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ABSTRACT: Herein we describe the synthesis of nitric oxide
(NO)-releasing quaternary ammonium (QA)-functionalized
generation 1 (G1) and generation 4 (G4) poly(amidoamine)
(PAMAM) dendrimers. Dendrimers were modified with QA
moieties of different alkyl chain lengths (i.e, methyl, butyl,
octyl, dodecyl) via a ring-opening reaction. The resultant
secondary amines were then modified with N-diazeniumdiolate
NO donors to yield NO-releasing QA-modified PAMAM
dendrimers capable of spontaneous NO release (payloads of
~0.7S umol/mg over 4 h). The bactericidal efficacy of
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individual (i.e., non-NO-releasing) and dual action (i.e., NO-releasing) QA-modified PAMAM dendrimers was evaluated against
Gram-positive Staphylococcus aureus and Gram-negative Pseudomonas aeruginosa bacteria. Bactericidal activity was found to be
dependent on dendrimer generation, QA alkyl chain length, and bacterial Gram class for both systems. Shorter alkyl chains (i.e.,
methylQA, butylQA) demonstrated increased bactericidal activity against P. aeruginosa versus S. aureus for both generations, with

NO release markedly enhancing overall killing.

B INTRODUCTION

Although antibiotics remain the gold standard in the treatment
of bacterial infections, the increased occurrence of antibiotic-
resistant bacteria coupled with a decline in the development of
new antibiotics has necessitated the development of alternative
antibacterial agents." The coadministration of two mechanisti-
cally different biocides has been demonstrated to reduce the
emergence of bacterial resistance and can be synergistic, where
the bactericidal efficacy of the combination is more effective
than their individual sums.>* Combining multiple biocides on a
single macromolecular scaffold (e.g., nanoparticles, dendrimers)
is expected to further increase bactericidal efficacy.* Impor-
tantly, enhancing the bactericidal efficacy of a scaffold should
lower the required therapeutic dose, concomitantly reducing
any toxicity to healthy cells and tissue. A promising option for
multimodal therapeutics is to modify nondepleting, contact-
based antibacterials with chemistries that allow for spontaneous
release of a second biocide, thereby increasing the antibacterial
sphere of influence.

Nitric oxide (NO) is an endogenously produced, reactive
free radical that plays a central role in the host defense against
microbial pathogens.>® The broad-spectrum antibacterial
activity of NO is derived from the production of reactive
byproducts (e.g, dinitrogen trioxide and peroxynitrite) that
compromise the bacterial membrane and cell function through
both nitrosative and oxidative stresses.”” The ability of NO to
act through more than one bactericidal mechanism makes it
effective against a multitude of infectious pathogens. Large
molecular frameworks capable of storing and controllably
releasing NO have been developed as novel antibacterial agents.
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For example, our laboratory has reported the synthesis and
bactericidal efficacy of both NO-releasing silica nanoparticles
and dendrimers against several strains of bacteria.” " Benefits
of these macromolecular scaffolds include controllable NO
payloads and release rates, modifiable surface chemistries (e.g.,
to allow for the combination of multiple biocides on a single
scaffold), and reduced toxicity to mammalian cells.®'*"!
Quaternary ammonium (QA) compounds, widely used as
antiseptic and disinfectant agents, are popular nondepleting
biocides due to their broad-spectrum efficacy.'”” The bacter-
icidal activity of QA compounds stems from the attractive
electrostatic interactions between the cationic QA group and
the negatively charged bacterial cell membrane, disruptin:
natural chemical balances by replacing essential metal cations."
The addition of long alkyl chains to the QA group promotes
bacterial membrane penetration, further amplifying biocidal
activity. The bactericidal efficacy of QA compounds is highly
dependent on the length of this alkyl chain, with alkyl chains of
at least eight carbon atoms demonstrating the greatest
bactericidal activity due to increased penetration into the cell
membrane.'*™'* The combination of long chain QA moieties
with a releasable biocide such as nitric oxide would thus be
anticipated to increase bactericidal activity. For instance, it has
been demonstrated that QA-functionalized polymers capable of
releasing silver ions (Ag") exhibit a wider zone of inhibition
than QA polymers alone.'>'® Carpenter et al. similarly reported
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Scheme 1. Quaternary Ammonium-Modified Dendrimers (C) Were Synthesized via Ring-Opening Reaction of QA Epoxides
(B) with PAMAM Primary Amines (A) and Subsequently Reacted with High Pressures of NO to Yield N-Diazeniumdiolate NO
Donors (D)
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Table 1. Nitric Oxide Release Properties for G1 and G4 QA-Modified Dendrimers in PBS (pH 7.4, 37 °C) as Measured by a
Chemiluminescence NO Analyzer”

[NO],,..” (ppb/mg) ta” (5) t[NO]# (mol/mg) t[NO],° (umol/mg) tys (h)
G1 methylQA/NO 15000 + 3372 4847 1.50 + 0.11 0.73 + 0.07 44+ 11
G1 butylQA/NO 8675 + 8182 6149 135 + 0.30 0.78 + 0.19 30 + 05
Gl OctleA/NO 3400 + 1249 64+ 5 1.30 + 0.05 0.69 + 0.06 3.6 + 09
G1 dodecylQA/NO 5016 + 1379 71+ 8 1.07 + 0.16 072 + 0.12 19 + 0.8
G4 methylQA/NO 5170 + 252 244 1.69 + 022 0.77 + 0.08 49 + 0.6
G4 butylQA/NO 4550 + 3097 62 + 13 148 + 0.32 078 + 0.18 38+ 12
G4 octylQA/NO 7721 + 5372 62+ 10 149 + 0.41 0.86 + 023 29 + 04
G4 dodecle_A/NO 3550 + 1909 84 + 4 1.17 + 0.11 0.78 + 0.06 19 + 0.1

“Each parameter was analyzed with multiple replicates (n = 3). ’Maximum flux of NO release. “Time required to reach maximum flux. 4Total NO
payload released. “NO payload released after 4 h./NO release half-life.

on NO donor-modified QA-functionalized silica nanoparticles B RESULTS AND DISCUSSION
with enhanced bactericidal efficacy against both Gram-positive

) g o ) ) We have previously reported the synthesis of secondary-amine
and Gram-negative bacteria.” Despite improved antibacterial

functionalized dendrimers with diverse exterior functionalities

efficacy, however, the NO-releasing QA-modified silica particles by reacting epoxides with primary amines on the dendrimer
demonstrated significant toxicity to mammalian cells at exterior.”* In the present study, generation 1 (G1) and
concentrations required to eradicate bacteria, indicating the generation 4 (G4) poly(amidoamine) (PAMAM) dendrimers
need for a more suitable molecular framework for further were modified with QA moieties via a ring-opening reaction
development of these dual action therapeutics. between the peripheral primary amines (n) and QA epoxides

Dendrimers are a family of macromolecular scaffolds with (Scheme 1). To investigate the role of alkyl chain length on
hyperbranched architecture and multivalent surfaces that have NO release and bactericidal activity, PAMAM dendrimers were
been widely investigated for use as drug delivery and functionalized with QA moieties containing methyl, butyl, octyl,

and dodecyl alkyl chains. While glycidyltrimethylammonium
chloride (methylQA epoxide) is available commercially,
butylQA, octylQA, and dodecylQA epoxides were synthesized
through the reaction of epichlorohydrin with dimethylbutyl-
amine, dimethyloctylamine, or dimethyldodecylamine, respec-

therapeutic vehicles.'”'® The ability to functionalize the
exterior surface groups of dendrimers allows for their
modification with specific bactericidal end groups. This
capability, combined with the ability of dendrimers to associate

with and/or cross bacterial membranes, provides a potentially tively.8

more effectixlrszgcaffold for the development of combination The resulting QA epoxides were reacted with G1 ( = 8) and
therapeutics. *" Indeed, both amino-terminated (unmodified) G4 (n = 64) PAMAM dendrimers in a 2.5-fold excess to the
and modified poly(amidoamine) (PAMAM) and poly- number of peripheral primary amines in methanol. The number
(propyleneimine) (PPI) dendrimers have been shown to of QA moieties added to the dendrimer scaffold was
exhibit biocidal aCtiVitY-”'lg_z1 Cooper and co-workers determined using 'H NMR spectroscopy. On average, 4 and
demonstrated that PPI dendrimers modified with QA moieties 32 QA moieties were tethered to the Gl and G4 PAMAM
containing alkyl chains of eight or more carbons exhibited scaffolds, respectively, resulting in approximately 50% function-
antibacterial activity as a function of dendrimer size and QA alization of the peripheral primary amines. The addition of the
alkyl chain 1ength.13'22 Likewise, Charles et al. found that quaternary ammonium to the dendrimer scaffold was confirmed

dodecylQA-modified G3 PAMAM dendrimers exhibited an using TR spectro.scopy and X'raY photoelectron spectroscopy
increased zone of inhibition against Gram-negative Escherichia (xp S) (Supporting Information). A weak IR stretch at 970
coli and Gram-positive Staphylococcus aureus compared to em™ indicative of the Q—A functional group was present for all
butylQA and hexylQA modifications.>* While these initial QA-modified de.ndrlmers The N Is binding energies of the
studies demonstrate the promise of QA-modified dendrimers P dendrimer amines ranged from 397-399 ¢V, with an

dditional peak at 402 eV, ding to th t
for use as antibacterial agents, further investigation into the acditiona’ peax @ e, cotresporiing fo The quaternaty
‘ i R ammonlum group, present after modification with the QA
effect of QA alkyl chain length and bacterial Gram designation moiety.”® Additionally, a doublet at 198 eV, absent for the

on bactericidal efficacy is required. Furthermore, we hypothe- PAMAM scaffold, was observed for the QA-modified
size that the modification of QA dendrimer scaffolds with NO dendrimers, signifying the presence of the chloride counterion.
release capabilities will result in increased bactericidal efficacy Both G1 and G4 QA-modified dendrimers were exposed to
against both Gram-positive and -negative bacteria compared to high pressures of NO in the presence of a base to form N-
the QA-modified dendrimers alone. diazeniumdiolate NO donors on secondary amines. N-
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Diazeniumdiolate formation was confirmed by the presence of
an absorbance maximum at 253 nm, a peak that was not
observed in the absorbance spectra of QA-modified PAMAM
dendrimers prior to diazeniumdiolate formation (Supporting
Information).” Nitric oxide storage was tunable by adjusting the
polarity of the charging solvent (i.e., by increasing the ratio of
THF:methanol with increasing alkyl chain length). The
resulting NO-releasing QA-modified dendrimers exhibited
similar 4 h NO payloads of approximately 0.76 pmol/mg
(Table 1). In this regard, the effects of both generation and QA
alkyl chain length on bactericidal efficacy could be evaluated
independent of NO release totals.

The N-diazeniumdiolated QA-modified dendrimers were
characterized by an initial maximum burst of NO ([NO],..)
after introducing the dendrimers into solution, followed by a
steady decline in NO release (Supporting Information). For
each generation, the time required to reach this maximum flux
(tnax) increased as the QA alkyl chain length increased from
methyl to dodecyl, with a concomitant decrease in the [NO], .,
values. The increase in t,,, with increasing alkyl chain length is
attributed to the presence of the hydrophobic QA alkyl chains
that decrease the rate of water diffusion to the secondary
amine-bound NO donors.® However, a decrease in NO-release
half-life was also observed with increasing alkyl chain length, an
opposite phenomenon from what might be expected from
reduced water diffusion. The observed decrease in half-life for
longer (ie., octylQA and dodecylQA) QA alkyl chains is likely
due to the formation of dendrimer vesicles in aqueous solution,
in which the hydrophobic alkyl chains of neighboring
dendrimers face inward (i, toward each other), exposing
the portion of the dendrimer scaffold containing the N-
diazeniumdiolate to aqueous solution (Figure 1). Indeed,

“de d

-

pH 7.4

@ Dinzeniumdiolate jon

7. ..

Figure 1. Formation of dendrimer vesicles at pH 7.4. The hydrophobic
alkyl chains of neighboring dendrimers face toward each other,
exposing the N-diazeniumdiolate ions to aqueous solution.

Schenning et al. reported the formation of dendrimer bilayers at
pH 7.4 for hydrophobic alkyl chain-modified scaffolds.”” In this
scenario, the hydrophobic alkyl chains align perpendicularly to
the dendrimer scaffold, which faces the aqueous phase.”” To
determine if the QA-modified dendrimers were in fact forming
supramolecular structures in aqueous solution, the surface
tension of phosphate buffered saline (pH 7.4) solutions with
increasing concentrations of QA-modified dendrimers was
measured to determine the critical vesicle concentration (CVC)
for the dendrimer biocides. The CVCs of G4 octylQA and G4
dodecylQA were determined to be 29 + 11 and 22 + 4 ug/mL,
respectively, suggesting the formation of vesicles in solution
above these concentrations. In comparison, the CVC of G4
butylQA was >5 mg/mL, confirming the inability of the shorter
QA alkyl chains to readily form vesicles at the concentrations

920

employed herein. Transmission electron microscopy further
confirmed the formation of G4 dodecylQA vesicles (Supporting
Information).

Bactericidal Efficacy against Planktonic Bacteria. As P.
aeruginosa and S. aureus represent two of the most commonly
isolated species in chronic wounds, they were selected to test
the antibacterial efficacy of the QA-modified dendrimers.*®
Further, their use allowed us to examine the effect of Gram
designation (i.e, Gram-positive or Gram-negative) on the
bactericidal efficacy of these antibacterials. Planktonic bacteria
viability assays were performed under static conditions to
determine the minimum dendrimer concentration required to
elicit a 3-log reduction in bacterial viability over 4 h (MBC,y,).
The bactericidal NO dose for the NO-releasing QA-modified
dendrimers was determined by multiplying the 4 h NO payload
(t[(NO],,) by the corresponding MBCy,.

The bactericidal efficacy of individual action (i.e., non-NO-
releasing) QA-modified dendrimers was first assessed to
determine the effects of QA alkyl chain length, dendrimer
generation, and bacteria Gram designation on antibacterial
activity prior to evaluating the effects of NO release. All QA
alkyl chain lengths exhibited a generation dependence on
bactericidal efficacy against P. aeruginosa, with G4 QA-modified
dendrimers resulting in improved killing (i.e., decreased MBC,,
values) relative to their G1 counterparts (Table 2). The

Table 2. Minimum Bactericidal Concentrations (MBC,,)
and Bactericidal NO Doses against S. aureus and P.
aeruginosa for Control and NO-Releasing QA-Modified
Dendrimers®

S. aureus P. aeruginosa
MBC,, NO dose MBC,, NO dose
(ug/mL)  (umol/mL) (ug/mL) (umol/mL)
G1 PAMAM >8000 250
G4 PAMAM 1000 30
G1 methylQA >8000 1500
G1 methylQA/NO 500 0.37 300 022
G1 butylQA 3500 1500
G1 butylQA/NO 500 0.39 300 0.23
GI1 octylQA 30 75
GI octylQA/NO 30 0.02 50 0.03
G1 dodecylQA 10 20
G1 dodecylQA/NO 10 0.01 10 0.01
G4 methylQA 2000 500
G4 methylQA/NO 300 0.23 250 0.19
G4 butylQA 3500 1000
G4 butylQA/NO 500 0.39 250 0.20
G4 octylQA 30 30
G4 octylQA/NO 20 0.02 30 0.03
G4 dodecylQA 10 10
G4 dodecylQA/NO 10 0.01 10 0.01

“Each parameter was analyzed with multiple replicates (n = 3).

generation-dependent increase in antibacterial activity against P.
aeruginosa is attributed to the greater concentration of alkyl
chains afforded by the increased functional group density of the
G4 scaffold over the more sparsely functionalized Gl
dendrimers. Alternatively, only the methylQA-modified den-
drimers exhibited a generation dependence against S. aureus.
While the bactericidal concentration of G1 methylQA against S.
aureus was greater than 8.0 mg/mL, G4 methylQA dendrimers
resulted in complete bacterial killing at one-fourth that

dx.doi.org/10.1021/bc5000719 | Bioconjugate Chem. 2014, 25, 918—927
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concentration (2.0 mg/mL). Although the shortest QA alkyl
chain (methylQA) seemed to benefit from the increased
functional group density of the G4 scaffold, no generation effect
was observed for the remaining QA alkyl chain lengths. This
indicates that for antibacterials containing these longer QA
alkyl chains (i.e., butylQA to dodecylQA), the mechanism of
action against the Gram-positive pathogen S. aureus is not
influenced by functional group density.

The Gram-designation dependence on bactericidal efficacy
was highly dependent on the combination of both dendrimer
generation and QA alkyl chain length. While Gram-negative
bacteria possess a lipid-rich outer membrane and a thin
peptidoglycan sheet, the outer wall of Gram-positive bacteria is
composed of a thicker and more resistant peptidoglycan layer.*
For the short alkyl chains, both G1 and G4 scaffolds were more
effective against Gram-negative P. aeruginosa. The antibacterial
activity of the short alkyl chain QAs is attributed to positively
charged ammonium groups interacting with the negatively
charged bacterial cell membranes. Once associated, the QA
functionality can induce cell death through a number of
pathways, including disrupting membrane functions, replacing
essential metal cations, interrupting protein activity, and
damaging bacterial DNA.'>'* The increased bactericidal action
toward P. aeruginosa indicates greater association of the
dendrimers with the outer membrane layers present in the
Gram-negative bacterium as opposed to with the thick
peptidoglycan layer of Gram-positive S. aureus. Indeed, RITC-
labeled G4 methylQA dendrimers associated with P. aeruginosa
more rapidly than with S. aureus bacterial cells (Figures 2 and
3). While association with P. aeruginosa was noted at 10 min,
G4 methylQA dendrimer association with S. aureus was not

G4 methylQA
Bright Field  RITC

G4 dodecylQA
Bright Field RITC

0

Figure 2. Confocal microscopy images of P. aeruginosa exposed to 50
pug/mL RITC-labeled G4 methylQA and G4 dodecylQA dendrimers at
(A) 0, (B) 4, (C) 6, (D) 8, and (E) 10 min after dendrimer addition.
Threshold reversed for clarity.

G4 methylQA
Bright Field __ RITC

G4 dodecylQA
Bright Field RITC

.

(o]

Figure 3. Confocal microscopy images of S. aureus exposed to 50 ug/
mL RITC-labeled G4 methylQA and G4 dodecylQA dendrimers at
(A) 0, (B) 20, (C) 24, (D) 28, and (E) 32 min after dendrimer
addition. Threshold reversed for clarity.

observed until after 28 min. In contrast, G1 dendrimers
modified with longer QA alkyl chains more effectively killed S.
aureus than P. aeruginosa, but neither modification demon-
strated a Gram dependence with the G4 scaffold. We believe
that the penetration of the longer QA alkyl chains tethered to
the G1 scaffold exerts greater physical damage to the thicker
peptidoglycan layer of S. aureus compared to the outer
membrane of P. aeruginosa. This hypothesis, however, does
not hold true for the G4 dendrimers, for which the increased
functional group densities afforded by the G4 scaffold result in
similar killing against both strains of bacteria.

As expected, longer QA alkyl chains (i.e., octylQA,
dodecylQA) were significantly more bactericidal than the
shorter alkyl chains (ie, methylQA, butylQA) for both
dendrimer generations against both strains of bacteria. The
increased efficacy of octylQA- and dodecylQA-modified
dendrimers against S. aureus and P. aeruginosa is likely due to
the insertion of the longer alkyl chain groups into the
peptidoglycan layer, resulting in physical disruption of the
cell membrane.'>*° Furthermore, the greater hydrophobicity of
the octyl and dodecyl groups versus the shorter alkyl chains
may allow for enhanced association of the dendrimers with the
bacteria cell membranes. This is evident in the confocal
microscopy images of RITC-labeled dendrimers with both P.
aeruginosa and S. aureus, with G4 dodecylQA dendrimers
associating to a greater extent in a shorter period of time than
the G4 methylQA dendrimers (Figures 2 and 3). The increased
association efficiency combined with the potential for greater
membrane damage results in the dramatically enhanced killing
for these biocides. While the dodecylQA-modified dendrimers
are slightly more effective than the octylQA-modified
dendrimers for both generations, the same trend does not

dx.doi.org/10.1021/bc5000719 | Bioconjugate Chem. 2014, 25, 918—927
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apply to the methylQA- and butylQA-modified dendrimers. For
G1 dendrimers, the butylQA modification was more effective
than methylQA against S. aureus, with a decrease in MBC,,
from >8.0 to 3.5 mg/mL, respectively. These results indicate
that the slight increase in alkyl chain length may allow for better
association of the G1 butylQA dendrimers, resulting in greater
antibacterial activity against S. aureus.

The same trend in bactericidal efficacy was not observed for
the G4 scaffold. In fact, G4 methylQA dendrimers were almost
twice as effective as G4 butylQA against both S. aureus and P.
aeruginosa. The lowered bactericidal efficacy is attributed to
decreased dendrimer—bacteria association for the G4 butylQA
dendrimers relative to the G4 methylQA system (Figure 4). A

Bright Field

RITC

Figure 4. Confocal microscopy images of P. aeruginosa exposed to 50
pug/mL RITC-labeled (A) G4 methylQA and (B) G4 butylQA
dendrimers after 20 min exposure. Threshold reversed for clarity.

number of factors may play a role in this decreased association.
Normally, the positively charged ammonium group enhances
association of the biocide with the bacteria membrane.
However, back-folding of the peripheral functional groups
toward the dendrimer interior may shield the QA from the
bacterial membrane, resulting in less membrane damage.31 Such
shielding effects may be further amplified for the G4 scaffold
(as compared to G1) due to the closer proximity of terminal
functional groups. Although the bactericidal concentration of
G4 butylQA was below the CVC (>5.0 mg/mL; Supporting
Information), a decrease in surface tension was still observed at
these concentrations, which may be indicative of dendrimers
assembling at the air—water interface instead of associating with
bacteria in solution.””*> We hypothesize that the slightly longer
alkyl chain amplifies both QA shielding and the formation of
supramolecular assemblies for the G4 butylQA scaffold,
reducing its bactericidal action from that of the methylQA
system.

The coadministration of active-releasing antibacterial agents
with contact-based QA biocides has been shown to result in a
more effective antibacterial treatment.">'® We thus sought to
combine the multimechanistic killing of nitric oxide with the

922

contact-based biocidal attributes of QA-modified dendrimers.
The combination of NO release with the short QA alkyl chains
increased the bactericidal efficacy for both G1 and G4 scaffolds
considerably, resulting in a 2—7-fold decrease in MBCy, values
over non-NO-releasing QA-modified dendrimers. For most of
the scaffolds, the bactericidal NO doses required to kill S. aureus
was nearly twice that required for P. aeruginosa (Table 2). The
larger NO dose for S. aureus killing is attributed to the more
robust peptidoglycan layer inhibiting NO diffusion into the
bacteria. The outer membrane and thinner peptidoglycan layer
of P. aeruginosa do not provide the same barrier for NO
diffusion. Similarly, NO release resulted in increased bacter-
icidal efficacy for the G1 octylQA/NO and G1 dodecylQA/NO
dendrimers against P. aeruginosa compared to their non-NO-
releasing counterparts, but had no effect on their bactericidal
action against S. aureus. Imparting NO release on the G4
dodecylQA dendrimers did not affect the efficacy against either
pathogen; both the individual and dual action dendrimers
exhibited bactericidal action against S. aureus and P. aeruginosa
at equivalent concentrations (10 pg/mL). For this system, the
long dodecyl chains likely cause increased physical disruption of
the cell membrane at the expense of intracellular NO buildup.
To confirm this, we investigated the levels of intracellular NO
and membrane disruption generated by these scaffolds using
specific fluorescent probes (i.e, DAF-2 and PI) and confocal
microscopy. In cases where NO serves as the lone antibacterial,
a bright green fluorescent signal from DAF-2 (indicative of
intracellular NO buildup) is generally observed prior to red
fluorescence (PI) signifying membrane disruption and
subsequent cell death.” As this red fluorescence increases, the
green fluorescence is concomitantly diminished as the DAF-2
diffuses out of the membrane-compromised bacteria. Bacteria
incubated with G4 dodecylQA/NO, however, exhibited
considerable membrane disruption before any significant NO
accumulation (Figure S). For both P. aeruginosa and S. aureus,
some intracellular NO was briefly observed after 25 min, but

S. aureus
Bright Field DAF-2 PI

Figure 5. Confocal microscopy images of P. aeruginosa and S. aureus
exposed to 20 pug/mL G4 dodecylQA/NO dendrimers at (A) 0, (B)
25, (C) 35, (D) 45, and (E) 60 min after dendrimer addition. DAF-2
green fluorescence designates the presence of intracellular NO, while
PI red fluorescence indicates compromised membranes (cell death).

P. aeruginosa
Bright Field DAF-2 PI
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the significant membrane disruption observed for both strains
shortly thereafter (at 35 min) supports our hypothesis that the
dodecylQA modification compromises the cell membrane to
such an extent it precludes the buildup of intracellular NO.

Finally, we compared the bactericidal action of NO-releasing
QA-modified dendrimers against control (ie., unmodified) G1
and G4 PAMAM scaffolds to determine if the combinatorial
effects were indeed more efficacious. Both G1 and G4 PAMAM
dendrimers were more effective against P. aeruginosa than S.
aureus (Table 2). For the G1 scaffold, the individual and dual-
action octylQA- and dodecylQA-modified dendrimers were
more bactericidal than “bare” (unmodified) G1 PAMAM
against both pathogens. A similar result was found for the G4
modifications, with the exception of the individual and dual
action G4 octylQA dendrimers, which exhibited equivalent
bactericidal efficacy compared to the bare G4 scaffold against P.
aeruginosa. Modifying the G1 and G4 scaffolds with short QA
alkyl chains (e.g,, methylQA and butylQA) greatly decreased
their antibacterial action, with only G1 butylQA dendrimers
exhibiting greater bactericidal efficacy against S. aureus than
their corresponding bare PAMAM scaffold. The antibacterial
efficacies of the NO-releasing methylQA and butylQA systems
were dependent on bacterial Gram designation. G4 methylQA/
NO and G4 butylQA/NO exhibited an almost 10-fold
reduction in bactericidal action against P. aeruginosa versus
the bare G4 scaffold, while the G1 methylQA/NO and Gl
butylQA/NO systems were similar to bare G1 PAMAM. All of
the dual action QA-modified dendrimers displayed significantly
greater bactericidal action against Gram-positive S. aureus than
the unmodified PAMAM scaffolds, demonstrating the utility of
these scaffolds as broad-spectrum antibacterial agents.

In Vitro Cytotoxicity. The relative toxicity against
mammalian cells at bactericidal doses is critical to the design
of any new antibacterial agent. Although the clinical utility of
long chain quaternary ammonium salts has been somewhat
limited to topical applications due to their inherent toxicity,
tethering QA moieties to larger scaffolds has been shown to
mitigate their toxic effects.'*** The toxicity of the QA-modified
dendrimers prepared herein was thus evaluated against 1929
mouse fibroblast cells. As shown in Figure 6, the resulting
dendrimer cytotoxicity was dependent on dendrimer gen-
eration, QA alkyl chain length, and biocide concentration.
While the G4 methylQA dendrimers were nontoxic at 500 pg/
mL (4% decrease in cell viability), increasing the biocide
concentration 4-fold to 2.0 mg/mL reduced L929 cell viability
by 20%. In contrast, the toxicity of G4 butylQA dendrimers was
more or less independent of concentration (both 1.0 and 3.5
mg/mL reduced cell viability by 40%). However, the toxicity of
the butylQA functionality was generation dependent, with the
G4 scaffold accounting for an additional 10% decrease in cell
viability from the GI1 butylQA system at 3.5 mg/mL. Of
significance, the low (but highly antibacterial) concentrations
(ie, 10 pg/mL) of the dodecylQA-modified dendrimers were
relatively nontoxic, only reducing 1929 cell viability by 15% and
2% for G1 and G4, respectively.

While the large initial NO burst characteristic of these
macromolecular scaffolds may yield toxic levels of NO at
substantially greater concentrations (ie., those required to
eradicate biofilms), the concentrations tested herein did not
exhibit significant toxicity to mammalian cells. Indeed, the NO-
releasing QA-modified dendrimers proved to be relatively
nontoxic, exhibiting >80% L1929 cell viability at the effective
bactericidal concentrations. Furthermore, NO release resulted
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Figure 6. Viability (%) of L929 mouse fibroblast cells following 4 h
exposure to control (blue) and NO-releasing (green) QA-modified
dendrimers, as well as unmodified PAMAM dendrimers (red), at the
MBC,;, against (A) S. aureus and (B) P. aeruginosa compared to
untreated control cells. Each parameter was analyzed with multiple
replicates (n = 3) with error bars representing standard deviation of
the mean.

0

in increased cell viability versus controls for nearly all of the QA
modifications. For several of the scaffolds that exhibited the
same bactericidal concentration for both the individual and dual
action QA-modified dendrimers, the addition of NO-release
still resulted in increased fibroblast cell viability. For example,
the G4 octylQA and G4 octylQA/NO dendrimers resulted in
cell viabilities of 90% and 101%, respectively, at 30 ug/mL
doses. Of significance, these results indicate that the
combination of low NO concentrations with QA moieties
may be beneficial in decreasing the overall toxicity of QA
dendrimers to mammalian cells. It is important to note that the
bactericidal doses for all of the NO-releasing QA-modified
dendrimers resulted in greater L929 cell viability than the
unmodified G1 and G4 PAMAM dendrimers, demonstrating
the advantage of dual action therapeutics in reducing scaffold
toxicity.

B CONCLUSIONS

Both individual and dual action QA-modified PAMAM
dendrimers exhibited biocidal activity against P. aeruginosa
and S. aureus, with longer QA alkyl chains (i.e, octylQA,
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dodecylQA) proving more effective than shorter chain (ie.,
methylQA, butylQA) modifications for both Gl and G4
dendrimer scaffolds. While previous work has suggested that
QA compounds are more potent against Gram-positive versus
Gram-negative bacteria due to the additional outer membrane
barrier characteristic of Gram-negative bacteria, this observation
has lacked a mechanistic understanding.'*** Our work indicates
that the potency of QA moieties against Gram-positive and
Gram-negative bacteria is highly dependent on both the QA
alkyl chain length and functional group density. In contrast to a
prior report,”® G4 dendrimers modified with shorter QA alkyl
chains demonstrate reasonable bactericidal action against both
P. aeruginosa and S. aureus, albeit at higher concentrations than
those required for longer QA alkyl chain lengths.

While the addition of NO release markedly improves the
bactericidal action of short alkyl chain QA-modified G1 and G4
dendrimers against both bacteria strains, the longer alkyl chain
QA dendrimers do not benefit from NO release in the same
manner. For these systems, the long alkyl chains induce
significant damage to the bacteria membrane, greatly increasing
their biocidal action but precluding the buildup of intracellular
NO. These dual action antibacterial agents hold great
therapeutic potential as they exhibit minimal toxicity to
mammalian cells at the dendrimer concentrations required to
illicit a three-log reduction in bacterial viability. Experiments are
underway to investigate the activity of NO-releasing QA
macromolecules on the eradication of biofilms, bacteria that are
considerably more difficult to eradicate than their planktonic
counterparts.3'4’35

B EXPERIMENTAL SECTION

Materials. Phenazine methosulfate (PMS), 3-(4,5-dime-
thylthiazol-2-y1)-S-(3-carboxymethoxyphenyl)-2-(4-sulfophen-
yl)-2H-tetrazolium inner salt (MTS), trypsin, phosphate
buffered saline (PBS) used for cell culture, penicillin
streptomycin (PS), glycidyltrimethylammonium chloride, epi-
chlorohydrin, dimethylbutylamine, dimethyloctylamine, dime-
thyldodecylamine, trimethylsilanolate, triethylamine (TEA),
rhodamine B isothiocyanate (RITC), and propidium iodide
(PI) were purchased from Sigma-Aldrich (St. Loius, MO). Fetal
bovine serum (FBS), Dulbecco’s modified Eagle’s medium
(DMEM), ethylenediamine (EDA), and methyl acrylate were
purchased from the Aldrich Chemical Co. (Milwaukee, WI).
4,5-Diaminofluorescein diacetate (DAF-2 DA) was purchased
from Calbiochem (San Diego, CA). Common laboratory salts
and solvents were purchased from Fisher Scientific (Fair Lawn,
NJ). Unless noted otherwise, these and all other materials were
used as received without further purification. Tryptic soy broth
(TSB) and tryptic soy agar (TSA) were obtained from Becton,
Dickison and Company (Franklin Lakes, NJ). Pseudomonas
aeruginosa (P. aeruginosa; ATCC #19143) and Staphylococcus
aureus (S. aureus; ATCC #29213) were obtained from
American Type Tissue Culture Collection (Manassas, VA).
L1929 mouse fibroblasts were obtained from the UNC Tissue
Culture Facility (Chapel Hill, NC). Nitrogen (N,), argon (Ar),
carbon dioxide (CO,), and nitric oxide (NO) calibration (26.81
PPM, balance N,) gases were purchased from National Welders
(Raleigh, NC). Pure nitric oxide (NO) gas (99.5%) was
purchased from Praxair (Sanford, NC). Cellulose ester dialysis
membranes (500—1000 MWCO) were purchased from
Spectrum Laboratories, Inc. (Rancho Dominguez, CA). Glass
bottom microscopy dishes were received from MatTek
Corporation (Ashland, MA). Distilled water was purified
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using a Millipore Milli-Q UV Gradient A-10 system (Bedford,
MA), resulting in a total organic content of <6 ppb and a final
resistivity of 18.2 mQ-cm.

Instrumentation. 'H nuclear magnetic resonance ('H
NMR) spectra were recorded on a Bruker (400 MHz)
spectrometer. X-ray photoelectron spectroscopy (XPS) analysis
was performed on a Kratos Axis Ultra DLD X-ray Photo-
electron Spectrometer with a monochromatic Al Ka X-ray
source (1S0W). Electrons were collected at an angle of 90°
from the sample surface from a 300 X 700 yum* area on the
sample. The pass energy was set to 20 eV to obtain high
resolution spectra. All spectra were acquired with a step size of
0.1 eV and calibrated to the C 1s peak at 284.6 eV. Surface
tension measurements were made using an Attension Sigma
701 tensiometer with a standard Du Noiiy ring.

Synthesis of Quaternary Ammonium-Functionalized
PAMAM Dendrimers. Poly(amidoamine) (PAMAM) scaf-
folds were synthesized as described previously,'®***" by
repeated alkylation/amidation steps using methyl acrylate and
EDA from an EDA core. The addition of QA functionalities to
the dendrimer scaffold necessitated the synthesis of quaternary
ammonium epoxides (QA-epoxides), as described previously.®
Briefly, 0.04 mmol epichlorohydrin was reacted with 0.01 mmol
N,N-dimethylbutylamine, N,N-dimethyloctylamine, or N,N-
dimethyldodecylamine at room temperature overnight (~18
h). The mixture was then added dropwise to cold ether while
sonicating, and the solid/viscous liquid QA-epoxides were
collected via centrifugation (810 g S min). The supernatant
was decanted, and the QA-epoxides were washed with 50 mL of
cold ether and sonicated extensively. This washing procedure
was repeated three times before drying the product in vacuo.

A ring-opening reaction was then carried out between the
QA-epoxides and the terminal primary amines of the PAMAM
dendrimers. G1 or G4 PAMAM (50.0 mg) was dissolved in S
mL of methanol. One equivalent of triethylamine (e.g., with
respect to the molar amount of primary amines) and 2.5 mol
equiv of QA-epoxide were then added to the vial. The solution
was stirred at room temperature for 4 d. Solvent was then
removed in vacuo. The dendrimers were subsequently dissolved
in water, followed by dialysis against water overnight and
lyophilization.

Representative 'H NMR data of QA-functionalized G4
PAMAM via the reactions of G4 PAMAM with glycidyl-
trimethylammonium chloride (methylQA), glycidyldimethylbu-
tylammonium chloride (butylQA), glycidyldimethyloctylammo-
nium chloride (octylQA), and glycidyldimethyldodecylammo-
nium chloride (dodecylQA) included the following peaks. G4
methylQA: 'H NMR (400 MHz, D,0, §) 3.07 (s,
CH,N*(CH,),), 2.31 (s, NCH,CH,C(O)NH). G4 butylQA:
'H NMR (400 MHz, CD,0D, 8) 2.30 (s, NCH,CH,C(O)-
NH), 1.81 (s, CH,N*(CH,),CH,CH,CH,CH,), 1.36—1.30 (g,
CH,N*(CH,),CH,CH,CH,CH;), 0.93 (t,
CH,N*(CH,),CH,CH,CH,CH;). G4 octylQA: 'H NMR
(400 MHz, CD,OD, ) 231 (s, NCH,CH,C(O)NH), 1.80
(s, CH,N'(CH;),CH,CH,(CH,);CH;), 1.31-1.23 (m,
CH,N*(CH,),CH,CH,(CH,);CH,), 0.83 (t,
CH,N*(CH,),CH,CH,(CH,);CH;). G4 dodecylQA: 'H
NMR (400 MHz, CD,0D, §) 2.31 (s, NCH,CH,C(O)NH),
1.81 (s, CH,N*(CH,),CH,CH,(CH,),CH,), 1.32—1.22 (m,
CH,N*(CH,),CH,CH,(CH,),CH,), 0.83 (t,
CH,N*(CH,),CH,CH,(CH,),CH,).

N-Diazeniumdiolation of QA-Functionalized PAMAM
Dendrimers. To form N-diazeniumdiolate NO donors on the
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dendrimer scaffold, QA-modified G1 and G4 PAMAM (20 mg)
were added to varying ratios of anhydrous methanol (MeOH)
to tetrahydrofuran (THF) (1.5 mL solvent) depending on QA
modification (i.e., methylQA: 100% MeOH; butylQA: 100%
MeOH; octylQA: 3:1 MeOH:THF; dodecylQA: 1:1
MeOH:THF). Trimethylsilanolate was then added in a 10-
fold excess relative to secondary amines.

The dendrimer solutions were placed in a stainless steel
reactor with continuous magnetic stirring and connected to an
in-house NO reactor. Prior to NO exposure, the solutions were
flushed 6 times with S bar Ar to remove oxygen. The reactor
was then pressurized to 10 bar with NO gas prescrubbed with
KOH. The pressure was maintained at 10 bar for 3 d, after
which the solutions were again purged with Ar to remove
unreacted NO. Solvent was removed in vacuo, and the resulting
dendrimers were dissolved in anhydrous methanol in a 1 dram
glass vial, capped and parafilmed, and stored at —20 °C.

Characterization of NO Storage and Release. Real-time
NO release in deoxygenated PBS (pH 7.4, 37 °C) was
monitored using a Sievers NOA 280i chemiluminescence NO
analyzer (NOA, Boulder, CO). Prior to analysis, the NO
analyzer was calibrated with air passed through a NO zero filter
(0 ppm NO) and a 26.80 ppm of NO standard gas (balance
N,). One milligram aliquots of N-diazeniumdiolate-function-
alized PAMAM in methanol were added to 30 mL
deoxygenated PBS to initiate NO release. Nitrogen was flowed
through the solution at a flow rate of 80 mL/min to carry the
liberated NO to the analyzer. Additional nitrogen flow was
supplied to the flask to match the collection rate of the
instrument at 200 mL/min. Nitric oxide analysis was
terminated when NO levels decreased to 10 ppb NO/mg
dendrimer.

Planktonic Bactericidal Assays. P. aeruginosa and S.
aureus were cultured in tryptic soy broth to a concentration of
10® colony forming units per mL (cfu/mL), collected by
centrifugation (2355 g), resuspended in sterile PBS, and diluted
to 10° cfu/mL. Premeasured samples of QA-modified or NO-
releasing QA-modified dendrimer in methanol were added to a
1 dram glass vial and dried under vacuum for 2 h prior to the
bacteria assays. Corresponding volumes of 10° cfu/mL bacteria
were then added to obtain a range of dendrimer concentrations
(37 °C). Untreated controls (blanks) were included in each
experiment to ensure the bacteria remained viable (at 10° cfu/
mL) over the 4 h assay. The blanks and dendrimer-treated
bacteria were then spiral-plated at 10- and 100-fold dilutions on
tryptic soy agar plates using an Eddy Jet spiral plater (IUL;
Farmingdale, NY). Bacterial viability was assessed by counting
the number of colonies formed on the agar plate using a Flash
& Go colony counter (IUL; Farmingdale, NY). Minimum
bactericidal concentrations (MBC) were determined to be the
minimum concentration of dendrimers that resulted in a 3-log
reduction in bacterial viability compared to untreated cells (i.e.,
reduced bacterial counts from 10° to 10° cfu/mL). Of note, the
plate counting method used has an inherent limit of detection
of 2.5 X 10° cfu/mL.**

Confocal Microscopy to Assess Dendrimer—Bacteria
Association. Fluorescently labeled G4 PAMAM dendrimers
were synthesized as described previously.'**** Briefly, 100 mg
G4 PAMAM was added to a vial containing one molar
equivalent of RITC (3.8 mg) in 2 mL methanol. One
equivalent of triethylamine (with respect to the molar amount
of primary amines) was then added to the vial. The solution
was stirred for 24 h in the dark, after which solvent was
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removed in vacuo. Dendrimers were dissolved in water,
dialyzed against water (3 d), and then lyophilized. The above
procedure for QA functionalization was performed in the dark
to modify the fluorescently labeled G4 PAMAM with
methylQA, butylQA, and dodecylQA moieties. P. aeruginosa
and S. aureus were cultured as described above and diluted to
10° cfu/mL. Aliquots of the bacteria solutions were incubated
in a glass bottom confocal dish for 45 min at 37 °C. A Zeiss 510
Meta inverted laser scanning confocal microscope (Carl Zeiss,
Thornwood, NY) with a 543 nm HeNe excitation laser (1.0
mW, 25.0% intensity) and a BP 560—615 nm filter was used to
obtain fluorescence images of the RITC-modified dendrimers.
Both bright field and fluorescence images were collected using
an N.A. 1.2 C-apochromat water immersion lens with a 40X
objective. Solutions of RITC-labeled dendrimers (100 yg/mL)
in PBS (1.5 mL) were added to 1.5 mL of the bacteria solution
in the glass confocal dish to achieve a final concentration of 50
ug/mL. Images were collected every 2 min to temporally
monitor association of the dendrimers with the bacteria.

Confocal Microscopy for Detection of Intracellular NO
and Cell Death. P. aeruginosa and S. aureus were cultured as
described above and diluted to 10° cfu/mL in PBS containing
10 uM DAF-2DA and 30 uM PI Aliquots of the bacteria
solution were incubated in a glass bottom confocal dish for 45
min at 37 °C. A Zeiss 510 Meta inverted laser scanning
confocal microscope (Carl Zeiss, Thornwood, NY) with a 488
nm Ar excitation laser (30.0 mW, 2.0% intensity) and a BP
505—530 nm filter was used to obtain DAF-2 (green)
fluorescence images. A 543 nm HeNe exciation laser (1.0
mW, 25.0% intensity) with a BP 560—61S nm filter was used to
obtain PI (red) fluorescence images. Both bright field and
fluorescence images were collected using an N.A. 12 C-
apochromat water immersion lens with a 40X objective.
Solutions of G4 methylQA/NO, G4 butylQA/NO, G4
octylQA/NO, or G4 dodecylQA/NO (40 pg/mL) in 1.5 mL
PBS (containing 10 uM DAF-2DA and 30 uM PI) were added
to 1.5 mL of the bacteria solution in the glass confocal dish to
achieve a final concentration of 20 pg/mL. Images were
collected every S min to temporally observe intracellular NO
concentrations and bacteria cell death.

In Vitro Cytotoxicity. L929 mouse fibroblasts were grown
in DMEM supplemented with 10 vol % FBS and 1 wt % PS and
incubated in $ vol % CO, under humidified conditions at 37
°C. After reaching 80% confluency, the cells were trypsinized,
seeded onto tissue culture-treated polystyrene 96-well plates at
a density of 2 X 10* cells/mL, and incubated at 37 °C for 72 h.
The supernatant was then aspirated and replaced with 200 yL
of fresh growth medium and 50 L of dendrimer in PBS at the
determined MBCs against P. aeruginosa or S. aureus. Dimethyl
sulfoxide (10%) and S0 uL PBS were used as positive and
negative controls, respectively. After 4 h incubation at 37 °C,
the supernatant was aspirated and 120 pL of a mixture of
DMEM/MTS/PMS (105/20/1, v/v/v) was added to each well.
After 1.5 h incubation at 37 °C, the absorbance of the colored
solutions was quantified at 490 nm using a Thermoscientific
Multiskan EX plate reader (Waltham, MA). The mixture of
DMEM/MTS/PMS and untreated cells were used as a blank
and control, respectively. Results were expressed as percentage
of relative cell viability as follows:

%Cell Viability = [(Abs,g, — Absy;...)

/(Abscontrol - Absblank)] X 100% (1)
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