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Background: Dendrimers are a new class of polymeric materials with the well-defined structure, composition and architecture. Owing
to antibacterial properties of dendrimers, they can be used as alternative water and wastewater disinfection with the minimum adverse
side effects.

Objectives: The aim of the present study was to evaluate the antibacterial activity of second generation poly propylene imine (PPI- G2)
dendrimer on predominant bacteria in drinking water resources.

Materials and Methods: In this qualitative and interventional study, a total of 764 water samples were collected from rural areas in
Qom Province, Iran, and bacteria were isolated and identified using standard procedures. Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) against gram-positive and gram-negative bacteria were determined according to clinical and
laboratory standards institute (CLSI) guideline. Standard discs were prepared using different concentrations of dendrimer on Mueller-
Hinton agar plates.

Results: The most important isolated bacteria were Escherichia coli 37 (48.7%), Klebsiella oxytoca 12 (15.8%), Proteus mirabilis 3 (4%), Entrobacter
aerogenes 8 (10.5%), Citrobacter freundii 4 (5.2%), Pseudomonas aeruginosa 5 (6.6%), Staphylococcus aureus 2 (2.6%), and Bacillus subtilis 5 (6.6%).
Moreover, it was found that PPI-G2 showed more potent activity towards the gram-positive bacteria than the gram-negative ones.
Conclusions: The PPI-G2 dendrimer with end amine groups exhibited a positive impact on the removal of dominant bacterial isolated
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strains. Therefore, it is possible to use these nanodendrimers as a safe and effective material for water disinfection in the future.

1. Background

Removal of harmful microorganisms such as bacteria,
fungi, yeasts and viruses have always been one of the
main concerns for human health. Due to accelerating
growth and global expansion of antimicrobial resistance,
there is a need to develop new antimicrobial compounds
and strategies (1). In this regards many natural and artifi-
cial compounds are used to kill microorganisms or inhib-
it their growth (2-4). With the advent of new technology,
including nanotechnology, in health and environmental
science, application of nanostructure materials to fight
against harmful biological agents is growing rapidly (1).
In recent years, nanoparticles of zinc, silver, titanium
and dendrimers have been widely used in health and en-
vironmental application due to the antimicrobial prop-
erties of these nanoparticles (5). Methods of evaluating
antimicrobial activity of nanostructure materials can be
divided into quantitative and qualitative methods. Mi-

croorganisms are often evaluated in the laboratory using
the methods such as Minimum Inhibitory Concentration
(MIC), Minimum Bactericidal Concentration (MBC), disc
diffusion, colony counting, turbidity assay and dilution
methods (6-12).

Dendrimers are macromolecules of well-defined struc-
ture and nano scale size characterized by a branched struc-
ture from the center to the periphery. Polypropylene im-
ine is one of the oldest known dendrimer types developed
initially by Jevprasesphant et al. (13) These dendrimers are
made of central core and multiple activated agents.

Dendrimers have unique structural properties influ-
enced by highly branched structure, multiple surface
functional groups and the empty spaces between branch-
es. These empty spaces are capable of absorbing guest
molecules and encapsulating different-sized particles.
For this reason, in recent years, scientists have studied ap-
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plication of dendrimers in the field of medicine, biology
and pharmacy (14).

If the surface groups of dendrimers are functionalized
with antimicrobial agents, they can be used for microbial
deactivation. Lopez et al showed that Polyamidoamine
(PAMAM) dendrimers with amino surface groups possess
antibacterial activity against Escherichia coli, Pseudomo-
nas aeroginosa and Staphylococcus aureus (15, 16). Influ-
ence of quaternary ammonium compounds in destruc-
tion and degradation of the cell wall of bacteria has been
reported (17, 18). Most dendrimer antimicrobial agents
are derived from activated surface groups with quater-
nary ammonium salts synthesis (19). Polypropylene im-
ine dendrimers are constructed from D-amino butane
core, internal divisions of triple propylene amine units
and end amine groups (20). Therefore, the end amino
group in their structure is the cause of their microbici-
dal properties (20). Antimicrobial activity of dendrimers
is related to some key factors such as dendrimer core
type, dendrimer surface charge, their functional groups,
dendrimer three-dimensional structure and its size (21).
However, it is recognized that if site effects of dendrimers
are cell walls or cell membranes, the anti-life stabilized
on the dendrimers can be more effective (16).

In these studies, the target cell for antimicrobial agent
should be chosen carefully because the voluminous den-
drimers cannot penetrate cell membrane barrier and
cannot reach to site effect for antimicrobial activity (22).
For example, Lopez et al. declared that the antimicrobial
properties of Poly (amidoamine) dendrimer generation 3
is much greater than Poly (amidoamine) dendrimer gen-
eration 5 (16). However, mostly dendrimers antimicrobial
activity is on the pathogenic microorganisms such as E.
coli, S. aureus, P. aeroginosa, Listeria monocytogenes, and
Streptococcus mutans. These microorganisms are respon-
sible for various infections in humans and a major threat
for public health (1). Thus, with attention to antimicro-
bial properties of dendrimers, the aim of this study was
to evaluate the antimicrobial properties of PPI-G2 using
disk diffusion, minimum inhibitory concentration (MIC)
and minimum bactericidal concentration (MBC) meth-
ods and ultimately to use that as a disinfectant for remov-
ing isolated bacteria from contaminated rural drinking
water samples in Qom province.

2. Objectives

With regard to the production of hazardous byproducts
resulting from the indiscriminate use of disinfectants in
drinking water treatment, the aim of this study was to
evaluate the antibacterial properties of dendrimers in
removing bacteria from drinking water.

3. Materials and Methods

In this qualitative and interventional study, sampling
was performed during the period of April 2012 to March
2013 from different rural areas of Qom Province. Qom
Province is one of the 31 provinces of Iran with 11,526
km?, covering 0.7% of the total area in Iran. It is approxi-
mately in the center of the country, and west of Na-
mak Lake. A total of 764 water samples from wells and
springs at 116 different resources from different rural
areas on different seasons were prepared. To increase
the precision and accuracy of testing, sampling from
some sources was repeated several times. Water sam-
ples were collected in 250 mL sterile glass bottles and
immediately transferred in a cold box at 4°C to the labo-
ratory. To neutralize residual chlorine in water 0.1 mL
of a 10% solution of sodium thiosulphate was added to
water. Microbiological analyses were carried out within
24 hours of sampling. Microbiological testing was per-
formed using the membrane filter technique and bac-
teria were isolated and identified based on standard
procedures (23).

3.1. Preparation of Antimicrobial Agents and Tar-
get Bacteria

Antimicrobial agent used for this study was the PPI-G2
dendrimer. This nanopolymer was purchased from Sy-
MO-Chem Company, Netherlands. Table 1 shows the char-
acteristics of this dendrimer.

Before use, all bacteria were incubated in nutrient broth
culture under aerobic conditions at 37°C for 24 hours. In
subsequent tests, optimal bacteria concentrations were
adjusted according to 0.5 McFarland standards.

3.2. Determination of Antimicrobial Activity of
Dendrimer

In order to determine the antimicrobial activity of den-
drimer, we made serial dilution (500, 50, 5, 0.5, and 0.05
ng/mL) of antimicrobial agent using sterile distilled wa-
ter. Also, Minimum Inhibitory Concentration, and Mini-
mum Bactericidal Concentration of dendrimers against
the target culture bacteria were determined using the
disc diffusion method according to Clinical and Labora-
tory Standards Institute guideline (24).

Briefly, the antimicrobial activity of dendrimer was
carried out using the disc diffusion method (25). In this
method, 25 pL of antibacterial agent in different concen-
trations was added to standard blank disc (6 mm in diam-
eter) and placed on the Mueller Hinton agar seeded with
the target culture and incubated at 37°C for 24 hours.

Table 1. Chemical Properties of Polypropylene Imine-G2 (PPI-G2) Dendrimer

Total Number of Number of Amine Density, g/cm3 Molecular Weight, Dendrimer Molecular
Amine Groups End Groups g/mol Generation Formula
14 08 0.98 770 02 CaoHgaNy,
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3.3. Determination of Minimum Inhibitory Concen-
tration and Minimum Bactericidal Concentration

In this investigation, we measured MIC and MBC using
the method recommended by CLSI (24). Tubes contain-
ing 10 mL of nutrient broth (consisting of 108 CFU/mL of
bacteria and dilution 0, 500, 50, 5, 0.5, and 0.05 ug/mL
of dendrimer) incubated at 37°C for 24 hour. A Tube with
the lowest concentration of antimicrobial agent and no
bacterial growth was reported as MIC. To determine MBC,
a loop of each tube with no growth transferred to Nutri-
ent Agar plates and incubated at 37°C for 24 hours. A plate
with no bacterial growth was reported as MBC. All experi-
ments were repeated three times.

3.4. Evaluation of the Antimicrobial Activity of
Dendrimer Against Bacteria in Water Samples

First of all, water was sterilized in an autoclave at 121°C
for 15 minutes. Next, bacterial culture (103 CFU/mL) was
diluted by adding 250 mL of sterile water. Different di-
lutions of antimicrobial agent were added to the water
sample, and then bacteria were cultured in Nutrient
Agar to observe the effects of the antimicrobial agents in
various times. After 24 hours incubation at 37°C, colonies
were counted.

4. Results

The data in Table 2 demonstrates the type and frequen-
cy of isolated bacteria. From a total of 764 water samples
tested, 76 samples had bacterial contamination and 693
samples had no contamination. Of contaminated sam-

ples only 37 (48.7%) samples were found thermotolerant
coliform bacteria. Other types of bacteria isolated were
Klebsiella oxytoca 12 (15.8%), Proteus mirabilis 3 (4%), Entro-
bacter aerogenes 8 (10.5%), Citrobacter freundii 4 (5.2%), P.
aeruginosa 5 (6.6%), S. aureus 2 (2.6%), Bacillus subtilis 5
(6.6%).

Scanning electron microscopy image of PPI-G2 and
Fourier Transform Infrared Spectroscopy (FTIR) are pre-
sented in Figure 1 and Figure 2, respectively. The data in
Table 3 shows the corresponding functional groups of the
wavelengths indicated on Figure 2.

At this stage, antimicrobial activity of PPI-G2 was evalu-
ated. Table 4 shows the antibacterial effect of PPI-G2.
Moreover, PPI-G2 showed a potent activity against gram-
positive bacteria particularly B. subtilis.

Table 5 compares MIC and MBC values of Polypropylene
Imine-G2 in different bacteria. As can be seen from this
table, MIC value for E. coli and P. mirabilis was 50 pg/mL,
and for B. subtilis and S. aureus was 5 pg/mL. Moreover,
MBC value for E. coli and P. mirabilis was 500 pg/mL, and
for B. subtilis and S. aureus was 50 pg/mL. Table 6 shows
the antimicrobial activity (concentrations 500-0.5 ng|
mL) of the PPI-G2 dendrimer in aqueous area on different
isolated species.

As seen in Table 6, PPI-G2 has better antibiotic activity
against Gram-positive than against Gram-negative bacte-
ria. In addition, data obtained from the antimicrobial ac-
tivity of the PPI-G2 dendrimer in aqueous area on differ-
ent isolated species was evaluated in terms of reaction
kinetic with the first degree equation kinetic (Figure 3).
Table 7 presents the reaction kinetic for different types of
bacteria tested.

Table 2. Frequency of Species Isolated From Water Sources

Isolated Species

E. coli B. subtilis S. aureus

P. mirabilis

K. oxytoca E.aerogenes  C.freundii  P.aeruginosa

Frequency, No. 37 05 02

12 08 04 05

N

=N
EHT=20.00 kV

Signal A = SE1
WD =9.5 mm

Mag=10.00 kx

0.05
0.045;
0.04
0.035]
0.03
0.025
0.02
0.015
0.01
0.005

Absorbance

3000 2800 2600 2400 2200 2000 1800 1600 1400 1200
Wave numbers (cm™)

Figure 1. Scanning of Electron Microscopy Image of the Polypropylene
Imine-G2 (PPI-G2)

Figure 2. Fourier Transforms Infrared Spectroscopy Fourier Transforms
Infrared Spectroscopy (FTIR) of Polypropylene Imine-G2 (PPI-G2)
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Table 3. Polypropylene Imine-G2 (PPI-G2) Functionalized Groups

1

Wave Numbers, cm Functional Groups
3215 and 3130 N-H stretching vibrations
2835 Amid I vibrations
1950 and 1847 Amid two vibrations
1637 and 1586 C-H stretching vibrations
1415 and 1271 C-H twisting vibrations

Table 4. The Mean Diameter of Inhibition Zone in Disk Diffusion Method Against Different Concentrations of Polypropylene Imine-
G2 (PPI-G2) Dendrimer

Dendrimer Zone of inhibition, mm

concentration, ng/ml E. coli P. mirabilis S.aureus B. subtilis
500 20 18 25 28

50 12 1 17 19

05 08 08 10 12

0.5 0.0 0.0 0.0 08
0.05 0.0 0.0 0.0 0.0

Table 5. Minimum Inhibitory Concentration and Minimum Bactericidal Concentration of the Polypropylene Imine-G2 (PPI-G2)
Dendrimer

Dendrimer Type of Effect

concentration, ng/ml Escherichia coli Proteus mirabilis Staphylococcus aureus Bacillus subtilis
500 MBC MBC MBC MBC

50 MIC MIC MBC MBC

5 Growth Growth MIC MIC

0.5 Growth Growth Growth Growth
0.05 Growth Growth Growth Growth

Table 6. Changes in the Number of Bacteria Exposed to Different Concentrations of the Polypropylene Imine-G2 (PPI-G2) Dendrimer
in Aquatic Environment

Type of Bacteria and Dendrimer Exposure Time, min
Concentration, pg/mL 0 10 20 30 40 50 60
Proteus mirabilis
500 1000 250 100 0 0 (0] 0
50 1000 280 100 50 0 (0] 0
5 1000 750 600 250 250 250 250
0.5 1000 1000 1000 1000 1000 1000 1000
Escherichia coli
500 1000 180 50 (0] (0] (0] (0]
50 1000 250 100 30 0] (0] (]
5 1000 700 600 250 200 200 200
0.5 1000 1000 1000 1000 1000 1000 1000
Staphylococcus aureus
500 1000 100 (0] 0 0] (0] 0
50 1000 180 50 0 (0] (0] (0]
5 1000 680 500 200 50 (0] 0
0.5 1000 1000 1000 900 750 620 620
Bacillus subtilis
500 1000 70 0 0 0 0 0
50 1000 150 50 0 0 0 0
5 1000 650 450 180 50 (0] (0]
0.5 1000 1000 1000 800 700 500 500
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Table 7. First Reaction Rate Constants and Coefficients of Determination Disinfection Process Using the Polypropylene Imine-G2

(PPI-G2) Dendrimer

Type of Bacteria
P. mirabilis E. coli S. aureus B. subtilis
Coefficient of determination 0.98 0.90 0.93
Reaction rate constant (min?)
Reaction rate constant, min1 0.100 0.072 0.073

p.mirabilis

E. coli

e

A S.aureus
B. subtilis

——Linear (p. mirabilis)

-Ln c/c,

——Linear (E. coli)
——Linear (S. aureus)
(

——Linear (B. subtilis)

Time (min)

Figure 3. First Order Kinetic of Disinfection Process Using Polypropylene
Imine-G2 (PPI-G2) Dendrimer

5. Discussion

As mentioned above, a total of 764 samples were tested,
71 samples had coliform (9.3%) and 693 (90.7%) samples
had no coliform contamination. Positive samples in prob-
ability stage were transferred to the confirmatory stage.
Only 37 (5%) samples tested for thermotolerant coliform
bacteria were contaminated and other samples were not
contaminated. Similar results were observed by Bay et al.
(26); they reported that from a total of 598 water samples
tested, 92.2% were not contaminated with bacteria, 7.8%
were contaminated with coliform and 2.7% had thermo-
tolerant coliform bacteria. According to Table 2, the fre-
quency of E. coli, due to its intestinal source, is indicative
of the extent of dispersion of those bacteria in the envi-
ronment. Enterobacteriaceae family living naturally in
the intestines of humans and animals, B. subtilis which
are abundant in the soil and other saprophytic heterotro-
phic bacteria among isolates indicate that the water may
be contaminated with different sources.

Figure 1 shows a scanning electron microscopy image
of dendrimer. Because of their multi-layered structures
with high purity, they can trap and absorb microbial
agents. Dendritic structures known as dendriform with
progressive structure are illustrated in this figure. Too
many branches of this dendriform lead to increase the den-
drimer specific surface and therefore they absorb microbes
on their surface. On the other hand, nano holes created be-
tween branches trap biological agents and destroy them.

Figure 2 shows the FTIR spectroscopy of dendrimers.

Jundishapur ] Nat Pharm Prod. 2015;10(3):e20621

As seen, 5 peaks are detectable at 1271 cm’, 1415 cm™, 1586
cm,1637 cm’, 1847 cm,1950 cm, 2835 cm™3130 cm™ and
3215 cm® which the last peak is related to N-H stretching
vibration. Other functional groups, based on wavelength,
are presented in Table 3.

The size of the inhibition zone clearly shows that with
increasing concentration of the antimicrobial agent, the
zone surrounding the disks is expanded. This situation
indicates the power of antimicrobial agent in higher con-
centrations. It can be deduced from the results that the
size of the inhibition zone varies in different concentra-
tions of antimicrobial agent. The least concentration of
dendrimer that is bacteriostatic or bacteriocide (Table 5)
suggested that PPI-G2 has antimicrobial properties and
can be used as an antimicrobial agent. Previous studies
have shown that antimicrobial agents damage bacteria
by membrane damage, spatial deformation, degradation
of bacterial enzymes, damage of chromosome and bacte-
ria cell wall damage (27).

This character refers to end amine groups in dendrimer
structure which interact with negative charge of mem-
brane or cytoplasm microorganism causes bacterial cell
wall damage and finally, inhabitation of bacterial activity
(21). However, the PPI-G2 dendrimer is an efficient antibac-
terial agent against both Gram-negative and Gram-posi-
tive bacteria. Our results are also consistent with Chen et
al. study. They observed the antimicrobial effect of poly-
propylene imine dendrimer modified with quaternary
ammonium groups on Gram-positive and Gram-negative
bacteria (22). It is obvious that Gram-positive bacteria
show greater sensitivity than Gram-negative bacteria in
exposure to antimicrobial properties of dendrimers. For
example, according to Table 5, the MIC of PPI-G2 related
to gram-positive bacteria (B. subtilis and S. aureus) is 5pg/
ml and the MIC of PPI-G2 related to gram-negative bacte-
ria (P. mirabilis and E. coli) is 50 pg/ml. The results of this
study showed that with increasing concentration of the
PPI-G2, an inhibition zone diameter was increased.

The major difference between Gram-positive and Gram-
negative bacteria is in cell walls and amount of peptido-
glycan in them. Because of peptidoglycan in Gram-posi-
tive bacteria is thicker than Gram-negative bacteria (23),
it can be expected that they were more resistant to anti-
microbial agents (20). Our results indicated that Gram-
positive bacteria are more susceptible that Gram-nega-
tive ones. Salimpour et al. declared that PPI dendrimers
have a good antimicrobial activity against microorgan-
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isms with no extracellular fatty acid (19). Selahattin et al.
findings revealed that Gram-positive bacteria are more
sensitive than Gram-negative ones because of differ-
ences in the cell wall structure, cell physiology and cell
metabolism between the two groups (28). Neu declared
that antimicrobial activity of dendrimers is because of
their ability to increase membrane permeability, which
eventually higher concentrations of dendrimers lead to
complete breakdown of membrane and death of bacte-
ria. Additionally, the binding between dendrimer and
surface charge of bacterial cell is induced by electrostatic
bonds between bacterial negative surface charge and
dendrimer positive charge (14).

In Table 6, the removal of bacteria in expose to differ-
ent concentrations of dendrimers is compared. As seen
in Table 6, by increasing the time in all amounts of den-
drimers, removing bacteria shows an upward trend.
What can be inferred from the results of inhibition zone,
MIC and MBC is that sensitivity of gram-positive bacteria
is greater than gram-negative bacteria. In the lowest con-
centration of the PPI-G2 (0.5 ng/mL) even after one hour
of exposure, no decline in the number of E. coli and P.
mirabilis bacteria was found. But at the same conditions,
after an hour of exposure, S. aureus and B. subtilis declined
by 38% and 50%, respectively. In other concentrations of
dendrimers, the PPI-G2 reduced the number of bacteria
so that in concentration of 500ug/ml, after ten minutes
of contact, the efficiency rates for reducing the number
of E. coli bacteria, P. mirabilis, S. aureus and B. subtilis were
75%, 82%, 90% and 93%, respectively.

Figure 3 was obtained based on data derived from the
effect of PPI-G2 on E. coli, P. mirabilis, S. aureus and B. sub-
tilis. As Figure 3 indicates, the ratio of C/C,, (C = remain-
ing bacteria, C, = initial number of bacteria) plotted on
a logarithmic scale against time give approximately a
straight line graph. As indicated in Table 7, coefficient of
determination (R2) for removal of E. coli, P. mirabilis, S.
aureus and B. subtilis is 0.99, 0.98, 0.90, and 0.90, respec-
tively. Thus, we can conclude that removal rates of bac-
teria by dendrimer fit linear equation. These results are
consistent with other researchers’ findings. Alikhani et
al. observed first order kinetics for removal of E. coli from
water by ultraviolet radiation (29). Also, Miranzadeh et al.
showed that coliform bacteria removal from polluted wa-
ter by silver nanoparticles can be modeled as a first-order
reaction (30).
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