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Abstract

We have investigated the antibacterial activity and cytotoxicity of a series of amino-terminated poly
(amidoamine) (PAMAM) dendrimers modified with poly(ethylene glycol) (PEG) groups. The
antibacterial activity of the PAMAM dendrimers and their derivatives against the common ocular
pathogens, Pseudomonas aeruginosa and Staphylococcus aureus, was evaluated by their minimum
inhibitory concentrations (MICs). For the unmodified third and fifth generation (G3 and G5) amino-
terminated dendrimers, the MICs against both P. aeruginosa and S. aureus were in the range of 6.3—
12.5 pg mL™1, comparable to that of the antimicrobial peptide LL-37 (1.3-12.5 ug mL™1) and within
the wide range of 0.047-128 pug mL ™1 for the fluoroquinolone antibiotics. PEGylation of the
dendrimers decreased their antibacterial activities, especially for the Gram-positive bacteria (S.
aureus). The reduction in potency is likely due to the decrease in the number of protonated amino
groups and shielding of the positive charges by the PEG chains, thus decreasing the electrostatic
interactions of the dendrimers with the negatively-charged bacterial surface. Interestingly,
localization of a greater number of amino groups on G5 vs. G3 dendrimers did not improve the
potency. Significantly, even a low degree of PEGylation, e.g. 6% with EG1;, on G3 dendrimer, greatly
reduced the cytotoxicity towards human corneal epithelial cells while maintaining a high potency
against P. aeruginosa. The cytotoxicity of the PEGylated dendrimers to host cells is much lower than
that reported for antimicrobial peptides. Furthermore, the MICs of these dendrimers against P.
aeruginosa are more than two orders of magnitude lower than other antimicrobial polymers reported
to date. These results motivate further exploration of the potential of cationic dendrimers as a new
class of antimicrobial agents that may be less likely to induce bacterial resistance than standard
antibiotics.

Introduction

The potential biomedical applications of dendrimers has become an active area of research.1~
3 Dendrimers are a new class of hyperbranched macromolecules possessing distinctive
properties such as well-defined globular architecture, narrow polydispersity and tunability of
surface functionalities.*® Their tunable nanometric size and chemical functionality offer
versatility for incorporating a wide variety of functional moieties either through encapsulation

TElectronic supplementary information (ESI) available: The MALDI-MS spectra of the PAMAM dendrimers and their PEGylated
derivatives, phase contrast images of HCECs treated with different concentrations of G5 PAMAM. See DOI: 10.1039/b904746h

Correspondence to: Chengzhi Cai.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lopez etal.

Page 2

in the interior of the dendrimer or by tethering onto the periphery via covalent modification or
physisorption for drug/gene delivery and imaging.1=3

Poly(amidoamine) dendrimers (PAMAM) are arguably the most extensively studied
dendrimers for biomedical applications,1=3:6 especially as carriers of biologically active
agents.”:8 For drug delivery, pharmacokinetics and cytotoxicity of the system are important
concerns. The polycationic PAMAM dendrimers are known to be cytotoxic.? However,
covalent attachment of acetyl groups,1 lauroyl groups,! or poly(ethylene glycol) (PEG)
chains!~14to the peripheral amino groups of PAMAM dendrimers decreases their cytotoxicity
to host cells, probably due to the reduction of the number of protonated amino groups and
shielding of the positive charges on the dendrimers. In particular, in vitro experiments using
various human and animal cell lines showed that increasing the coverage of PEG chains on
amino-terminated PAMAM decreased the cytotoxicity of the dendrimers.11=14 In addition,
PEGylation of PAMAM dendrimers has also been reported to greatly enhance the circulation
time and improve biodistribution and biocompatibility.12:14-19

PAMAM and other dendrimers with peripheral amino groups have been used as carriers or
scaffolds for the covalent attachment of antimicrobial agents, such as antibiotics,20—22
quaternary ammonium,23 and viral inhibitors.24 However, the antimicrobial activities of the
PAMAM dendrimers themselves have only recently been discovered.2> During our
preliminary study2® of using PAMAM dendrimers as carriers of antimicrobial peptides
(AMPs), such as LL-37,26-28 we found that generation 5 (G5), amino-terminated PAMAM
dendrimer was an effective antibacterial agent against common ocular pathogens, such as
Pseudomonas aeruginosa and Staphylococcus aureus. As expected, the unmodified G5
dendrimer showed cytotoxicity to human corneal epithelial cells (HCECs).2° Significantly, the
~43% PEGylated G5 PAMAM became non-cytotoxic to HCECs and maintained a high
potency against P. aeruginosa although it became inactive against S. aureus.?® This result was
exciting since P. aeruginosa is one of the most common pathogens associated with bacterial
keratitis, a serious ocular infection that may lead to blindness,2° and the causative organism
has developed significant resistance to current antibiotics.3? AMPs are natural antibiotics that
have remained effective against bacterial pathogens for millions of years.3! Despite extensive
research on AMPs,32738 the development of AMP-based anti-infective drugs has been
hampered by factors such as their relatively low potency against pathogens, high cytotoxicity
and high cost of manufacturing.32:34:38 |t has been proposed that low affinity targeting of
bacterial membranes themselves rather than a specific bacterial receptor is one of the means
through which AMPs circumvent the evolution of bacterial resistance.313% Compared to
AMPs, the amino-terminated PAMAM dendrimers possess a much higher number of positive
charges, and thus have a higher affinity towards the negatively-charged bacterial surface. In
addition, they are much cheaper to manufacture than AMPs. These considerations motivated
us to investigate the potential of PEGylated PAMAM as a new type of antibacterial agent. We
hypothesized that PAMAM dendrimers with a high charge density and large size (higher
generation) would be more effective in killing bacteria, but also could be more toxic to host
cells. On the other hand, PEGylation of the PAMAM dendrimers should reduce their toxicity
to the host cells, but perhaps at the expense of lowering their antibacterial activity. Accordingly,
we prepared a series of PEGylated PAMAM dendrimers designated as G3-%EG, and G5-%
EG, that differ in generation (G3 or G5), degree (%) of PEGylation of the peripheral amino
groups, and the length (EG7 or EG14) of the monodispersed PEG chains (Scheme 1). We
measured the minimum inhibitory concentration (MIC) of these dendrimers for P.
aeruginosa and S. aureus and their cytotoxicity to HCECs. We show that the generation, degree
of PEGylation and length of the PEG chains of the PEGylated PAMAM dendrimers, to a limited
extent, can be optimized to achieve efficient bactericidal activity with low cytotoxicity to the
host cells.
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Experimental

Materials

Different generations (G3 and G5) of amino-terminated PAMAM dendrimers with
ethylenediamine initiator core were purchased from Dendritech, Inc. EG;NHS and EG1NHS
(NHS-m-dPEG™, M,, = 509 and 685, respectively) were from Quanta Biodesign. Prepacked
Sephadex PD-10 columns used for gel filtration chromatography were obtained from GE
Healthcare. trans-3-Indoleacrylic acid (>99.0%) as matrix substance for MALDI-TOF mass
spectrometry was purchased from Sigma-Aldrich.

The components of an approximately 1 L of SHEM-X media used in the culture assay include
500 mL of Minimum Essential Medium Eagle (Sigma-Aldrich M4655), 500 mL of F12 nutrient
mixture (1x) (Gibco 31765-035), 5 mL of dimethyl sulfoxide (Sigma-Aldrich D2650), 10 mL
of antibiotic and antimycotic (100x) (Gibco 15240-062), 5 ug of bovine insulin (Sigma-Aldrich
11882), 100 pL of cholera toxin (Sigma-Aldrich C8052), 100 uL of epidermal growth factor
(EGF) (Sigma-Aldrich), 11.8 mL of HEPES buffer solution (1 M) (Gibco 15630-080) and 2
mL of Normocin™ (InvivoGen ant-nr-2).

Synthesis and characterization of PEG-PAMAM

The amounts of dry PAMAM and EG,NHS (m =7 or 11) for the synthesis are listed in Table
1. The compounds were then dissolved in methanol and CH,Cly, respectively. In a typical
procedure, a 10% (w/v) solution of EG,NHS (Scheme 1) in CH,Cl, was added to a stirred
methanolic solution of the G3 (19% w/w) or G5 (21% w/w) PAMAM dendrimer in a vial. The
mixture was stirred vigorously overnight, and then the solvent was removed under vacuum.
The product was purified by gel filtration chromatography using a prepacked Sephadex PD-10
column with Millipore water as eluent, and then dried in vacuo.

The products were characterized by matrix-assisted laser desorption ionization—time-of-flight
(MALDI-TOF) mass spectrometry using a Voyager DE-STR MALDI-TOF mass spectrometer
(Applied Biosystems), operated in the positive ion linear mode with an accelerating voltage
ranging from 20 kV to 25 kV with delayed extraction. The sample preparation protocol for
MALDI-TOF MS of PAMAM is similar to that reported in the literature.3° Briefly, the matrix,
trans-3-indoleacrylic acid, was dissolved ina 1: 1 (v/v) water—acetonitrile to prepare a 0.05 M
stock solution. A series of dendrimer concentrations ranging from 100 to 1000 uM in methanol
were prepared. The analytical sample was prepared by spotting the dendrimer solution followed
by the matrix solution on the MALDI plate, then drying in ambient conditions. Each mass
spectrum (see ESIT) was the average of the spectra obtained from 200 randomly located laser
shots on the same sample. As an example, Fig. 1 displays the MALDI spectrum of an EG7-
modified G3 PAMAM, showing a measured molecular weight (My,) of 17 247 Da,
corresponding to approximately 84% PEGylation. Hence the compound was designated as
G3-84% EG;.

Note that PAMAM dendrimers are known to have defects.4%:41 The M, of a G3 PAMAM
dendrimer is 6909 Da. However, the MALDI-TOF MS measurement showed that the
commercial G3 PAMAM used in this study had a measured M, of 6859 Da, which is probably
due to the failure of attaching the last ethylenediamine to most dendrimer molecules during
the synthesis. Hence, the number of peripheral amino groups was estimated to be 31 (not 32
for the ideal G3). Similarly, the measured M,, of the commercial G5 PAMAM dendrimer was
26 373 Da, lower than the theoretical M, of 28 828 Da. According to the data provided by the
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manufacturer and literature,*? the number of peripheral amino groups in the commercial G5
PAMAM dendrimer used in this study was approximately 110 (not 128 for the ideal G5). The
difference in the measured M,,s of PEG-modified PAMAM and the unmodified dendrimers
provides the approximate number of PEG chains attached on PEG-PAMAM, and thus the
degree of PEGylation.

Preparation of bacterial solutions

P. aeruginosa (PA ATCC 19 660%3) and S. aureus (SA ATCC 29 213) were the laboratory
strains used in this study. We used P. aeruginosa and S. aureus in this study, since both are
common ocular pathogens, which have been known to cause bacterial keratitis in human
patients.2944 Single colonies of P. aeruginosaand S. aureus were inoculated in 5 mL of Difco’s
nutrient broth (NB) and then incubated overnight at 37 °C while shaking at 180 rpm. A small
volume (~300 pL) of this overnight growth was resuspended to 1 mL of NB and the optical
density was adjusted to about 0.20 at 620 nm, which corresponds to approximately 1.0 x 107
colony-forming units (CFU) per mL. This solution was then diluted in NB to prepare a bacterial
stock solution having a concentration of 2.0 x 10° CFU per mL.

Preparation of dendrimer solutions

The unmodified and PEGylated PAMAM dendrimers were dissolved in water to prepare 8.0
mg mL 1 dendrimer stock solutions. Serial double dilution of the stock solution was performed.
For the MIC assay, the stock solution was diluted with an equal volume of 0.02% acetic acid
containing 0.40% bovine serum albumin (BSA) to obtain a concentration of 4.0 mg mL™1.
Repeating the double dilution using 0.01% acetic acid with 0.20% BSA provided a series of
concentrations ranging from 2000 down to 31 pg mL~1. The final test concentration range used
for the incubation with the bacteria was 4000 down to 31 pg mL~2. For the MTT cytotoxicity
assay, different dendrimer concentrations (1000, 500, 100, 50, 10, 5, 1, 0.5, 0.1 and 0.05 pg
mL 1) were prepared by diluting the stock solution in serum-free SHEM-X media.

Antibacterial assay

The minimum inhibitory concentration (MIC) of the PAMAM derivatives, that is, the lowest
concentration of the compounds that inhibits the visible growth of P. aeruginosa and S.
aureus after 18-24 h of incubation, was determined using a broth microdilution technique.*>:
46 Briefly, 11 uL of each of the above prepared solutions of the PAMAM and PEG-PAMAM
dendrimers was added to the wells containing 100 ul of 2.0 x 10° CFU per mL of the bacterial
solution in a 96-well sterile polypropylene microtiter plate. Control wells were composed of
100 pL of the 2.0 x 10° CFU per mL bacterial solutions without dendrimers and 100 uL of NB
medium without bacteria. To reduce evaporation during incubation which is critical to the
assay, each of the empty outer wells of the microtiter plate was filled with sterile water to
increase the water vapor pressure in the incubator.4> The microtiter plates were incubated at
37 °C while shaking at 150 rpm for 18-24 h. At the end of the incubation, the pellets formed
were resuspended prior to scanning the optical densities using a bioassay reader (Perkin Elmer
HTS 7000, Norwalk, CT) with a wavelength of 635 nm, which is proportional to the number
of bacteria in suspension. The data were plotted using Origin 7 (OriginLab, Northampton, MA).
The MIC value is defined as the concentration at which a sharp decline in optical density
reaches the minimum (close to zero).4”

Cytotoxicity assay

Cytotoxicity of the dendrimers to SV40-transformed human corneal epithelial cells (SV40-
HCEC),*8 a gift from Dr Kaoru Araki-Sasaki (Tane Memorial Eye Hospital, Osaka, Japan),
was determined by following a standard MTT assay (MTT is 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide, a tetrazole). Briefly, cells were maintained in SHEM-X media
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with 10% fetal bovine serum (FBS). HCECs (7000 cells per well) were grown for 36 h at 37
°C to confluence in 96-well sterile microtiter plates.#%:50 The media with FBS was removed
and the cells were washed with 1x phosphate buffer saline (PBS) and serum-starved for 4 h
by incubating in SHEM-X media alone at 37 °C. The media in the plate were replaced with
100 pl of the prepared dendrimer solutions. Then, the plate was incubated at 37 °C for 24 h.
Untreated HCEC:s in culture media alone were used as negative control while HCECs treated
with 10 pL of 0.2% benzalkonium chloride (bac) served as a positive control. Cytotoxicity was
assayed with an MTT kit (Chemicon International, Temecula, CA) following the
manufacturer’s instruction. This assay is based on the enzymatic conversion of the yellow
tetrazolium salt (MTT reagent) into the purple formazan precipitate by viable cells. The
concentration of formazan formed is proportional to the number of viable cells. To measure
this concentration, the formazan precipitate in the plate was dissolved by adding a solution of
0.04 N HCl in isopropanol, and the absorbance at 590 nm with a reference wavelength of 635
nm was immediately measured using a FLUOstar Omega multi-mode plate reader (BMG
Labtech Incorporated, NC).

Results and discussion
Antibacterial activities of PAMAM and PEG-PAMAM

As shown in Scheme 1, the G3 and G5 PAMAM dendrimers, containing ~31 and ~110
peripheral amino groups, were PEGylated with the monodispersed EG,NHS of varied chain
lengths (EG7 and EG14). The coverage of PEG chains on the resulting PEG-PAMAM was
varied by the amount of EG,,NHS. The degree of PEGylation on the PEG-PAMAM was
calculated by obtaining the difference between the My,s of the PEGylated derivatives and the
unmodified dendrimers measured by MALDI-TOF mass spectrometry (ESIT), and the data on
% of PEGylation and number of PEG chains (n values) are summarized in Scheme 1. It should
be noted, however, that it was difficult to obtain precise control of the PEG coverage. In
particular, a high coverage of G5 PAMAM with EG; is difficult to achieve as compared to
the shorter EGy, likely due to steric hindrance.

Several measures of antibacterial activity, particularly the concentration needed to kill half of
the bacteria (ECsg) and the minimum inhibitory concentration (MIC) that inhibits the visible
growth of the bacteria, have been widely used for evaluating the susceptibility of potential
drugs against specific pathogens. In our previous work, we have determined the ECgq of G5
PAMAM with or without 43% PEGylation by counting the bacterial colonies grown on agar
plates.2> In the present study, we used a standard, more efficient and reproducible assay to
assess the activities of the dendrimer derivatives. Specifically, we measured the MIC values
of these compounds using a modified broth microdilution assay in a 96-well plate format.>1
After incubation of the bacteria with the dendrimer derivatives, the optical density at 635 nm,
which is proportional to the number of bacteria, was measured with a plate reader. The MIC
value of the dendrimer was then obtained from the plot of the optical densities vs. the
concentrations of the dendrimer. We used P. aeruginosa and S. aureus in this study, since both
are common ocular pathogens, which have been known to induce in vivo bacterial keratitis
particularly among contact lens wearers.29:44

Fig. 2 shows the plots of the optical densities and MICs of P. aeruginosa after an overnight
incubation with the unmodified G3 and G5 dendrimers (a), PEGylated G3 (b) and PEGylated
G5 (c). Results showed that both G3 and G5 PAMAM were effective against P. aeruginosa in
a concentration-dependent manner (Fig. 2a). The MIC values are 6.3 ug mL~1 (same result
from four independent experiments) for G3, and 12.5 ug mL ™1 (same result from six
independent experiments) for G5. These observed MIC values are higher than those reported
for the currently used drugs for the treatment of bacterial keratitis, namely ciprofloxacin
(Ciloxan®), gatifloxacin (Zymar®), levofloxacin (Levaquin®) and moxifloxacin (Vigamox®)
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(1, 2, 2 and 2 pg mL ™1, respectively).>2 However, certain bacterial keratitis isolates have
developed resistance to these fluoroguinolone antibiotics, including ciprofloxacin.>3:54 The
MIC values for dendrimers G3 and G5 were comparable to those reported MICs for the
antimicrobial peptide LL-37 (ranging from 1.3 to 5.7 ug mL ™1, depending upon the strain of
P. aeruginosa used).%> Furthermore, we previously determined an EC°C value of 1.5 + 0.1 pg
mL 125 for G5 PAMAM, which is comparable with a reported EC°C value of 2.8 + 1.3 g
mL 1 for LL-37 against P. aeruginosa.2®

The MIC values derived from Fig. 2 are summarized in Table 2, showing the effect of dendrimer
generation, degree of PEGylation and PEG chain length. Also included in Table 2 are the
minimum molar concentrations (MICpa/M,,) of the dendrimers that are needed to inhibit the
growth of P. aeruginosa, and the corresponding molar concentrations of the amino groups on
them. These concentrations are proportional to the minimum number of the molecules and their
amino groups needed to inhibit growth of a bacterial cell.

We hypothesize that, similar to AMPs, the cationic nature of the dendrimers is essential for
their initial electrostatic interaction with the negatively-charged components of the bacterial
membrane, such as lipopolysaccharide (LPS) or lipoteichoic acid.33 Indeed, a relatively narrow
range of the minimum molar concentrations of the amino groups (MICpa % NnH,/My, = 29—
129 uM) on the dendrimers correlated with the effective inhibition of bacterial growth. Hence,
a higher molar concentration (MICpa/M,,) of the G3 vs. G5 dendrimers is needed to inhibit
bacterial growth. To achieve an antimicrobial effect, the dendrimers may need to do more than
the initial binding to the bacterial membrane; penetration and diffusion toward the cytoplasm
may be required. To facilitate this step, a balance between the net positive charge,
hydrophobicity and size may be necessary.32:34:56 G5 dendrimer has more peripheral NH,
groups than G3 (~110 vs. ~31), resulting in a higher surface charge density on the molecule.
5" However, its larger size compared to G3 possibly reduced its capability to penetrate toward
the bacterial membrane. The ease of penetration through the cytoplasmic membrane might be
the reason that, against our initial hypothesis, G3 was more potent than G5 (MICpp = 6.3 ug
mL~1vs. 12.5 pg mL™L, MICpa x Nyp,/My, = 29 vs. 52 pM) although G5 localizes a higher
number of NH, groups (positive charge).

PEGylation resulted in a reduction of the antibacterial activity against P. aeruginosa (Table
2). Although the threshold values were not determined, a high PEG coverage deactivated the
dendrimers against P. aeruginosa. One possible explanation for this observation is the decrease
in the number of protonated NH, groups, i.e. the charge density, and the partial shielding of
the charges by the PEG chains, thus decreasing the electrostatic interactions with the
negatively-charged bacterial surface. To inhibit the growth of the bacterium, a higher number
of amino groups (MICpa x NnH,/Myy in Table 2) would then be necessary to compensate the
shielding by the PEG chains. Interestingly, longer PEG chains slightly enhance the antibacterial
activity. For instance, G3-10% EGy did not show activity while G3-6%EG;; displayed an
activity with a MIC/M,, of 3.0 uM. It is possible that in combination with the cationic character
of the dendrimer, the dual hydrophobic/hydrophilic character of PEG chains to some extent
enhances the permeation through the cell membrane.

The results for the Gram-positive S. aureus are shown in Fig. 3. The MIC value derived from
Fig. 3a for both G3 and G5 was 12.5 ug mL ™1 (same result from three independent
experiments). This MIC value was comparable to the reported MICs for LL-37 (2.9-12.5 pg
mL~1,55 depending upon the strain of S. aureus used), but substantially higher than those of
common fluoroquinolone antibiotics, including gatifloxacin (0.22 ug mL™1), levofloxacin
(0.38 ug mL1), moxifloxacin (0.047 pg mL™1), and ciprofloxacin (0.5 pg mL™1).

Mol Biosyst. Author manuscript; available in PMC 2010 October 28.
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Unfortunately, even a low degree of PEGylation nearly completely deactivated the dendrimer
against S. aureus especially for the smaller dendrimer G3 (Fig. 3b and c). The result is in
agreement with our previous observation that G5 with 43% coverage of EG7 was inactive
against S. aureus.

The reason for the lower efficiency of the PAMAM dendrimers in killing Gram-positive
compared with Gram-negative bacteria is not clear. Similar phenomena have been observed
for certain antimicrobial peptides.>® The antibacterial action of the dendrimers probably
involves disruption of the cytoplasmic membrane of the bacteria. For the Gram-negative
bacteria, the top of the plasma membrane is bound by a thin periplasmic layer covered by an
outer membrane containing negatively-charged LPS. Gram-positive bacterial cell walls are
quite different. In Gram-positive bacteria, the outermost layer is thick and rigid, consisting of
cross-linked peptidoglycan. Accumulation of polycationic antimicrobial peptides on the outer
membrane of the Gram-negative bacteria may facilitate membrane permeation and hence
killing of the bacteria.32734 However, the ability of certain antimicrobial peptides to bind to
lipoteichoic acid in the peptidoglycan layer of the Gram-positive bacteria does not correspond
to their potency against Gram-positive bacteria.>® Perhaps the thick and cross-linked
peptidoglycan layer on the Gram-positive bacteria greatly hinders the subsequent actions of
some AMPs and the dendrimers to disrupt the cytoplasmic membrane, thus protecting the
cytoplasmic membrane from disruption.

Toxicity of PEG-PAMAM to HCECs

The cell viability (expressed as percent survival of the treated HCECs in comparison to
untreated HCECS) vs. the concentration of the dendrimers is plotted in Fig. 4. Interestingly,
the unmodified G3 dendrimer was only slightly toxic to HCECs even at the highest
concentration of 1000 ug mL~1 (Fig. 4a). On the other hand, a decrease in cell viability was
observed upon treatment with the unmodified G5 dendrimer at concentrations higher than 10
ng mL~L, For instance, at 50 ug mL™1, only 41% + 9% of the cells relative to the negative
control (untreated cells) were found to be viable.

At concentrations greater than 100 ug mL ™1, G5 had approximately the same cytotoxicity as
the positive control (cell viability < 15%). This result is consistent with the report by Hong et
al.,> that the formation of nanoholes on eukaryotic cells is promoted by high PAMAM
concentrations. Phase contrast images (ESIT) of HCECs showed noticeable cell contraction
and possible rupture upon treatment with 10 ug mL ™1 of G5. At higher concentrations (=50
ng mL1), a significant detachment of the cells from the glass surface was observed, resulting
in fewer cells viewed under the microscope. A preliminary study using a fluorescence-based
assay (in situ cell death detection kit) to detect fragmented DNA suggested that cell death did
not include an apoptotic component (data not shown).

It is well known that a high degree of PEGylation with long PEG chains, e.g. 22-28%
PEGs50, PEG750 and PEG2qqg, reduces the toxicity of amino-terminated PAMAM dendrimers
to mammalian cells.11~15:17=19 gjgnificantly, we found that even a low degree of PEGylation
rendered the PAMAM dendrimers, particularly G3, nontoxic to HCECs (Fig. 4b—e). For
instance, the viability of HCECs after 24 hours incubation with 1 mg mL™! of G3-6% EG14
was 125% _ 5%. In comparison, the percent survival of HCECs exposed to 1.25 mg mL 1 of
moxifloxacin and levofloxacin for 24 hours was 76% % 7% and 106% * 0%, respectively.50
The G5 derivative G5-6% EG11, being more cytotoxic than the above antibiotics, was still less
%/totoxic compared to LL-37 (cytotoxic at concentrations > 100 ug mL ™1 vs. > 10 ug mL ™).
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Conclusions

The localization of a greater number of amino groups on the higher generation (G5 vs. G3)
dendrimers did not improve the potency against the bacteria. The MIC values against P.
aeruginosa for the unmodified dendrimers and those with a low PEG coverage were in the
range of 6.3-25 ug mL~1, comparable to that of the antimicrobial peptide LL-37. PEGylation
of the dendrimers decreased the antibacterial activity especially for the Gram-positive bacteria
(S. aureus). However, PEGylation was necessary to reduce the cytotoxicity of the dendrimers,
particularly the G5 dendrimers, towards the host cells (HCECs) to the level comparable to the
antibiotics. Fortunately, even a low degree of PEGylation, e.g. 6% of EG11 on G3, can achieve
this task while maintaining a high potency against P. aeruginosa.

This work has contributed to the development of antimicrobial polymers in general.81 The MIC
values of several PAMAM and PEG-PAMAM dendrimers reported here are significantly
lower, mostly by more than two orders of magnitude, than that of other antimicrobial polymers
reported to date.81 In particular, we identified that G3 dendrimers modified with a low coverage
(<10%) of relatively long PEG chains (EGy) are promising antimicrobial agents that may be
less likely to promote the development of bacterial resistance than the standard antibiotics.
Although these dendrimers are less potent than many currently used antibiotics, the MICs
reported for antibiotics are based upon levels achievable in the bloodstream. The concentrations
of antimicrobials that can be achieved through direct topical application in the eye are thousands
of times greater.52 Furthermore, they may potentially be used as antimicrobial coatings for
medical implants, such as contact lenses, and for treatment of eye or skin infections.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

MALDI-TOF mass spectrum of G3 PAMAM modified with EG7 showing a measured
molecular weight of 17 247 Da. The peak at ~8600 Da corresponds to the double charged
molecular ion. The boxed regions were selected for the number and weight average molecular
weight (M, and M,,) and polydispersity index (PDI) calculations.
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Fig. 2.

Concentration (pg/mL)

Plots of the optical densities at 635 nm vs. concentrations of unmodified PAMAM dendrimers
(a), and PEGylated G3 (b) and G5 (c) PAMAM dendrimers in Difco’s nutrient broth after
incubation with P. aeruginosa ATCC 19 660 for 18-24 hours. The data in each plot were
obtained from a representative experiment where each data point corresponds to a mean of
three replicates * standard deviation.
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Fig. 3.

Plots of the optical densities at 635 nm vs. concentrations of unmodified PAMAM dendrimers
(a), and PEGylated G3 (b) and G5 (c) PAMAM dendrimers in Difco’s nutrient broth after
incubation with S. aureus ATCC 29 213 for 18-24 hours. The data in each plot were obtained
from a representative experiment where each data point corresponds to a mean of three
replicates * standard deviation.
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Fig. 4.

Percent survival of HCECs after incubating with various concentrations of unmodified
dendrimers G3 and G5 (a), G3 EG7-modified dendrimers (b), G3 EGq1-modified dendrimers
(c), G5 EG7-modified dendrimers (d), and G5 EGq1-modified dendrimers for 24 hours. The
benzalkonium chloride (bac)-treated HCECs were used as the positive control. Each plot was
obtained from a representative experiment, where the data point is the mean of four replicates
+ standard deviation. The values were compared to the untreated control at *P < 0.05 using
the Tukey test.
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Page 15

PEGylation of G3 and G5 PAMAM dendrimers with EG,,NHS to provide PAMAM G3-%
EGp, and G5-%EG,. The amounts of EG,,NHS are specified in Table 1. The degree of
PEGylation and number of PEG chains (,) were calculated from the difference of Mys of the
dendrimer before and after PEGylation, which were obtained from their MALDI-TOF mass

spectra.
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