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ABSTRACT - Purpose: The antibacterial activity of some antibiotics is specific to either Gram-positive or Gram-
negative bacteria. There are different mechanisms behind such insensitivities like inability of antibiotics to
permeate through some bacterial membranes, as is the case for vancomycin in Gram-negative bacteria. The present
investigation tries to overcome this problem by dendrimers, in order to make Gram-negative bacteria responsive
to vancomycin. Methods: The effects of generations 3 (G3) and 5 (G5) polyamidoamine amine-terminated
dendrimers (NH2-PAMAM), on the antibacterial activity of vancomycin, were evaluated. Vancomycin-PAMAM
dendrimers complexes were prepared and their antibacterial activities were evaluated by determination of their
“minimum inhibitory concentration (MIC)”, “minimum bactericidal concentration” and “fractional inhibitory
concentration index” values against two Gram-positive and four Gram-negative bacteria, using broth micro-
dilution method. The complexation of vancomycin and dendrimers was also assessed by in vitro release studies
across dialysis tubing using a developed HPLC method. Results: Results showed that vancomycin solution was
effective against Gram-positive bacteria, but, was not effective in Gram-negative ones. Vancomycin-PAMAM
dendrimers exhibited significant antibacterial efficacy against Gram-negative bacteria resulting in a decline of
vancomycin MIC values by about 2, 2, 4 and 64 times in E. coli, K. pneumonia, S. typhimurium and P. aeruginosa,
respectively. Results also showed that enhanced effect by G5 is more than G3. Dendrimers did not affect
antibacterial activity of vancomycin in Gram-positive bacteria, as no permeation problem exists here.
Conclusions: The present study revealed that both G3 and G5 cationic PAMAM dendrimers are able to make
Gram-negative bacteria sensitive to vancomycin, resulting in decline of MIC values up to 64 times, possibly by
increasing its permeation through bacterial membrane. These results look promising for broadening the
antibacterial spectrum of vancomycin and such a strategy might be used for increasing the overall life of
antibiotics.

INTRODUCTION

Infectious Diseases Society of America highlighted
Some antibiotics show specificity towards either the serious paradox in fighting antibiotic resistance
Gram-positive or Gram-negative bacteria. In other and stated that “the pharmaceutical pipeline is drying
words, some bacteria are insensitive (resistant) to up” because the pharmaceutical companies are
some antibiotics. This is one of the most challenging losing interest in developing new antibiotics. The
issues that human is facing todays. In fact, according main reason of this phenomenon is the high cost and
to the Centers for Disease Control and Prevention, long period of the new antibiotic production process
only in the United States, 2 million people are (3), which requires an average investment of at least
infected with insensitive bacteria and at least 23000 $ 2.6 billion and 10 years (4). In addition, these drugs
people die as a result of such infections annually (1). simply are not as profitable as drugs that treat
The estimated economic burden of antibiotic- chronic (long-term) health problems.

resistant infections on the USA economy is more
than $20 billion per year as direct health care costs,
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and as much as $35 billion indirectly in lost
$ y Pharmacy, Shahid Beheshti University of Medical Sciences,

prountiVity f:rom hospitalizations - and disabﬂ.ity Valiasr Ave., Niayesh Junction, P.O Box: 14155-6153, Tehran,
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rate of new antibiotics is prominently declining (2).
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In such a condition, improving the antibacterial
efficacy of available antibiotics by broadening their
spectrum of activity and increasing their
effectiveness can reduce or even solve the problem,
as is investigated here for vancomycin against Gram-
negative bacteria.

Vancomycin is a large glycopeptide antibiotic
which is the choice in the treatment of resistant
Gram-positive bacteria but is not effective in Gram-
negative bacteria (5). The glycopeptide forms high
affinity complexes with terminal D-Alanine-D-
Alanine dipeptides in peptidoglycan wall of bacteria
(6), which sterically interferes with the assembly of
the bacterial cell wall (7), resulting in osmotic lysis
upon disturbance in cell wall completion and
eventually cell death (8).

As both Gram-positive and Gram-negative
bacteria have the peptidoglycan cell wall (9),
theoretically vancomycin should affect both but
practically, only Gram-positive bacteria are sensitive
to this drug. Gram-negative bacteria are insensitive
to many antibiotics including vancomycin because
they have an additional outer membrane in contrast
to the Gram-positive ones. Outer membrane which is
the major permeability barrier in these bacteria is
comprised of an asymmetric bilayer of
lipopolysaccharide (LPS) and phospholipids, and
has many nonspecific porins and specific uptake
channels (10). These bilayers are more rigid than
normal bilayers, slowing passive diffusion of
hydrophobic compounds, on the other hand, porin
channels are available for hydrophilic drugs, but
their narrow pores limit the penetration of drugs by
size such that only hydrophilic drugs with a
molecular weight of less than 600 Da can pass
through them and enter to the bacteria (11).
Vancomycin which is a large hydrophilic
glycopeptide, with a molecular weight around 1400
Da, cannot diffuse through these porin channels.
Therefore, does not show required antimicrobial
activity in these bacteria (12), due to this permeation
barrier, while Gram-positive bacteria lack this outer
membrane layer and thus, the drug reach its site of
action (peptidoglycan wall) directly and are effective
against Gram-positive bacteria like S. aureus and
methicillin-resistant S. aureus.

One of the methods used for overcoming
permeation barriers is optimization of drug delivery
systems including application of nanoparticles.
Different nanoparticles are used in drug delivery
including liposomes, metallic nanoparticles,
polymeric nanoparticles and carbon nanotubes and

have been suggested for application in antimicrobial
drug delivery (13, 14), among which
polyamidoamine dendrimers (PAMAM) were used
in the present investigation.

Dendrimers are highly branched, globular
molecules, usually referred to as “unilamellar
micelles” with a very narrow molecular distribution
and nano-scale size. Dendrimers provide a three
dimensional architecture with void cavities in the
internal part and many functional branches grow
radially from the core. These properties make it
possible to either encapsulate a drug within interior
cavity or to the highly symmetric branched outer
layer through either covalent bonding or non-
covalent complexation (15-17). Among all
dendrimers, PAMAM dendrimers are widely used as
drug or gene carriers (18). PAMAM dendrimers can
permeate across epithelial barriers of the
gastrointestinal tract and as a result are potential drug
carriers for oral drug delivery (19), as well as non-
viral gene delivery vectors because they can
condense DNA and protect it from in vivo
degradation (20). PAMAM dendrimers were also
utilized in other fields of drug delivery such as
photodynamic therapy (21), and biosensors (22).
PAMAM dendrimers show toxicity as a function of
surface charge, concentration, exposure-time,
functional groups and generation (19, 23). A dose
escalation study determined maximum tolerated
doses of dendrimers and revealed that the dendrimers
were safe for oral administration except for NH2-
and OH-terminated generation 7 PAMAM, which
exhibited signs of toxicity at relatively low dosage
(24). Higher generation PAMAM dendrimers are
more toxic than the lower ones (25). As aresult, there
is a safe non-toxic margin to use them as oral drug
carriers, furthermore, surface modification like
shielding with PEG (26), or shielding by liposomes,
which was done by our group (27, 28), can be used
to overcome toxicity limitation of dendrimers in
vivo. In this investigation generations 3 and 5 (G3
and G5) PAMAM dendrimers are used.

Many studies have used dendrimers, merely
based on two strategies: 1) dendrimers as
permeability enhancers and 2) dendrimers for
solubility enhancement of poorly soluble drugs.
Cheng et al. (29) used generation 4 PAMAM
dendrimers as drug carrier for quinolones,
(nadifloxacin and plurifloxacin) and showed the
capability of this dendrimer to increase antibacterial
activities of plurifloxacin against E. coli, and
promote their solubility in aqueous solution. Ma and
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co-workers (30), also revealed the same results for
sulfamethoxazole against E. coli. Winnika et al. (31),
using G3 and G5 dendrimers to enhance water
solubility of erythromycin and tobramycin.

In the present study we investigated the
possibility of broadening the spectrum of activity of
vancomycin to Gram-negative bacteria. To the best
of our knowledge, there is not such an investigation
reported in the literature. However, there are two
covalently bound vancomycin-dendrimer systems
studied on Gram-positive bacteria (32, 33), in order
to change its interaction with di-peptide bridge in cell
wall’s peptidoglycan for formation prevention,
completely different from our hypothesis.

MATERIALS

Chemicals and media

Amine-terminated third and fifth-generation
polyamidoamine (PAMAM) dendrimers (G3-NH2
and G5-NH2), having ethylenediamine cores were
obtained as 20% and 5% methanolic solutions
(Sigma-Aldrich Chemie GmbH, Germany).
Vancomycin hydrochloride (called vancomycin
here), was purchased from Gold Biotechnology INC.
(USA). Polyethersulfone (PES) membrane filters
were acquired from JET Bio-Filtration Co., Ltd
(China). Muller-Hinton agar (MHA) and Muller-
Hinton broth (MHB) were purchased from Merck
(Germany).

Microorganisms:

Gram-positive bacteria including Staphylococcus
aureus ATCC (the American Type Culture
Collection) 6538, Methicillin resistant
Staphylococcus aureus (MRSA) ATCC 33591 and
Gram-negative bacteria including Escherichia coli
ATCC 8739, Klebsiella pneumonia ATCC 10031,
Salmonella  typhimurium ATCC 14028 and
Pseudomonas aeruginosa ATCC 9027 were
obtained from Iranian Research Organization for
Science and Technology, Persian Type Culture
Collection (PTCC), Tehran, Iran.

Development and validation of a stability
indicating HPLC method for vancomycin
hydrochloride

A stability indicating HPLC method was developed
and validated to determine vancomycin and its
degradation products in different situation such as
acidic, oxidative and basic conditions, heat and
sunlight exposure. The separation was achieved

using a Capital C8-Optimal column (250 x 4.6 mm,
i.d., 5 pum particle size) with a mobile phase
composed of citrate buffer (pH 4), acetonitrile and
methanol in the ratio of 85:10:5 (by volume),
respectively (34). Cephalexin was used as internal
standard (IS).

Preparation of PAMAM dendrimer solution
Methanol was evaporated from the supplied
methanolic dendrimer solution under a stream of dry
nitrogen gas at room temperature. The obtained solid
dendrimer was then re-suspended in deionized water
to obtain an aqueous stock solution of 10 mg/mL
(39).

Preparation of vancomycin-PAMAM dendrimers
Dried dendrimer was re-suspended in vancomycin
hydrochloride aqueous solution, containing 10
mg/mL vancomycin (based on its inhibitory
concentration) and 10 mg/mL of either G3 or G5.
Vancomycin-PAMAM dendrimer mixture was then
stirred for up to 1 hour for drug-dendrimer
complexation.

Evaluation of in vitro release profile of
vancomycin-dendrimer

In vitro release test was carried out with dialysis
membrane, in order to evaluate release profile of
vancomycin PAMAM dendrimer. Vancomycin was
dissolved in water at the same concentration and
used as control. 1 mL of these solutions were
transferred to a dialysis tubing (MW cut-off 3500
Da) and then the dialysis tubing was placed in a 50
mL beaker containing 20 mL distilled water (30) at
37°C. After defined intervals, 50 pL of sample was
withdrawn from the beaker and the receptor phase
was replaced with 50 pL distilled water.

The amount of drug in the receptor phase was
evaluated with a HPLC method previously
developed by the authors (34) and as described
above. The mobile phase was pumped using an
isocratic HPLC system at a flow rate of 1 mL/min

and quantification of analyte was based on
measuring its peak areas at 280 nm.
Determination of minimum inhibitory

concentration (MIC) and minimum bactericidal
concentration (MBC)

MIC and MBC determination of vancomycin
Bacterial inocula were prepared from an 18-24 h
incubation of the test organism grown on MHA
plate. Some colonies of each bacterial strain (total six
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microorganisms) were sampled with a swab, then
transferred to MHB to get a 0.5 Mc Farland bacterial
suspension. Appropriate transmittance was adapted
by reading samples in UV-vis. spectrophotometry
(mini-Shimatzu, Japan) instrument at 625 nm. The
inoculum was diluted by MHB solution to reach an
inoculum suspension of about 5x10 ¢ colony forming
unit (CFU)/mL. Finally, 10 pL of this suspension
was added to each microplate well to get a final
bacterial concentration of about 5x10° CFU/mL in
each well (36).

Minimum  inhibitory = concentrations  of
vancomycin against six bacteria (two Gram-
positives and four Gram-negatives), were
determined using broth microdilution method in
accordance with clinical and laboratory standards
institute guidelines (37, 38). Aqueous solution of
vancomycin hydrochloride was prepared and
transferred to each microplate well in order to obtain
a two-fold serial dilution of the original stock
solution (from 1:2 to 1:2084). After 18-24 h of
incubation at 37°C, the MIC was determined.
Determination of the MBC was done by sub
culturing 10 uL of each well without any visible
growth. The culturing was performed on MHA
medium and incubated at 37°C for 24 h. MBC was
defined as the lowest concentration resulting in a
negative subculture or giving no colony after
incubation. The experiments were carried out in 3
replicates (n=3) (39, 40).

MIC and MBC determination of PAMAM
dendrimers

To conduct the antibacterial activity studies, 100 pL
MHB medium was first distributed from the first to
the twelfth well of a 96-well plate. Then, 100 uL of
test solutions (PAMAM dendrimers), prepared as
mentioned above, were added to the first test well,
and subsequently, 100 pL of scalar dilution was
transferred from the second to the eleventh well, the
twelfth well was added without any drug. Finally, 10
uL of a microbial suspension was added to each well
of the plate. All the formulations were filtered
through a 0.22-micron PES membrane filters in
order to make them free of any possible
contamination prior to each microbial test. The plates
were incubated for 18-24 h at 37°C. The MICs were
assessed where there was no visible growth of
bacteria. MBC studies were performed as described
in the previous section for vancomycin
hydrochloride.

MIC and MBC determination of vancomycin
PAMAM dendrimers

The MICs of vancomycin formulations
(vancomycin-PAMAM dendrimers containing 10
mg/mL PAMAM dendrimers and 10 mg/mL
vancomycin) were assessed with the same above-
mentioned procedure. Aqueous solution of
vancomycin dendrimers was transferred to each
microplate well in order to obtain a two-fold serial
dilution of the original stock solution (from 1:2 to
1:2084). The MICs were determined where there was
no visible growth of bacteria. MBC studies were
performed as described in the previous section for
vancomycin hydrochloride.

Subsequently  the  fractional  inhibitory
concentrations (FIC) and fractional inhibitory
concentrations index (FICI) were calculated in order
to identify vancomycin-dendrimer interaction
mechanisms, as follows:

FICA = (MIC of agent A in combination) / (MIC of

agent A alone) 1

FICg = (MIC of agent B in combination) / (MIC of
agent B alone) 2)

Y'FIC = FICI = FICA + FICg 3)
Stability studies

As it was mentioned previously, a stability indicating
HPLC method was developed and validated by
authors, to determine vancomycin stability in
different harsh conditions and to identify its
degradative products. Further experiments were
carried out in order to evaluate the stability of this
complex, as described below.

Determination of vancomycin aqueous solution
stability

Vancomycin UV-spectra was obtained when it was
dissolved in deionized water and in PBS (pH: 7.4).
Subsequently, its HPLC determination was carried
out in both media to determine any difference in its
chromatogram. Furthermore, the amount of
vancomycin hydrochloride in both aqueous and
physiological media was evaluated after leaving the
solution at room temperature for one month.

Determination of Vancomycin PAMAM dendrimer
stability

In order to evaluate vancomycin PAMAM
dendrimer stability, the preparation was kept at room
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temperature for 1 month and then was assayed by
HPLC to determine any change in concentration.
Data were then analyzed statistically using one-way
ANOVA test, considering P < 0.05 as significant,
followed by post hoc Tukey’s HSD test to determine
the differences between means.

RESULTS

In vitro release studies of vancomycin-PAMAM
dendrimers

Figure 1 shows 24 h release profiles of vancomycin
from G3 and G5 PAMAM dendrimers and
vancomycin solution. As it is shown, after 24 h, G3
and G5 PAMAM-containing systems, released about
63% and 44% of vancomycin, respectively, while
vancomycin was totally released from solution in 1
h. These data reveal a sustained release manner for
vancomycin-dendrimer systems in comparison to
vancomycin solution and that, G5 dendrimer
released less vancomycin during 24 h release than
G3 system.

120

100

% accumulative release

MIC and MBC of vancomycin solution

Table 1 shows MIC and MBC values for vancomycin
hydrochloride obtained by broth microdilution
method. Staphylococcus aureus is considered
vancomycin-resistant at MIC values of higher than
16 pg/mL (37, 38). Based on this, vancomycin
hydrochloride was effective only on Gram-positive
bacteria. The most sensitive microorganism, with
minimum MIC value, was S. aureus with an MIC of
2.4 pg/mL while the highest values were for P.
aeruginosa with an MIC and MBC value of 5000 and
40000 pg/mL, respectively. The MIC value for
Gram-negative bacteria was more than 156.2 pg/mL.

MIC determination of PAMAM dendrimers
Table 2 shows G3 and G5 PAMAM dendrimer MIC
values. PAMAM dendrimers (without incorporated
drug), in both generation, were inactive against both
Gram-positive and Gram-negative bacteria. The
MIC values for Gram-positive bacteria in both
generations were less than MIC values of Gram-
negative bacteria. The minimum MIC was for G3
dendrimers and on S. aureus (1250 pg/mL). The
MBCs were very high in both generations (more than
20000 pg/mL).

—O—G3 dendrimers
—@— G5 dendrimers
—@—Solution

25

Time (h)

Figure 1. Cumulative release of vancomycin from G3 and G5 dendrimer systems and solution over 24 h. Data are mean +
SD (n=3). (The error bars are within the size of the symbols where not visible).
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Table 1. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) (png/mL) values of

vancomycin hydrochloride solution (n=3)*

Microorganism ATCC MIC* MBC*
S. aureus 6538 24 2.4
MRSA 33591 4.8 9.6

E. coli 8739 156.2 156.2
K. pneumonia 10031 625 625

S. typhimurium 14028 625 625

P. aeruginosa 9027 5000 40000

*. All tests were run in triplicates and same MIC (or MBC) values were observed in the replications.

Table 2. MIC and MBC values of G3 and G5 PAMAM dendrimer (ug/mL) (n=3)*

Bacteria G3 G5

MIC MBC MIC MBC
S. aureus 1250 >20000 2500 5000
MRSA 2500 >20000 2500 >20000
E. coli 5000 >20000 20000 >20000
K. pneumonia 20000 >20000 20000 >20000
S. typhimurium 20000 >20000 20000 >20000
P. aeruginosa 20000 >20000 20000 >20000

*: All tests were run in triplicates and same MIC (or MBC) values were observed in the replications.

MIC determination of vancomycin-dendrimer
complexes

Table 3 shows G3 and G5 vancomycin-PAMAM
dendrimer complexes MIC values. Vancomycin-
PAMAM dendrimers, in both cases (G3 and GS5),
significantly potentiated the drug effect on almost all
Gram-negative bacteria. It reduced vancomycin MIC
from 156.2 to 78.1 pg/mL, from 625 to 156.2 pg/mL
and from 5000 to 78.1 pug/mL for E. coli, S.
typhimurium and P. aeruginosa, respectively. P.
aeruginosa with an MIC of 78.1 pg/mL was the most
sensitive  bacteria to the both dendrimer
formulations. No MIC change was observed for the
effects of vancomycin-containing dendrimers on
Gram-positive bacteria, compared to vancomycin

solution. On the other hand, dendrimers had much
higher MIC values for both Gram-positive and
Gram-negative  bacteria, in comparison to
vancomycin-PAMAM dendrimers.

Table 4 provides FIC values for vancomycin-
dendrimer systems, interpreted as synergism (FICI <
0.5), partial synergism (0.5 < FICI <1) and
indifference or additive (1 < FICI< 4), based on
criteria described by (41). For both G3 and G5
vancomycin dendrimers, the minimum FICI was
related to P. aeruginosa, with an FICI of about 0.02
which means there is a strong synergism (FICI <0.5)
between vancomycin and dendrimers on this
bacterium.

Table 3. Vancomycin-PAMAM dendrimers MIC and MBC values (ug/mL) (n=3)*

Bacteria Vancomycin
(Control) Vancomycin/G3? Vancomycin/G5"
MIC MBC MIC MBC MIC MBC
S. aureus 24 2.4 2.4 4.8 24 19.2
MRSA 4.8 9.6 4.8 9.6 4.8 156.2
E.coli 156.2 156.2 78.1 78.1 78.1 78.1
K. pneumonia 625 625 625 625 312.5 312.5
S. typhimurium 625 625 156.2 156.2 156.2 156.2
P. aeruginosa 5000 40000 78.1 156.2 78.1 156.2

*: All tests were ran in triplicates and same MIC (or MBC) values were observed in the replications.

a) Generation 3 PAMAM dendrimers loaded with vancomycin.
b) Generation 5§ PAMAM dendrimers loaded with vancomycin.
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G3-vancomycin dendrimers showed a partial
synergism (0.5 < FICI <1) effect on E. coli with an
FICI of 0.52, while G5-vancomycin dendrimers
exhibited a near synergism effect on this
microorganism with an FICI value of almost 0.5.
Both generations had only an indifference/additive
mechanism (1 < FICI <4) on Gram-positive bacteria
(FICI=1). To sum up, synergic mechanism was only
seen in Gram-negative bacteria in both generations.

Results of stability studies

Vancomycin UV spectra were defined in aqueous
medium and in PBS (pH:7.4). As it is shown in
Figure 2, UV-spectra of vancomycin hydrochloride
in both media are similar and Amax is appeared at 280
nm for both media.

Figure 3 shows a chromatogram of vancomycin
hydrochloride solution which is assayed after 1
month storage at room temperature. As is shown, the

retention time and height of the peak has not
changed. It can be concluded that vancomycin is
stable in this condition. Furthermore, our HPLC
studies indicated that, vancomycin is a relatively
stable molecule in harsh conditions (34).
Vancomycin-dendrimer complexes, injected
after 1-month storage of the solution at room
temperature, showed no significant change in AUC
and retention time, compared to freshly prepared one
and no new peak was appeared. The mean
vancomycin concentration at time zero was 99.5 +
0.6 and 99.3 £+ 0.9 pg/mL for vancomycin G3 and
vancomycin G5 respectively. These values changed
t0 99.0 £ 0.7 and 99.1 + 0.8 pg/mL after one month
storage at ambient temperature (25.0 = 1.0 °C). The
statistical measurement done by one-way ANOVA
showed no significant difference (P > 0.05) in the
amount of vancomycin between different
formulations after 1 month stability studies.

Table 4. FICI of vancomycin with either G3 or G5 dendrimer combinations*

Vancomycin/G3 systems

Vancomycin/G5 systems

Bacteria ;]I%m' G3 FIC  FICI Interaction ;]I%m' G5 FIC  FICI® Interaction
S. aureus 1 0.002 1.002 1 0.001 1.001 Add
MRSA 1 0.002 1.002 1 0. 002 1.002 Add
E.coli 0.5 0.02 0.52 0.5 0.004 0.504 Syn
K. pneumonia 1 0.03 1.03 0.5 0.02 0.52 P.syn
S. typhimurium 0.25 0.008 0.258 0.25 0.008 0.258 Syn
P. aeruginosa 0.02 0.004 0.024 0.02 0.004 0.024 Syn
*: All tests were ran in triplicates and same FIC (or FICI) values were observed in the replications.
a) FICI: Fractional inhibitory concentration index
b) Add: additive (FICI > 1)
¢) P.syn: Partial synergism (0.5 < FICI < 1)
d) Syn: Synergism (FICI <0.5)
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Figure 2. UV-spectrum of vancomycin hydrochloride in A) water and in B) PBS (pH: 7.4).




J Pharm Pharm Sci (www.cspsCanada.org) 22, 10 - 21, 2019
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Figure 3. Vancomycin hydrochloride chromatograms A) freshly prepare, B) after 1 month storage at room temperature

ANOVA was followed by Tukey’s HSD post hoc
test and no significant difference (P > 0.05) was
observed between individual means.

DISCUSSION

Our results showed that the most sensitive
microorganism toward vancomycin, with minimum
MIC value, was S. aureus with an MIC of 2.4 pg/mL.
The MIC values for Gram-negative bacteria were
more than 156.2 pg/mL. The highest MIC value was
for P. aeruginosa with an MIC and MBC values of
5000 and 40000 upg/mL, respectively. As was
explained earlier, vancomycin cannot penetrate the
outer membrane of Gram-negative bacteria, due to
its high molecular weight of about 1400 D and
hydrophilicity (11, 42, 43). Gram-positive bacteria
however, lack this outer membrane layer and
therefore, as is confirmed by our results, vancomycin
is effective against these bacteria while, it cannot
show enough antibacterial effect on Gram-negative
ones. In other word, Gram-negative bacteria are not
responsive (sensitive) to vancomycin, because their
outer membrane does not let this antibiotic enter the
cell and reach its site of action. It seems reasonable
that by weakening the barrier properties of this outer
membrane layer of Gram-negative bacteria, one
might overcome this limitation and make

vancomycin an effective antibiotic against this kind
of bacteria.

We used PAMAM dendrimer-vancomycin
systems in order to broaden the spectrum of
vancomycin activity. Our results revealed that
dendrimer-vancomycin complex reduces MIC and
MBC values up to 64 times (Table 3). The
enhancement effects of dendrimers toward
vancomycin depend on bacterial type and dendrimer
generation, as is shown. Vancomycin dendrimers, in
both cases (G3 and G5), significantly potentiated the
drug effect on almost all Gram-negative bacteria.
They reduced vancomycin MICs bye about 2, 2, 4
and 64 times for E. coli, K. pneumonia, S.
typhimurium and P. aeruginosa, respectively. These
improvements might be due to bacterial membrane
perturbation or higher uptake of dendrimer-
vancomycin systems, as discussed below.

Antibacterial effects of dendrimers have been
reviewed by Boas and Heegaard (44) and discussed
that cationic dendrimers show their antibacterial
activity by adhering to anionic bacterial membrane
and therefore, damaging it. Such damage may have
been responsible for effects of PAMAM dendrimer
on permeation of vancomycin observed here. It also
might be due to increased local concentration of
vancomycin. Such a mechanism has also been
discussed by this group for covalently-bond
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dendrimer-drug for extracellular matrix-targeted
local drug delivery (45).

Hong et al. (46), studied the effects of
dendrimers on permeation of a model dye through an
artificial membrane and KB rat cell lines and showed
that dendrimers possibly reduce the barrier property
of the membranes through hole formation or
internalization ~ of  dendrimer-dye  through
endocytosis.

Another study showed G4 PAMAM dendrimer
could permeabilize caco-2 cell monolayers (23).
Guerin-Mechin et al. (47), observed changes in
bacterial outer membrane fatty acid composition in
response to treatment with quaternary ammonium
compounds (QACs). Such mechanisms may have
contributed to hole formation in bacterial outer
membrane and subsequent increased delivery and
entrance of vancomycin into its site of action.

In-vitro  release of vancomycin from
vancomycin dendrimers after 24 h showed that G5
and G3 vancomycin dendrimers released about 44%
and 63% of their cargo into the receptor phase, while
100% of vancomycin was released from solution.
The reduced vancomycin release from dendrimer
systems could be due to a complex formation
between dendrimers and the drug and hence, reduced
vancomycin release from complexes. Our results are
in good agreement with other groups (30, 48), who
showed that dendrimers reduced release of
ketoprofen and sulfamethoxazole, in comparison to
the solutions, possibly due to complex formation
between dendrimers and the drug. This might be
because of high surface density of functional groups
of dendrimers which can simultaneously interact
with several drug molecules and entrapment of the
drug in the internal void cavities. An inclusion box is
made resulting from non-covalent interaction of
vancomycin with either peripheral primary amino
groups or interior voids of the dendrimer (44). As is
explained by Cheng et al. (49) and Moghimi et al.
(50), dendrimers can either physically entrap drugs
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(Figure 4) or bind to drugs through chemical
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Figure 4. Localizations of phenobarbital molecules in the
cavities of polyamidoamine (PAMAM) dendrimer; as
described by Cheng et al. (49) (with permission from the
corresponding author).

Our results also showed that the amounts of
vancomycin released from G5 and G3 are different
and that G5 showed lower release. This might be due
to higher entrapment of vancomycin in G5 as a result
of higher interacting sites in this dendrimer. Cheng
and coworkers (49) demonstrated that higher
generation PAMAM dendrimers can encapsulate
more phenobarbital molecules (Figure 4), into the
interior cavities, than lower generation dendrimer.
Our results showed that G5 vancomycin-
dendrimer enhancement effect is either equal or
higher than G3 based on MIC and FICI values (Table
3 and Table 4). Our results also revealed that G5
dendrimer showed synergistic effect with
vancomycin against all Gram-negative bacteria
(except for K. pneumonia with a partial synergistic
effect), while the effect of G3 dendrimer was partial
synergism and additive/indifference towards E. coli
and K. pneumonia, respectively. G5 dendrimer
showed lower FICI on E. coli and K. pneumonia of
about 0.5 and 0.52, respectively, compared to G3
dendrimers (0.52 and 1.03 correspondingly).

g icl] w)
=

=

Figure 5. Probable chemical interaction between the surface nucleophilic (NH2) groups of polyamidoamine (PAMAM)
dendrimer and furfural, proposed by Moghimi et al. (50). (with permission from the corresponding author).
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The difference between these two dendrimers may
be due to difference in their interactions with
vancomycin, (as was shown in release studies),
difference in the interactions with the membrane or
the size and entrapment efficiencies. However, more
studies are needed to clarify the exact mechanism of
this effect.

CONCLUSION

The present study revealed that both G3 and G5
cationic polyamidoamine (PAMAM) dendrimers are
able to make Gram-negative bacteria sensitive to
vancomycin, resulting in the decline of MIC values
up to 64 times, possibly by increasing its permeation
through bacterial outer membrane.

These findings are very interesting and promising in
terms of broadening the spectrum of vancomycin
activity. Such a strategy can be investigated and
employed for other antibiotics and also can be used
for increasing the life of these precious drugs.

As described in Introduction, there is a concern about
toxicity of  dendrimers.  Fortunately, the
concentration of PAMAM dendrimers employed
here are low enough to decrease the risk of toxicity
(19). Beside this, as explained earlier, it is possible
to decrease toxicity of dendrimers by entrapping
them in lipid nano carriers (27, 28), while the
efficacy of dendrimer cargo is kept.

Further studies are in progress in our laboratories to
find other methods for improving bacterial
sensitivity (overcoming resistance) to antibiotics and
broadening the spectrum of activity of existing
antibiotics.
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