conjugate (Figure 2).

3.2. Optimization of Diamine MPI and PCA Coupling

To increase the drug loading onto MPI particles, the syntheses were optimised. Variables including
the concentration of ethylenediamine (18.42–73.68 mg/mL, 50–200× excess), molarity (0.01–0.2 M) of the
buffer, pH (6.5–7.4), duration of reaction (12–36 h) and the concentration of sodium cyanoborohydride
solution (0.5–1.5×) were varied for the ethylenediamine addition. The use of pH 6.5 gives better
ethylenediamine (ED) loading than pH 7.4.

The optimization isolated the following reaction conditions as best for the ED Coupling; (i) 18 h
reaction time; (ii) pH 6.5 and; (iii) 180 µL of sodium cyanoborohydride reagent for 180 mg MPI
(Figure 3A).

The PCA coupling was also optimized by varying the amount of PCA (1–4×), NHS (1–4×),
EDC (1–4×), the method of addition of each ingredients, the pH (6.3–10.5) of the reaction, the duration
of the reaction (3–24 h), and the concentration of MPI for the reaction (5–20 mg/mL). The key results in
this optimization showed that overnight and longer reaction times did not result in significant increase
in PCA loading and 3 h seem to give a better result. Doubling of PCA concentration, NHS, EDC
(X4, X2) did not result in increased loading of PCA. The use of sodium phosphate buffer pH of 7.0
was slightly better than pH 7.4, 6.5 and 6.0 for coupling PCA via the EDC/NHS coupling chemistry
(Figure 3B). Consequently, the following reaction parameters were considered optimal for the PCA
coupling reaction; (i) 3 h reaction time; (ii) pH of 7.0 for the sodium phosphate buffer used in the
coupling reaction and; (iii) the ratio of EDC and NHS remain same as the standard protocol.
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3.3. Characterization Using 1h NMR Spectroscopy

The successful formation of the new conjugate was confirmed using1H NMR spectroscopy and
FTIR. The 1H-NMR spectrum of MPIEDPCA is shown in Figure 4 (see Supplementary Materials
Figure S2A–C for 1H-NMR spectra of MPI, MPIED, and PCA are shown in) and the peaks arising
at 8.79–9.2 ppm indicated the successful conjugation of PCA to the amine modified MPI. From the
spectrum of MPIED, the degree of derivatization can be calculated by comparing the integral of the
peak attributable to ethylenediamine δ 2.74–3.15 (4HEDA, –NH–CH2–CH2–NH2) to the peaks between
3.55 and 4.25 attributed to the MPI protons. Based on this, the amine pendant loading was 3.82% m/m
relative to MPI (Supplementary Materials Figures S1 and S2). 1H-NMR spectroscopy also allowed
quantification of the amount of PCA by comparing the integrals of the peak belonging to the MPI
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protons δ 3.55–4.25 compared to the proton attributed to the phenyl ring of PCA with δ 8.79–9.2
(Figure 4). The amount of PCA linked to the MPIED was determined using two methods (1H NMR
and UV spectroscopy). The % loading of PCA calculated using the 1H NMR equal to 3.07% m/m of the
MPI repeating units and this result is in agreement with HPLC method.
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Figure 4. 1H-NMR spectra of MPIEDPCA confirming PCA attachment to MPI.

3.4. FTIR

The attachment of PCA to the amine modified MPI via amide bond was confirmed by FTIR.
(Figure 5A,B). The spectra of PCA is characterized by the presence of the OH group of the carboxylic
acid with the broad band at 3130 cm−1 and a band at 1732 cm−1 for the (C=O) carbonyl group (Figure
S3, Supplementary Materials) [43]. MPI shows a band at 3363 cm−1, 2926 cm−1 and 1028 cm−1 that
can be attributed to OH stretching, aliphatic CH2 stretching and COC bending, respectively [44]. The
MPI spectra also has bands at 880 cm−1, 935 cm−1, 992 cm−1, 1037 cm−1, 1120 cm−1 and 1143 cm−1

that are sharpened compared to amorphous inulin due to the semicrystalline nature of the MPI [45].
After modification of the MPI, the new conjugate show additional bands at 1543 cm−1, which can be
attributed to the amide-II (Figure 5B). This result is in agreement with previous literature reports [46,47].
In addition, the presence of a small change in the MPIEDPCA conjugate spectra compared to MPI
can be attributed to pyridyl ring of PCA in the final conjugate product with bands at 1408 cm−1 as
shown in Figure 5B [48]. The broadband of MPI around 1642 cm−1 shifted slightly to 1656 cm−1 in the
conjugate due to the modification of the MPI.
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3.5. DSC

PCA shows a typical DSC Profile (Figure 6) characterized by a sharp endothermic peak at 223 ◦C
considered to be the melting point of PCA and in agreement with reported literature [49]. The DSC of
the MPI (Figure 6A,B) clearly shows a broad endothermic peak between ~160 ◦C and 168 ◦C due to
melting of the MPI as expected due to the variety of isoforms determined by different length of inulin
chains incorporated into the crystal structure [39] as well as degradation at 214 ◦C. The DSC of the
conjugate varies from MPI alone as there is evidence of a broad endothermic event between 130 and
150 ◦C that may be a slow glass transition. Also, the main melting transition shifts to 180 ◦C. This may
be due to aromatic interactions between PCA groups on the surface that convert the gradual melting
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transition of various isoforms and amorphous inulin in the particles into a sharp melting transition
(Figure 6B).
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3.6. TGA

The thermogram of MPI as shown in Figure 7 displays a three-step mass loss as expected. The first
event (depression in the TGA curve) occurring from 30 to about 82.5 ◦C with about 6.85% mass loss can
be ascribed to loss of unbound water [50,51]. From 83 ◦C till about 207 ◦C the MPI remain stable with
no loss in mass. The second major loss (49.5%) started between 207 to 311 ◦C. This second event can be
attributed to the decomposition of the MPI polymer [52]. This TGA result is in agreement with reports
from the literature [52]. Evidence of conjugation and covalent linkage was supported by the TGA
data. The TGA of the MPIEDPCA shows three steps of mass loss similar to MPI. Initial weight loss for
the conjugate was around 6.74%, followed by the second loss of around 43.5%. The decomposition
of the conjugate started from 309 ◦C and the reported weight loss was 22.2%. However, the residual
weight (%) at 600 ◦C for the conjugate and MPI was 25.99 and 14.88% respectively possibly due to
the increased carbon-carbon network. Further, the onset of the second mass loss was around 200 ◦C
compared to 207 ◦C for the MPI. TGA helps to establish that the onset of the main decomposition is
shifted down by 7 ◦C. This can be explained by the fact that oxidation of MPI by periodate can result in
reduce molecular weight [53], which can translate to lower degradation temperature couple with the
introduction of an amide bond.
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3.7. SEM

The particle size and morphology of the synthesized MPIEDPCA conjugates were investigated
using scanning electron microscopy. The SEM of the MPI microparticles and different conjugates
are shown in Figure 8A,B. The SEM images, as previously reported, show that MPI microparticles
are of a regular discoid structure comprised of stacks of lamellar sheets with a diameter of about
1–2 µm (spherulite-like discoid shape) [32]. The SEM of the modified MPI conjugates (B) is similar
to delta inulin particles both in size and structure. The result of the imaging also gives credibility
to the fact that the conjugation reaction didn’t significantly alter the particle size or shape of the
conjugate. As the morphology remained constant, the interactions with immune cells are not expected
to change significantly. Consequently, the size and surface molecular organization of the synthesized
MPI conjugates is expected to contribute to the excellent tropism of these particles towards monocytes
and dendritic cells [54].
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3.8. Zeta Potential

Zeta potential further supports the result obtained by NMR and FTIR. The successful attachment
of PCA to the amine modified inulin particles and stability of the conjugate was confirmed using the
zeta potential. The measured zeta potential shows remarkable change and shift in the zeta potential of
amine-modified inulin particles from 22.8 ± 0.55 mV to 43.8 ± 0.37 mV zeta potential after modification
with PCA that further confirms conjugation (Figure S4, Supplementary Materials). Cellular uptake of
nano/microparticles is controlled by the size, surface charge, and shape of the nanomaterial [55,56].
Cells typically have a greater preference for positively charged particles compared with negatively
charged particles because the cell membrane is assumed to have negative electronic potential [57–60].
Although this may not be relevant to the case of native MPI, which demonstrates rapid monocyte
uptake despite having a negative charge. If anything, this uptake should be even further enhanced by
the positive charge imparted by the PCA conjugation.

3.9. Drug Loading and pH-Triggered PCA Release

To quantitatively assess the PCA content in the MPIEDPCA system. The PCA content was
evaluated using reverse-phase high liquid performance chromatography (RP-HPLC) method. After
optimization of the amine linker and the PCA attachment, the final MPIEDPCA conjugate was
found to have 3.01% of PCA. The HPLC assays further corroborates result obtained using NMR
spectroscopy. As shown in Figure 9, the in-vitro release study clearly demonstrates that pH-triggered
MPIEDPCA conjugate allows controlled release of the active PCA into the cellular compartments
including lysosomes. This system exploits the change in pH between the physiological pH of 7.4 in
the bloodstream and the pH value of 4.5 for intracellular lysosomes as a useful strategy for TB drug
targeting to immune cells. The in-vitro release profiles clearly shows that MPIEDPCA released the
active PCA drug cargo in the intact form for a prolonged period without any burst release. Also, at a
pH of 4.5 that mimics the intracellular pH of the lysosomes, over 41% of the drug was released from
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the conjugate after 6 days. The release was slower with an increase in pH with about 23.3% and 14.2%
release for pH 5.2 and 6 respectively after 6 days. Also, the hydrolysis of the conjugate in SBF is slow
with a release rate of only 8% over 6 days under conditions modelling blood plasma (pH 7.4) This
shows that the MPIEDPCA will have pH tuned release of its drug cargo after entering the monocytes
making this system effective drug delivery system for monocytes. This system fulfils the requirement
of an effective system for targeting drugs to the infected monocytes such as in TB.
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3.10. Mechanism of PCA Drug Release

Generally, amides are considered stable to pH-mediated hydrolysis under physiological
conditions [61,62] and require enzymes for release. Amides are more stable to acid and base-catalyzed
hydrolysis than ester bonds due to the reduced electronegativity of the nitrogen atom in the amide
compared to oxygen in the ester. Consequently, the non-bonding electrons on the nitrogen are more
likely to be donated to the adjacent carbonyl group, leading to the resonance stabilization and partial
double bond character of the bond between the carbonyl carbon and the nitrogen atoms. This reduces
the ability of amides to undergo attack by nucleophiles [63]. Specific amides have been found to degrade
at mild pH for various electronic and structural reasons. These include monoamides of phthalamic
anhydrides [64], cis-aconitamide, maleamide, and citraconamide linkages [65,66], amides that have
the nitrogen substituted directly to an aromatic ring [63,67] and Beta-lactams [63]. The attachment
of PCA through an ethylenediamine linkage in this research does not contain the key structural
features previously identified to undergo pH-mediated degradation under mild conditions. The
attachment is similar to a drug delivery system in which methotrexate was coupled to dextran through
an ethylenediamine linker and those authors reported release under neutral conditions, though they
attributed initially rapid release to incomplete Schiff base reduction and subsequent release was very
slow. Due to their use of UV spectroscopy to measure drug release, this may also be attributed to
modified methotrexate still attached to the ethylenediamine linker and hydrolyzed dextran oligos [68].
Nonetheless, pH sensitive release is observed for the PCA attached in this system. We have shown that
we do have amide attachment and do not have significant levels of ester linkages or supramolecular
association under the conditions of the reaction. (Supplementary Materials, Figures S5–S7) As such,
there must be something about the connection between the MPI particles and the PCA molecule that
supports acid-mediated release.
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The linking of pyrazine carboxylic acid through an amide bond to ethylenediamine linked to MPI
particles might change the amide stability and susceptibility to hydrolysis for several reasons. Firstly,
the pyrazinamide group itself contributes to the release of its acid under acid conditions. This group
lacks a proton in the alpha position to the amide carbon, which stabilizes other amides through
hyperconjugation. Therefore, in comparison, the pyrazinamide group has increased electropositivity of
the carbonyl carbon, assisting the nucleophilic addition of water. The pyrazine ring of the pyrazinamide
group also provides electronic and both intramolecular and water hydrogen bonding effects that
increase the acidity of the amide N–H bond [69–71]. The increased electron donating capacity of the
amide hydrogen makes the nitrogen more electronegative and the carbonyl carbon more electropositive,
removing some of the stabilizing double bond characters of the carbon-nitrogen bond. This makes
both the carbon more susceptible to nucleophilic attack from water and protonation of the nitrogen
easier; both steps are key to the progression of the hydrolysis in amide bonds [64]. Nonetheless,
the first process in the acid-catalyzed the hydrolysis of amide bonds is the protonation of the carbonyl
oxygen atom. The secondary amine of the ethylenediamine linkage will be protonated under neutral
and mildly acidic conditions and is conveniently positioned to protonate the carbonyl group. Once
protonated, water attack at the carbonyl carbon and nitrogen protonation can occur, the ortho nitrogen
of the pyrazine group can then hydrogen bond to the newly formed hydroxyl groups stabilizing the
intermediate and promoting amine release and carboxylic acid formation [71].

3.11. Kinetic Release Study of PCA

The release data was fitted into the various kinetic release models such as zero order, first order,
Hixson–Crowell, Higuchi and Korsmeyer peppers (Table S1, Supplementary Materials) The correlation
coefficient of the straight line from the release data analyzed shows that the PCA release profile follows
first-order kinetics with a correlation coefficient of 0.9933. Overall the result helped establish that
PCA release is controlled by the conjugation of the PCA to the amine modified MPI which results in
sustained drug release. This result is consistent with first order process reported by Dang et al. [68]
where amide conjugated methotrexate to dextran also exhibited a first order process.

3.12. Efficient Cellular Uptake of MPIEDFITC by RAW 264.7 Macrophage Cells

To test whether MPI can serve as a vehicle and delivery tool in primary immune cells,
the amine-modified MPI was labelled with FITC in order to assess the cellular uptake of the MPI.
Freshly isolated RAW 264.7 cells were cultured in the presence of fluorescent-labelled MPI (containing
20 g/mL of FITC equivalent) or FITC only at various time points). The nuclei of the RAW cells were
then stained with DAPI. CLSM was exploited to investigate the efficient targeting power and uptake
behavior of the MPI in a time-dependent study. Figure 10 shows that soluble FITC without MPI
conjugation did not show any significant uptake into the RAW cells. By contrast, CLSM of the amine
modified MPI conjugated with FITC (MPIEDFITC) demonstrated that amine modified MPI promoted
the internalisation of the FITC dye (Figure 11). MPIEDFITC was efficiently taken up by the RAW
cells and after 30 min incubation the fluorescence was predominantly seen in the cytoplasm. This
indicates that the MPI was taken up by the raw cells via endocytosis [72,73] supporting our previous
findings [72]. In addition, with increased time of incubation, there was both a significant increase in
FITC fluorescence at 2 and 4 h in the cytoplasm and around the nucleus (Figure 11). Appearance of
FITC in the nucleus would only be expected to occur once either the individual FITC-labelled inulin
polymers themselves become soluble and are able to diffuse into the nucleus or the FITC label is cleaved
off the inulin by the acid and/or enzymatic environment of the lysosomes. Consequently, this finding
confirms that MPI conjugates are efficiently endocytosed into monocytic cells resulting in intracellular
drug release.
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Figure 11. CLSM image of RAW 264.7 macrophage cells incubated with MPIEDFITC. For each panel,
the images from left to right show cell nuclei stained by DAPI (blue), the fluorescence of the labelled
conjugate (green) and overlays of the two images. Scale bar = 10 µm.

3.13. Quantification of RAW 264.7 Macrophage Cellular Uptake

The cellular uptake of MPIEDFITC and FITC was also quantitatively determined by flow cytometry.
As shown in Figure 12A,B, histograms of macrophage cells incubated with FITC labelled MPIED
conjugate and FITC only at 30, 120 and 240 min. As expected for a microparticle system, the green
fluorescence intensity of MPIEDFITC was greatly enhanced when the incubation time of the macrophage
cells with particles was increased with a proportional increase in the mean fluorescent intensity of raw
cells treated with MPIEDFITC. This increase means that after 4 h incubation, the relative geometrical
mean fluorescence intensities of macrophage cells incubated with MPIEDFITC are approximately
10-fold greater than with FITC only stained macrophage cells (Figure 13). The fluorescence of FITC alone
is likely due to diffusion across the cell membrane. These results show that FITC and conjugate labelled
FITC must have different cellular uptake mechanisms, in agreement with the confocal microscopy.
As such, the flow cytometry results confirm the capacity of MPI conjugates to be efficiently internalized
by monocytes, a process that can be exploited for the release of drugs to combat Mtb that is harboured
within phagocytic cells.
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Figure 12. Show flow cytometry analysis (histogram) of RAW 264.7 macrophage cells incubated with
FITC-labelled MPI (A) and FITC alone (B) at a different time point (30 min, 120 min, and 240 min).
The histogram of cell count versus FITC intensity (FITC-A denotes FITC area). Data is representative of
three sets of experiments.
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Data is representative of three sets of experiments.
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4. Conclusions

In this study, PCA was effectively coupled to MPI using an ethylenediamine linkage. The amide
linking chemistry was stable to extracellular conditions and was readily cleaved once endocytosed
by RAW 264.7 monocytic cells. This suggests the conjugate could have potential for intracellular
delivery of this antibiotic for the treatment of TB. In particular, the use of MPIEDPCA to target drugs
to phagocytic immune cells provides some promise it might be able to be used to overcome multi-drug
resistant TB where TB drugs are otherwise actively transported out of the cell by the Mtb pathogen.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/11/5/243/s1.
Figure S1. 1HNMR spectra of raw MPI without any drug attachment; Figure S2. (A–C) 1HNMR spectra of PCA,
amine modified MPI and MPIEDPCA; Figure S3. FTIR spectra of PCA; Figure S4. Change in zeta potential due
to modification of MPI; Figure S5. 1HNMR spectra of reaction product of unmodified MPI and PCA activated
with EDC/NHS; Figure S6. 1HNMR spectra of reaction product of unmodified MPI and PCA without EDC/NHS;
Figure S7. 1HNMR spectra of reaction product of amine modified MPI with PCA without EDC/NHS (MPIED +
PCA); Figure S8. HPLC chromatogram of PCA; Figure S9. Calibration curve for the pure PCA standard; Figure
S10. UV spectrum of both PCA (10 µg) and MPIEDPCA (equivalent amount of PCA); Table S1. Kinetic release
models for PCA.

Author Contributions: Conceptualization—T.G.B., N.P., S.G. Method—T.G.B., N.P., S.G., F.A., A.P., Y.S.
Investigation—synthesis, characterization, release, in-vitro work and cellular uptake—F.A., A.P., Y.S., R.C.,
L.W., L.L., S.G. Writing—original draft—F.A., T.G.B., S.G. Review & editing and results interpretation—F.A., T.G.B.,
A.P., L.L., J.D.H., S.G. Supervision—Y.S., A.P., T.G.B., N.P., S.G. Project administration—T.G.B., N.P., S.G.

Funding: This research work was also supported by a grant from the Australian Research Council’s Linkage
Projects funding scheme (Project number LP140100142).

Acknowledgments: The authors would like to thank Nobuyuki Kawashima assistance with CLSM, Ken Neubauer
for help with SEM work and Karen Teague for assistance with laboratory set-up.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. World Health Organisation. Global Tuberculosis Report 2017; World Health Organisation: Geneva,
Switzerland, 2017.

2. World Health Organization. Global Tuberculosis Report 2015; World Health Organization: Geneva,
Switzerland, 2015.

3. Kwan, C.K.; Ernst, J.D. Hiv and tuberculosis: A deadly human syndemic. Clin. Microbiol. Rev. 2011, 24,
351–376. [CrossRef]

4. Etard, J.F.; Ndiaye, I.; Thierry-Mieg, M.; Gueye, N.F.; Gueye, P.M.; Laniece, I.; Dieng, A.B.; Diouf, A.;
Laurent, C.; Mboup, S.; et al. Mortality and causes of death in adults receiving highly active antiretroviral
therapy in senegal: A 7-year cohort study. Aids 2006, 20, 1181–1189. [CrossRef]

5. Martinson, N.A.; Hoffmann, C.J.; Chaisson, R.E. Epidemiology of tuberculosis and hiv: Recent advances in
understanding and responses. Proc. Am. Thorac. Soc. 2011, 8, 288–293. [CrossRef] [PubMed]

6. Gandhi, N.R.; Moll, A.; Sturm, A.W.; Pawinski, R.; Govender, T.; Lalloo, U.; Zeller, K.; Andrews, J.; Friedland, G.
Extensively drug-resistant tuberculosis as a cause of death in patients co-infected with tuberculosis and hiv
in a rural area of south africa. Lancet 2006, 368, 1575–1580. [CrossRef]

7. Shah, N.S.; Wright, A.; Bai, G.-H.; Barrera, L.; Boulahbal, F.; Martín-Casabona, N.; Drobniewski, F.; Gilpin, C.;
Havelková, M.; Lepe, R.; et al. Worldwide emergence of extensively drug-resistant tuberculosis. Emerg.
Infect. Dis. 2007, 13, 380–387. [CrossRef] [PubMed]

8. Torraca, V.; Masud, S.; Spaink, H.P.; Meijer, A.H. Macrophage-pathogen interactions in infectious diseases:
New therapeutic insights from the zebrafish host model. Dis. Models Mech. 2014, 7, 785–797. [CrossRef]

9. Baena, A.; Porcelli, S.A. Evasion and subversion of antigen presentation by mycobacterium tuberculosis.
Tissue Antigens 2009, 74, 189–204. [CrossRef]

http://www.mdpi.com/1999-4923/11/5/243/s1
http://dx.doi.org/10.1128/CMR.00042-10
http://dx.doi.org/10.1097/01.aids.0000226959.87471.01
http://dx.doi.org/10.1513/pats.201010-064WR
http://www.ncbi.nlm.nih.gov/pubmed/21653530
http://dx.doi.org/10.1016/S0140-6736(06)69573-1
http://dx.doi.org/10.3201/eid1303.061400
http://www.ncbi.nlm.nih.gov/pubmed/17552090
http://dx.doi.org/10.1242/dmm.015594
http://dx.doi.org/10.1111/j.1399-0039.2009.01301.x


Pharmaceutics 2019, 11, 243 19 of 22

10. Behar, S.M.; Divangahi, M.; Remold, H.G. Evasion of innate immunity by mycobacterium tuberculosis:
Is death an exit strategy? Nat. Rev. Microbiol. 2010, 8, 668–674. [CrossRef]

11. Peyron, P.; Vaubourgeix, J.; Poquet, Y.; Levillain, F.; Botanch, C.; Bardou, F.; Daffe, M.; Emile, J.F.; Marchou, B.;
Cardona, P.J.; et al. Foamy macrophages from tuberculous patients’ granulomas constitute a nutrient-rich
reservoir for m. Tuberculosis persistence. PLoS Pathog. 2008, 4, e1000204. [CrossRef]

12. Ryndak, M.B.; Chandra, D.; Laal, S. Understanding dissemination of mycobacterium tuberculosis from the
lungs during primary infection. J. Med. Microbiol. 2016. [CrossRef]

13. Moliva, J.I.; Turner, J.; Torrelles, J.B. Prospects in mycobacterium bovis bacille calmette et guérin (bcg) vaccine
diversity and delivery: Why does bcg fail to protect against tuberculosis? Vaccine 2015, 33, 5035–5041.
[CrossRef]

14. Zhang, Y.; Shi, W.; Zhang, W.; Mitchison, D. Mechanisms of pyrazinamide action and resistance. Microbiol.
Spectr. 2014, 2. [CrossRef] [PubMed]

15. Cynamon, M.H.; Klemens, S.P.; Chou, T.S.; Gimi, R.H.; Welch, J.T. Antimycobacterial activity of a series of
pyrazinoic acid esters. J. Med. Chem. 1992, 35, 1212–1215. [CrossRef]

16. Cynamon, M.H.; Gimi, R.; Gyenes, F.; Sharpe, C.A.; Bergmann, K.E.; Han, H.J.; Gregor, L.B.; Rapolu, R.;
Luciano, G.; Welch, J.T. Pyrazinoic acid esters with broad spectrum in vitro antimycobacterial activity. J. Med.
Chem. 1995, 38, 3902–3907. [CrossRef]

17. Korbelik, M.; Cooper, P.D. Potentiation of photodynamic therapy of cancer by complement: The effect of
γ-inulin. Br. J. Cancer 2007, 96, 67–72. [CrossRef]

18. Batrakova, E.V.; Gendelman, H.E.; Kabanov, A.V. Cell-mediated drug delivery. Expert Opin. Drug Deliv. 2011,
8, 415–433. [CrossRef]

19. Murdoch, C.; Giannoudis, A.; Lewis, C.E. Mechanisms regulating the recruitment of macrophages into
hypoxic areas of tumors and other ischemic tissues. Blood 2004, 104, 2224–2234. [CrossRef]

20. Gordon, S.; Taylor, P.R. Monocyte and macrophage heterogeneity. Nat. Rev. Immunol. 2005, 5, 953–964.
[CrossRef]

21. Tiwari, S.; Chaturvedi, A.P.; Tripathi, Y.B.; Mishra, B. Macrophage-specific targeting of isoniazid through
mannosylated gelatin microspheres. AAPS Pharmscitech. 2011, 12, 900–908. [CrossRef]

22. Barrow, E.L.W.; Winchester, G.A.; Staas, J.K.; Quenelle, D.C.; Barrow, W.W. Use of microsphere technology
for targeted delivery of rifampin to mycobacterium tuberculosis-infected macrophages. Antimicrob. Agents
Chemother. 1998, 42, 2682–2689. [CrossRef]

23. Nowacek, A.S.; Miller, R.L.; McMillan, J.; Kanmogne, G.; Kanmogne, M.; Mosley, R.L.; Ma, Z.; Graham, S.;
Chaubal, M.; Werling, J.; et al. Nanoart synthesis, characterization, uptake, release and toxicology for human
monocyte-macrophage drug delivery. Nanomedicine 2009, 4, 903–917. [CrossRef]

24. Dou, H.; Morehead, J.; Destache, C.J.; Kingsley, J.D.; Shlyakhtenko, L.; Zhou, Y.; Chaubal, M.; Werling, J.;
Kipp, J.; Rabinow, B.E.; et al. Laboratory investigations for the morphologic, pharmacokinetic, and
anti-retroviral properties of indinavir nanoparticles in human monocyte-derived macrophages. Virology
2007, 358, 148–158. [CrossRef]

25. Killion, J.J.; Fidler, I.J. Therapy of cancer metastasis by tumoricidal activation of tissue macrophages using
liposome-encapsulated immunomodulators. Pharmacol. Ther. 1998, 78, 141–154. [CrossRef]

26. Johansen, P.T.; Zucker, D.; Parhamifar, L.; Pourhassan, H.; Madsen, D.V.; Henriksen, J.R.; Gad, M.; Barberis, A.;
Maj, R.; Andresen, T.L.; et al. Monocyte targeting and activation by cationic liposomes formulated with a tlr7
agonist. Expert Opin. Drug Deliv. 2015, 12, 1045–1058. [CrossRef]

27. Schultze, J.L.; Schmieder, A.; Goerdt, S. Macrophage activation in human diseases. Semin. Immunol. 2015, 27,
249–256. [CrossRef]

28. Su, Y.; Xie, Z.; Kim, G.B.; Dong, C.; Yang, J. Design strategies and applications of circulating cell-mediated
drug delivery systems. ACS Biomater. Sci. Eng. 2015, 1, 201–217. [CrossRef]

29. Garapaty, A.; Champion, J.A. Tunable particles alter macrophage uptake based on combinatorial effects of
physical properties. Bioeng. Transl. Med. 2017, 2, 92–101. [CrossRef]

30. Kaur, N.; Gupta, A.K. Applications of inulin and oligofructose in health and nutrition. J. Biosci. 2002, 27,
703–714. [CrossRef]

http://dx.doi.org/10.1038/nrmicro2387
http://dx.doi.org/10.1371/journal.ppat.1000204
http://dx.doi.org/10.1099/jmm.0.000238
http://dx.doi.org/10.1016/j.vaccine.2015.08.033
http://dx.doi.org/10.1128/microbiolspec.MGM2-0023-2013
http://www.ncbi.nlm.nih.gov/pubmed/26104205
http://dx.doi.org/10.1021/jm00085a007
http://dx.doi.org/10.1021/jm00020a003
http://dx.doi.org/10.1038/sj.bjc.6603508
http://dx.doi.org/10.1517/17425247.2011.559457
http://dx.doi.org/10.1182/blood-2004-03-1109
http://dx.doi.org/10.1038/nri1733
http://dx.doi.org/10.1208/s12249-011-9654-6
http://dx.doi.org/10.1128/AAC.42.10.2682
http://dx.doi.org/10.2217/nnm.09.71
http://dx.doi.org/10.1016/j.virol.2006.08.012
http://dx.doi.org/10.1016/S0163-7258(98)00004-7
http://dx.doi.org/10.1517/17425247.2015.1009444
http://dx.doi.org/10.1016/j.smim.2015.07.003
http://dx.doi.org/10.1021/ab500179h
http://dx.doi.org/10.1002/btm2.10047
http://dx.doi.org/10.1007/BF02708379


Pharmaceutics 2019, 11, 243 20 of 22

31. Barclay, T.; Ginic-Markovic, M.; Cooper, P.; Petrovsky, N. Inulin—A versatile polysaccharide with multiple
pharmaceutical and food chemical uses. J. Excip. Food Chem. 2010, 1, 27–50.

32. Cooper, P.D.; Petrovsky, N. Delta inulin: A novel, immunologically active, stable packing structure comprising
beta-d-[2→1] poly(fructo-furanosyl) alpha-d-glucose polymers. Glycobiology 2011, 21, 595–606. [CrossRef]

33. Cooper, P.D.; Carter, M. The anti-melanoma activity of inulin in mice. Mol. Immunol. 1986, 23, 903–908.
[CrossRef]

34. Gordon, D.L.; Sajkov, D.; Woodman, R.J.; Honda-Okubo, Y.; Cox, M.M.; Heinzel, S.; Petrovsky, N. Randomized
clinical trial of immunogenicity and safety of a recombinant h1n1/2009 pandemic influenza vaccine containing
advax polysaccharide adjuvant. Vaccine 2012, 30, 5407–5416. [CrossRef]

35. Heddle, R.; Russo, P.; Petrovsky, N.; Hanna, R.; Smith, A. Immunotherapy—2076. A controlled study of
delta inulin-adjuvanted honey bee venom immunotherapy. World Allergy Organ. 2013, 6, 441. [CrossRef]

36. Gordon, D.; Kelley, P.; Heinzel, S.; Cooper, P.; Petrovsky, N. Immunogenicity and safety of advax,
a novel polysaccharide adjuvant based on delta inulin, when formulated with hepatitis b surface antigen:
A randomized controlled phase 1 study. Vaccine 2014, 32, 6469–6477. [CrossRef]

37. Lobigs, M.; Pavy, M.; Hall, R.A.; Lobigs, P.; Cooper, P.; Komiya, T.; Toriniwa, H.; Petrovsky, N. An inactivated
vero cell-grown japanese encephalitis vaccine formulated with advax, a novel inulin-based adjuvant, induces
protective neutralizing antibody against homologous and heterologous flaviviruses. J. Gen. Virol. 2010, 91,
1407–1417. [CrossRef]

38. Honda-Okubo, Y.; Saade, F.; Petrovsky, N. Advax™, a polysaccharide adjuvant derived from delta inulin,
provides improved influenza vaccine protection through broad-based enhancement of adaptive immune
responses. Vaccine 2012, 30, 5373–5381. [CrossRef]

39. Cooper, P.D.; Barclay, T.G.; Ginic-Markovic, M.; Petrovsky, N. The polysaccharide inulin is characterized by
an extensive series of periodic isoforms with varying biological actions. Glycobiology 2013, 23, 1164–1174.
[CrossRef]

40. Marques, M.; Löbenberg, R.; Almukainzi, M. Simulated biological fluids with possible application in
dissolution testing. Dissolution Technol. 2011, 18, 15–28. [CrossRef]

41. Schacht, E.; Ruys, L.; Vermeersch, J.; Remon, J.P.; Duncan, R. Use of polysaccharides as drug carriers. Dextran
and inulin derivatives of procainamide. Ann. N. Y. Acad. Sci. 1985, 446, 199–212. [CrossRef]

42. Dash, R.; Elder, T.; Ragauskas, A.J. Grafting of model primary amine compounds to cellulose nanowhiskers
through periodate oxidation. Cellulose 2012, 19, 2069–2079. [CrossRef]

43. Ec, A.; Simon, N.; Akpan, I. Synthesis, ftir and electronic spectra studies of metal (ii) complexes of
pyrazine-2-carboxylic acid derivative. Med. Chem. 2017, 7, 321.

44. Fares, M.M.; Salem, M.S.; Khanfar, M. Inulin and poly(acrylic acid) grafted inulin for dissolution enhancement
and preliminary controlled release of poorly water-soluble irbesartan drug. Int. J. Pharm. 2011, 410, 206–211.
[CrossRef] [PubMed]

45. Barclay, T.G.; Rajapaksha, H.; Thilagam, A.; Qian, G.; Ginic-Markovic, M.; Cooper, P.D.; Gerson, A.;
Petrovsky, N. Physical characterization and in silico modeling of inulin polymer conformation during vaccine
adjuvant particle formation. Carbohydr. Polym. 2016, 143, 108–115. [CrossRef]

46. Wu, W.; Yao, W.; Wang, X.; Xie, C.; Zhang, J.; Jiang, X. Bioreducible heparin-based nanogel drug delivery
system. Biomaterials 2015, 39, 260–268. [CrossRef] [PubMed]

47. Simões, M.F.; Valente, E.; Gómez, M.J.R.; Anes, E.; Constantino, L. Lipophilic pyrazinoic acid amide and ester
prodrugs: Stability, activation and activity against m. Tuberculosis. Eur. J. Pharm. Sci. 2009, 37, 257–263.
[CrossRef] [PubMed]

48. Zitko, J.; Servusova, B.; Paterova, P.; Mandikova, J.; Kubicek, V.; Kucera, R.; Hrabcova, V.;
Kunes, J.; Soukup, O.; Dolezal, M. Synthesis, antimycobacterial activity and in vitro cytotoxicity of
5-chloro-n-phenylpyrazine-2-carboxamides. Molecules 2013, 18, 14807–14825. [CrossRef] [PubMed]

49. Durham, P.G.; Zhang, Y.; German, N.; Mortensen, N.; Dhillon, J.; Mitchison, D.A.; Fourie, P.B.; Hickey, A.J.
Spray dried aerosol particles of pyrazinoic acid salts for tuberculosis therapy. [corrected]. Mol. Pharm. 2015,
12, 2574–2581. [CrossRef] [PubMed]

50. Leone, R.d.S.; Colman, T.A.D.; Schnitzler, E.; Ellendersen, L.N.; Masson, M.L. Evolved gas analysis (coupled
tg–dsc–ftir) applied to the thermal behaviour of inulin. J. Anal. Appl. Pyrolysis 2014, 108, 323–326. [CrossRef]

http://dx.doi.org/10.1093/glycob/cwq201
http://dx.doi.org/10.1016/0161-5890(86)90076-3
http://dx.doi.org/10.1016/j.vaccine.2012.06.009
http://dx.doi.org/10.1186/1939-4551-6-S1-P158
http://dx.doi.org/10.1016/j.vaccine.2014.09.034
http://dx.doi.org/10.1099/vir.0.019190-0
http://dx.doi.org/10.1016/j.vaccine.2012.06.021
http://dx.doi.org/10.1093/glycob/cwt053
http://dx.doi.org/10.14227/DT180311P15
http://dx.doi.org/10.1111/j.1749-6632.1985.tb18401.x
http://dx.doi.org/10.1007/s10570-012-9769-2
http://dx.doi.org/10.1016/j.ijpharm.2011.03.029
http://www.ncbi.nlm.nih.gov/pubmed/21421037
http://dx.doi.org/10.1016/j.carbpol.2016.01.062
http://dx.doi.org/10.1016/j.biomaterials.2014.11.005
http://www.ncbi.nlm.nih.gov/pubmed/25468376
http://dx.doi.org/10.1016/j.ejps.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19491013
http://dx.doi.org/10.3390/molecules181214807
http://www.ncbi.nlm.nih.gov/pubmed/24317522
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00118
http://www.ncbi.nlm.nih.gov/pubmed/26098136
http://dx.doi.org/10.1016/j.jaap.2014.04.009


Pharmaceutics 2019, 11, 243 21 of 22

51. Santillan-Urquiza, E.; Arteaga-Cardona, F.; Hernandez-Herman, E.; Pacheco-Garcia, P.F.;
Gonzalez-Rodriguez, R.; Coffer, J.L.; Mendoza-Alvarez, M.E.; Velez-Ruiz, J.F.; Mendez-Rojas, M.A. Inulin as a
novel biocompatible coating: Evaluation of surface affinities toward cahpo4, alpha-Fe2O3, zno, CahPo4@zno
and alpha-Fe2O3@ZNO nanoparticles. J. Colloid Interface Sci. 2015, 460, 339–348. [CrossRef]

52. Dan, A.; Ghosh, S.; Moulik, S.P. Physicochemical studies on the biopolymer inulin: A critical evaluation of
its self-aggregation, aggregate-morphology, interaction with water, and thermal stability. Biopolymers 2009,
91, 687–699. [CrossRef]

53. Maia, J.; Carvalho, R.A.; Coelho, J.F.J.; Simões, P.N.; Gil, M.H. Insight on the periodate oxidation of dextran
and its structural vicissitudes. Polymer 2011, 52, 258–265. [CrossRef]

54. Cooper, P.D.; McComb, C.; Steele, E.J. The adjuvanticity of algammulin, a new vaccine adjuvant. Vaccine
1991, 9, 408–415. [CrossRef]

55. Motskin, M.; Wright, D.M.; Muller, K.; Kyle, N.; Gard, T.G.; Porter, A.E.; Skepper, J.N. Hydroxyapatite nano
and microparticles: Correlation of particle properties with cytotoxicity and biostability. Biomaterials 2009, 30,
3307–3317. [CrossRef]

56. Gratton, S.E.; Ropp, P.A.; Pohlhaus, P.D.; Luft, J.C.; Madden, V.J.; Napier, M.E.; DeSimone, J.M. The effect
of particle design on cellular internalization pathways. Proc. Natl. Acad. Sci. USA 2008, 105, 11613–11618.
[CrossRef]

57. Chen, L.; McCrate, J.M.; Lee, J.C.M.; Li, H. The role of surface charge on the uptake and biocompatibility of
hydroxyapatite nanoparticles with osteoblast cells. Nanotechnology 2011, 22, 105708. [CrossRef]

58. Chung, T.H.; Wu, S.H.; Yao, M.; Lu, C.W.; Lin, Y.S.; Hung, Y.; Mou, C.Y.; Chen, Y.C.; Huang, D.M. The effect
of surface charge on the uptake and biological function of mesoporous silica nanoparticles in 3t3-l1 cells and
human mesenchymal stem cells. Biomaterials 2007, 28, 2959–2966. [CrossRef]

59. Villanueva, A.; Canete, M.; Roca, A.G.; Calero, M.; Veintemillas-Verdaguer, S.; Serna, C.J.; Morales Mdel, P.;
Miranda, R. The influence of surface functionalization on the enhanced internalization of magnetic
nanoparticles in cancer cells. Nanotechnology 2009, 20, 115103. [CrossRef]

60. Ge, Y.; Zhang, Y.; Xia, J.; Ma, M.; He, S.; Nie, F.; Gu, N. Effect of surface charge and agglomerate degree
of magnetic iron oxide nanoparticles on kb cellular uptake in vitro. Colloids Surf. B Biointerfaces 2009, 73,
294–301. [CrossRef]

61. Smith, R.M.; Hansen, D.E. The ph-rate profile for the hydrolysis of a peptide bond. J. Am. Chem. 1998, 120,
8910–8913. [CrossRef]

62. Radzicka, A.; Wolfenden, R. Rates of uncatalyzed peptide bond hydrolysis in neutral solution and the
transition state affinities of proteases. J. Am. Chem. 1996, 118, 6105–6109. [CrossRef]

63. Yoshioka, S.; Stella, V.J. Chemical stability of drug substances. In Stability of Drugs and Dosage Forms; Kluwer
Academic Publishers: New York, NY, USA, 2002.

64. Fife, T.H.; Squillacote, V.L. Intramolecular nucleophilic attack of carboxyl on amides. the metal ion inhibited
hydrolysis of n-(2-pyridyl)phthalamic acid and n-(2-phenanthrolyl)phthalamic acid. J. Am. Chem. Soc. 1977,
99, 3762–3769. [CrossRef]

65. Mo, R.; Gu, Z. Tumor microenvironment and intracellular signal-activated nanomaterials for anticancer drug
delivery. Biochem. Pharm. 2016, 19, 274–283. [CrossRef]

66. Wong, P.T.; Choi, S.K. Mechanisms of drug release in nanotherapeutic delivery systems. Chem. Rev. 2015,
115, 3388–3432. [CrossRef]

67. Brandsen, B.M.; Hesser, A.R.; Castner, M.A.; Chandra, M.; Silverman, S.K. DNA-catalyzed hydrolysis of
esters and aromatic amides. J. Am. Chem. Soc. 2013, 135, 16014–16017. [CrossRef]

68. Dang, W.; Colvin, O.M.; Brem, H.; Saltzman, W.M. Covalent coupling of methotrexate to dextran enhances
the penetration of cytotoxicity into a tissue-like matrix. Cancer Res. 1994, 54, 1729–1735.

69. Suh, J.; Yoon, S.S.; Oh, E.; Kang, C.H.; Lee, E. Intramolecular nucleophilicity of amide groups—Implications
on catalytic roles of amide groups in enzymatic-reactions. Bioorg. Chem. 1988, 16, 245–257. [CrossRef]

70. Cherukuvada, S.; Thakuria, R.; Nangia, A. Pyrazinamide polymorphs: Relative stability and vibrational
spectroscopy. Cryst. Growth Des. 2010, 10, 3931–3941. [CrossRef]

71. Kabanda, M.M.; Van Tan, T.; Tran, Q.T.; Ebenso, E.E. A computational study of pyrazinamide: Tautomerism,
acid-base properties, micro-solvation effects and acid hydrolysis mechanism. Comput. Theor. Chem. 2014,
1046, 30–41. [CrossRef]

http://dx.doi.org/10.1016/j.jcis.2015.08.057
http://dx.doi.org/10.1002/bip.21199
http://dx.doi.org/10.1016/j.polymer.2010.11.058
http://dx.doi.org/10.1016/0264-410X(91)90127-R
http://dx.doi.org/10.1016/j.biomaterials.2009.02.044
http://dx.doi.org/10.1073/pnas.0801763105
http://dx.doi.org/10.1088/0957-4484/22/10/105708
http://dx.doi.org/10.1016/j.biomaterials.2007.03.006
http://dx.doi.org/10.1088/0957-4484/20/11/115103
http://dx.doi.org/10.1016/j.colsurfb.2009.05.031
http://dx.doi.org/10.1021/ja9804565
http://dx.doi.org/10.1021/ja954077c
http://dx.doi.org/10.1021/ja00453a040
http://dx.doi.org/10.1016/j.mattod.2015.11.025
http://dx.doi.org/10.1021/cr5004634
http://dx.doi.org/10.1021/ja4077233
http://dx.doi.org/10.1016/0045-2068(88)90013-2
http://dx.doi.org/10.1021/cg1004424
http://dx.doi.org/10.1016/j.comptc.2014.07.013


Pharmaceutics 2019, 11, 243 22 of 22

72. Wang, L.; Barclay, T.; Song, Y.; Joyce, P.; Sakala, I.G.; Petrovsky, N.; Garg, S. Investigation of the biodistribution,
breakdown and excretion of delta inulin adjuvant. Vaccine 2017, 35, 4382–4388. [CrossRef]

73. Counoupas, C.; Pinto, R.; Nagalingam, G.; Britton, W.J.; Petrovsky, N.; Triccas, J.A. Delta inulin-based
adjuvants promote the generation of polyfunctional cd4(+) t cell responses and protection against
mycobacterium tuberculosis infection. Sci. Rep. 2017, 7, 8582. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.vaccine.2017.06.045
http://dx.doi.org/10.1038/s41598-017-09119-y
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Experimental/Methods 
	Diamine Coupling of Oxidized MPI Particles 
	PCA Loading onto Amine Modified MPI Particles 
	Characterization of MPI-ED-PCA 
	Fourier Transform Infrared Spectroscopy (FTIR) 
	Proton Nuclear Magnetic Resonance (1H NMR) Spectroscopy NMR 
	Zeta Potential Measurements 
	Thermogravimetric Analysis (TGA) 
	Differential Scanning Calorimetry (DSC) 
	Drug Loading 
	In-Vitro Cleavage 
	Efficient Uptake of FITC Labelled MPI Particles by RAW 264.7 Macrophage Cells 
	Flow Cytometry Measurements (FACS) 


	Results/Discussion 
	Synthesis and Physicochemical Characterization of MPIEDPCA 
	Optimization of Diamine MPI and PCA Coupling 
	Characterization Using 1h NMR Spectroscopy 
	FTIR 
	DSC 
	TGA 
	SEM 
	Zeta Potential 
	Drug Loading and pH-Triggered PCA Release 
	Mechanism of PCA Drug Release 
	Kinetic Release Study of PCA 
	Efficient Cellular Uptake of MPIEDFITC by RAW 264.7 Macrophage Cells 
	Quantification of RAW 264.7 Macrophage Cellular Uptake 

	Conclusions 
	References

