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1. Introduction

Abstract. The aim of the current study is the loading of ceftazidime into the first
generation of poly(propyleneimine) dendrimer (PPI-G1) to produce an effective drug
delivery system against Pseudomonas aeruginosa. The mechanism of ceftazidime-PPI-G1
dendrimer complex formation is based on interaction between amine groups of dendrimers
and carboxylic groups of ceftazidime. PPI-G1 was dissolved in dry tetrahydrofuran
(THF), and ceftazidime was added to the solution to prepare the nanodrug. The series
of tests, including size, zeta potential, drug release, stability and kinetic evaluation,
as well as Scanning Electron Microscopy (SEM) and Fourier transform infrared (FT-
IR) spectroscopy, were performed for characterization of the ceftazidime-loaded PPI-G1.
The Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) of the nanodrug were determined, with respect to Pseudomonas aeruginosa as the
test microorganism. Ceftazidime-PPI-G1 complex was synthesized with the size of 156.6
nm and —10.2 mV zeta potential. The value of loaded ceftazidime was determined to be
about 38.46 mol%. A gradual drug release was observed within three days; up to 92% of
the loaded ceftazidime. The macrodilution assay demonstrated that PPI-G1 enhances the
antibacterial activity of ceftazidime. A new drug delivery system was improved against P.
aeruginosa with sustained release and enhanced antibacterial activity.

(© 2015 Sharif University of Technology. All rights reserved.

morbidity and mortality worldwide, and infections due

Pseudomonas aeruginosa is a leading cause of health
care associated infections, ranking second among gram-
negative pathogens, as reported by the United States
national nosocomial infection surveillance system. P.
aeruginosa contributes substantially to wound-related
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to this organism are often difficult to treat. The
organism enters into the blood, causing sepsis that may
spread to the skin and leads to ecthymagangrenosum,
a black necrotic lesion [1,2]. Celtazidime, a third-
generation of cephalosporins, is an important and
effective antimicrobial agent for the therapy of serious
infections due to P. aeruginosa (Figure 1). However,
in recent years, antibiotic resistaince is a pervasive
and growing clinical problem in the treatment of this
organism [3].
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Figure 1. The schematic molecular structure of
ceftazidime.

The widespread problem of antibiotic resistance
in pathogens has prompted a search for new antimi-
crobial approaches [4,5]. The use of drug carriers,
especially nanoparticles-based carriers, is a good idea
to overwhelm this problem. Dendrimers are defined as
highly ordered and regularly branched globular macro-
molecules. In recent years, many antibacterial drugs
have been successfully loaded into dendrimer nanopar-
ticles with improved solubility and therapeutic efficacy.
These include penicillin [6,7], azithromycin [8], sul-
famethoxazole [9], nadifloxacin and prulifioxacin [10].
The structure of dendrimers consists of three distinct
architectural regions: a focal moiety or a core, layers
of branched repeat units emerging from the core,
and functional end groups on the outer layer of the
repeat units [11]. They can be made from a wide
variety of biocompatible materials, such as polyami-
doamine (PAMAM), polyethylene oxide (PEO),
poly(propyleneimine) (PPI), polyethyleneimine (PEI)
and polyethylene glycol (PEG) [12]. For this study,
we used the first generation of PPI (PPI-G1) as a
dendritic nano-carrier. These dendrimers closely re-
semble PAMAM dendrimers (except repeating units).
This indicates that PPI dendrimers also hold promise
as solubilizing agents. Surprisingly, however, very few
studies are available exploring PPI dendrimer abilities
in this field [13,14]. The structure of PPI-G1 is shown
in Figure 2 [15]. The specific molecular structure
of PPI enables it to carry various drugs through its
multivalent surface by covalent conjugation or electro-
static adsorption. Its surface can be also engineered
to provide precise spacing of surface molecules and to
conjugate targeting molecules [16]. Also, denderimers
can be developed as a dual drug container for multi-
drug delivery systems [17].

After the preparation of ceftazidime-loaded PPI-
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Figure 2. The schematic molecular structure of first
generation of PPI dendrimer.

G1 (the properties of the new nanodrug), the quantity
of loaded ceftazidime and the release profile were
investigated. The antibacterial activity of the complex
was evaluated against P. aeruginosa (ATCC 15442) as
the indicator too. This is the first official report of the
preparation of ceftazidime-PPI-G1 complex using the
slightly modified method [18].

2. Materials and methods

2.1. Materials

PPI-Gldendrimer, and a DO405 dialysis tube 23 x
15 mm (cut-off: 10-12 KD) were purchased from Sigma-
Aldrich, USA. Tetrahydrofuran, m-hexane, dichloro-
methane, diethyl ether, nutrient agar and nutrient
broth media were purchased from Merck, Germany.
Pseudomonas aeruginosa (ATCC 15442) was obtained
from the microbial bank of the Pasteur Institute,
Tehran, Iran. Ceftazidimepentahydrate was obtained
from Alborz/Darou Pharmaceuticals, Qazvin, Iran.

2.2. Loading of ceftazidime onto PPI-G1
dendrimer

0.52 mL of PPI-Gldendrimer was dissolved in 20 mL
of dry THF (dried by heating under reflux over sodium
wire in the presence of benzophenone as the indica-
tor) [19]. Then, 1 g of ceftazidime was added to 10 mL
of the solution and stirred at 500 rpm for 2 h. The
complex was precipitated in n-hexane and dissolved in
dichloromethane. Then, the solution was precipitated
in diethyl ether. FEventually, the final product was
filtered and the powder of the ceftazidime-PPI-G1
nanodrug was prepared.

2.3. Size and zeta potential of
ceftazidime-loaded PPI-G1 dendrimer
Particles size distribution and particle surface poten-
tial (the zeta potential) were measured using a laser
scattering-based particle size analyzer (Nano ZS3000;
Malvern Instruments, Malvern, UK), working on a
Photon Correlation Spectroscopy (PCS) platform with
a laser wavelength of 633 nm. Triplicate samples were

analyzed in each case, including the control sample.

2.4. Chemaical characterization and
morphology study

Fourier transform infrared spectroscopy (FTIR) was
used for chemical characterization of ceftazidime
loaded PPI-G1 dendrimer. The IR spectrum was
obtained with a KBr pellet using a JascoFT-IR 6300
spectrometer. Particle morphology was investigated by
Scanning Electron Microscopy (SEM). The specimens
were mounted on aluminum stubs of appropriate size,
sputter coated with a thin layer of gold-palladium, and
examined using SEM (Philips XL30; Philips, Almelo,
The Netherlands).
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2.5. Calculating the amount of loaded
ceftazidime

The amount of loaded ceftazidime was calculated by
measuring the weight of the PPI-G1 dendrimer before
and after complexation (drug/dendrimer complex).
The difference between the measured weights gives
the quantity of loaded ceftazidime in the dendritic
compound [20].

a = weight of PPI-Gldendrimer after the complexa-
tion;

0 = weight of PPI-Gldendrimer before the complexa-
tion;

(a — B) = weight of loaded ceftazidime onto PPI-G1.

2.6. In vitro release assessment

The release study was performed using the dialysis
method. The sediment of the ceftazidime-dendrimer
complex, separated from the reaction solution by cen-
trifugation, was redispersed in phosphate buffer saline
(pH 7.4) and poured into a DO405 dialysis tube. The
tube was immersed into a small glass beaker containing
40 mL of PBS (pH 7.4). Then, one mL samples
were withdrawn from the beaker at predetermined time
intervals up to 96 h. Ceftazidime concentration was
analyzed using UV-spectrophotometry at a wavelength
of 256 nm.

2.7. Stability study

In order to evaluate the stability of the ceftazidime-
PPI-G1 dendrimer, the complex was prepared and
divided into two portions: one portion was kept at
room temperature and another was refrigerated at 2-
8°C. The samples were withdrawn after 1, 2, 4, 8,
12, 24, 48 and 72 h, and subjected to particle size
measurement using the zeta sizer.

2.8. Antibacterial activity

The ceftazidime-dendrimer complex was tested for its
antibacterial activity against Pseudomonas aeruginosa
(ATCC 15442) by the agar diffusion method. The
bacterial suspensions, with a cell density equivalent to
0.5 McFarland (1.5 x 108 CFU/mL), were transferred
individually onto the surface of Muller-Hinton agar
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approximately 156 nm and zeta potential is -10.2 mV.
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plates. Then, hollow wells of 5 millimeter diameter
were cut from the agar using a sterile cork-borer.
0.1 mL of ceftazidime-PPI-G1 dendrimer complex, free
ceftazidime, unloaded PPI-G1, the blend of ceftazidime
and dendrimer (non-conjugated) and normal saline
(negative control) were poured into the wells sepa-
rately. The zones of inhibition around the wells were
measured in mm using a caliper 48 h post incubation
at 35-37°C. All experiments were performed three
times.

2.9. MIC and MBC determination

The antibacterial activity of the ceftazidime-PPI-G1
dendrimer complex was evaluated through the deter-
mination of MIC and MBC in culture broth, according
to the macrodilution guidelines of the Clinical and
Laboratory Standards Institute. The complex was
prepared and serially diluted in 5 ml of Muller-Hinton
broth to reach the concentration range of 0.05, 0.1,
0.25, 0.5, 1, 2, 4, 8, 16, 32, 64, 128 and 256 pg/ml
(the equivalent ceftazidime concentration was calcu-
lated based on the loading ratio). Then, 50 pul of
P. aeruginosa inoculum was added to each tube to
reach a final concentration of 2 x 108 CFU/mL [21].
The MIC and MBC were determined after 24 h
incubation at 37°C. Simultaneously, all steps were
repeated for a stock solution of free ceftazidime for
MIC and MBC determination via the serial dilu-
tion method. All experiments were performed three
times.

2.10. Data analysis and statistics

The results were presented as mean +SD. Statistical
comparisons were performed as analysis of variance
(ANOVA), whenever applicable, using SPSS 18. The
level of significance was taken to be 0.05.

3. Results

3.1. Size and zeta potential of
ceftazidime-PPI-G1 dendrimer complex
The typical particle size of the ceftazidime-PPI-G1
complex was found to be 156.6 nm (Figure 3(a)). The
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Figure 3. The size distribution diagram and zeta potential of ceftazidime-loaded PPI nanocarriers. The average size is
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zeta potential distribution curve was determined as
—10 mV (Figure 3(b)).

3.2. Calculating the amount of trapped
ceftazidime molecules

The amount of loaded ceftazidime onto PPI-G1 was

calculated as follows:

a=0.1343 g,
8 =0.1243, g = 0.00039 mol,

(e — B) =0.01, g=0.000157 mol.

Then, the mol proportion of ceftazidime was obtained
t0 38.46 mol% with a simple calculation.

3.3. Chemical characterization

Figure 4 shows the IR spectra of unloaded PPI-G1
nanocarrier (a), free ceftazidime (b) and ceftazidime-
loaded PPI-G1 complex (c). It seems that there are
electrostatic interactions between carboxylate groups
of ceftazidime and NH; groups of PPI-G1 dendrimer.
In the formation of ceftazidime loaded PPI-G1, a pro-
ton is transferred from the COOH group of ceftazidime
to the NHy group of PPI-G1. The N-H bending
vibration of the NHy group in ceftazidime appears at
1620 cm~!, while, in ceftazidime loaded PPI-G1, the
symmetrical and asymmetrical N-H bending vibration
of the NHI group appears at 1536 and 1619 cm™!,
respectively.

3.4. Morphology study

The SEM micrograph approved the formation of
ceftazidime-loaded PPI-G1 complex in the size range
of 100-200 nm, with more or less spherical morphology
(Figure 5).

3.5. In vitro release of ceftazidime from the
dendrimer nanocarrier

The release profile of ceftazidime from PPI-Gldendri-

mer was analyzed with UV-spectrophotometry (Fig-
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Figure 4. FTIR spectra of (a) unloaded nanocarriers, (b)
ceftazidime loaded nanocarriers, and (c) ceftazidime.
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Figure 6. In vitro release profile of ceftazidime from PPI
nanocarriers. The results were expressed as percentage of
released gentamicin with three replicates.

ure 6), in which a biphasic pattern can be seen: 1) an
initial rapid drug releasing phase in the first 15 h, in
which about 50 percent of the total loaded ceftazidime
is released, and 2) a gradually increasing drug releasing
phase after 15 h extending up to 72 h (up to 100 percent
of the drug content). This is an acceptable model for
a controlled drug release system.

3.6. Stability of ceftazidime-PPI-G1
dendrimer

According to the findings, the size of the ceftazidime-

PPI-G1 complex remained unchanged for 72 h with no

sensitivity to temperature (Figure 7).

3.7. Antimicrobial activity

An antimicrobial susceptibility test was performed on
Mueller-Hinton agar using the agar diffusion method.
Ceftazidime-loaded PPI-G1 displayed greater antimi-
crobial activity against target bacteria than free cef-
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Table 1. Antimicrobial susceptibility study by measurement of bacterial inhibition zone around the wells.

Groups

Inhibition zone around
the well (mm)

Ceftazidime-loaded PPI nanocarriers 23.66+1.15
Free ceftazidime 941
Unloaded PPI nanocarriers 20.33+0.57
Blend of ceftazidime and PPI dendrimer (non-conjugated) 30.66+1.52
Normal saline solution as negative control 0
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Figure 7. The particle size of ceftazidime-loaded PPI
nanocarriers was remained stable during the stability test.

Table 2. MIC and MBC for free ceftazidime and PPI

nanocarriers loaded by ceftazidime.

Ceftazidime-loaded

Free ceftazidime

(png/mL) dendrimer (pg/mL)
MIC 0.5 0.25
MBC 1 0.5

tazidime (p value>0.05). The results were shown in
Table 1.

3.8. MIC and MBC determination

The results of MIC and MBC determination are shown
in Table 2. There is an observable difference between
the MIC and MBC of ceftazidime-loaded PPI-G1 and
free ceftazidime against P. aeruginosa, which is mostly
due to the enhanced antibacterial effect caused by PPI-
Gldendrimer.

4. Discussion

Dendrimers are repeatedly branched macromolecules
or nano-sized, radially symmetric molecules, with a
well-defined, homogenous and monodisperse structure
consisting of treelike arms or branches [22]. Med-
ical application is one of the private behaviors of
the dendrimers [23]. In this study, the loading of
ceftazidime in the dendrimeric system was accom-
plished. The results of FTIR suggested electrostatic
interaction between carboxylate groups of ceftazidime
and NHZ groups of PPI-G1. Characterization studies
showed the following characteristics for the new drug

delivery system: ideal monodispersed particle size of
156.6 nm, with no significant out-of-range particles,
and slightly negative zeta potential, both of which are
suitable for a nanocarrier to be used for drug delivery
purposes. The zeta potential obtained in this study
was near the neutral zeta value (-10 to 10 mV) or
the zeta value of zero (isoelectric point) [24]. The
slightly negative zeta potential may be explained by
the superiority of the contribution of carboxyl groups
of ceftazidime in the surface of the nanoparticles. The
release of ceftazidime from the PPI-G1 nanocarrier was
prolonged up to 72 h, which, apparently, indicates a
controlled-release of the loaded drug. According to the
results obtained from the stability study, nanoparticle
size remained unchanged for 3 days, which is quite
acceptable. In addition, no observable swellability of
the particles in aqueous media were seen; both features
being very important in the stability of the complex.
The morphology and chemical characterization of the
prepared complex were examined in this study too.
The SEM image shows that each particle unit exhibits
a nanostructure size, and also shows the agglomeration
of particles. Agglomeration is a phenomenon which
arises from the particles gluing together one by one.
One reason for this phenomenon could be due to the
incomplete drying process, owing mainly to the hy-
drophilic nature of ceftazidim. One of the main parts of
this study is evaluation of the antimicrobial activity of
the ceftazidime-dendrimer complex. For this purpose,
agar diffusion and macrodilution methods were used
and the results compared with free ceftazidime. In the
agar diffusion technique, the ceftazidime-loaded PPI-
G1 dendrimer demonstrated superior antimicrobial
activity compared to free ceftazidime. One probable
reason might be the high density of active ceftazidime
molecules present on the dendrimer surfaces. On the
other hand, the polycationic structure of dendrimer
biocides facilitates the initial electrostatic adsorption to
negatively charged bacteria. Consequently, the absorp-
tion increases membrane permeability and allows more
ceftazidime molecules to enter the bacteria, leading to
a leakage of potassium ions and, eventually, complete
disintegration of the bacterial membrane [25]. The
comparative study using a macrodilution method in-
dicated that ceftazidime-dendrimer nanoparticles were
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more effective than free ceftazidime against P. aerug-
inosa, and can clear the infection with less adverse
effects and more safety.

5. Conclusion

Based on the findings in this paper, we suggest the
great potential of PPI-G1 for ceftazidime delivery with
the ability to enhance antibacterial activity against P.
aeruginosa.
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