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Abstract

The in vivo antibacterial activity of NO-releasing hyperbranched polymers was evaluated against 

Porphyromonas gingivalis, a key oral pathogen associated with periodontitis, using a murine 

subcutaneous chamber model. Escalating doses of NO-releasing polymers (1.5, 7.5, and 37.5 

mg/kg) were administered into P. gingivalis-infected chamber once a day for three days. Chamber 

fluids were collected on Day 4, with microbiological evaluation indicating a dose-dependent 

bactericidal action. In particular, NO-releasing polymers at 37.5 mg/kg (1170 μg of NO/kg) 

achieved complete bacterial eradication (>6-log reduction in bacterial viability), demonstrating 

greater efficacy than amoxicillin (~4-log reduction in bacterial viability), a commonly used 

antibiotic. Time-kill assays further revealed that largest dose (37.5 mg/kg; 1170 μg of NO/kg) 

resulted in ~3-log killing of P. gingivalis after only a single dose. Based on these results, the 

potential clinical utility of NO-releasing hyperbranched polymers appears promising, particularly 

for oral health applications.

Introduction

Periodontitis is an oral disease associated with chronic inflammation and destruction of the 

tooth-supporting tissues (periodontium), affecting 11% of the population worldwide.1 If left 

untreated, periodontitis can cause permanent tooth loss and contribute to systemic health 

issues such as stroke, cardiovascular diseases, pulmonary diseases, and adverse pregnancy 

outcomes.2–5 Periodontitis is initiated by a synergistic and dysbiotic microbial community, 

which is orchestrated by keystone pathogens, such as Porphyromonas gingivalis, that 

remodel the microbiota from homeostasis to dysbiosis.6, 7 The systemic use of antibiotics 

(e.g., amoxicillin and metronidazole) is often combined with a non-surgical therapy to 

reduce the proportions of keystone pathogens, thereby facilitating an ecological shift in the 

oral microbial profile for preclusion of disease progression and further tooth loss.8, 9 

Unfortunately, concomitant adverse side effects and the development of bacterial resistance 

limit extended antibiotic intervention.8, 10
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Nitric oxide (NO), an endogenously produced free radical, possesses broad-spectrum 

antibacterial activity and plays a critical role in the immune response.11, 12 Both NO and its 

reactive byproducts (e.g., dinitrogen trioxide and peroxynitrite) exert nitrosative and 

oxidative stress on bacteria, resulting in DNA deamination, protein dysfunction, and lipid 

peroxidation.13, 14 The short biological half-life (few seconds) of NO permits localized 

action, avoiding adverse systemic effects common to conventional antibiotics.15 Equally 

important, NO’s multiple killing mechanisms avoids fostering bacterial resistance.16 Recent 

research has focused on the development of macromolecular scaffolds (e.g., nanoparticles 

and polymers) capable of storing and releasing NO in a controlled manner.17–22 Nitric 

oxide-releasing materials have proven effective against a wide range of pathogens, including 

antibiotic-resistant bacteria in vitro.20, 23 Despite promising in vitro results, in vivo 

antibacterial evaluation of NO-releasing materials is scarce in the literature. For example, 

NO-releasing coatings have been shown to reduce implant-associated bacterial infections in 

both rats and rabbits.24, 25 Friedman and co-workers investigated the utility of NO-releasing 

nanoparticles as a topical therapy for treating wound and burn infections in a number of 

rodent models.26–29 Although such materials were able to decrease the bacterial burden of 

both planktonic and biofilm-based pathogens at the infection sites, the bactericidal activity 

reported was less than desirable (i.e., not better than 1- or 2-log reduction). In addition, the 

in vivo antibacterial activity was not evaluated in a dose-dependent manner, leaving the role 

of NO dosing unknown.

Recently, we demonstrated the in vitro antimicrobial efficacy of NO-releasing silica 

nanoparticles, dendrimers, and hyperbranched polymers against periodontal pathogens.30–32 

Of the materials studied to date, NO-releasing propylene oxide-modified hyperbranched 

polyamidoamines (HP-PO) exhibited superior bactericidal action and a favorable 

cytotoxicity profile relative to other systems. However, the in vivo evaluation of these 

materials has yet to be undertaken, and represents the next critical step for ascertaining 

therapeutic potential.

Herein, we report the in vivo antibacterial performance of NO-releasing HP-PO polymers 

using a murine subcutaneous chamber model, which has widely been used to study dental 

pathogen colonization and inflammatory response to oral infections.33–35 P. gingivalis was 

selected as the bacteria for study, given its importance in progressing chronic periodontitis.36 

The bactericidal action of NO-releasing HP-PO polymers was studied for the first time in 

both dose- and time-dependent manners upon local administration into the chamber, and 

compared to amoxicillin administered in the same approach.

Materials and methods

Preparation of propylene oxide-modified hyperbranched polyamidoamine.

Nitric oxide-releasing and control (identical except not loaded with NO or capable of NO 

release) propylene oxide-modified hyperbranched polyamidoamine (HP-PO/NO and HP-

PO/C, respectively) were prepared as previously reported.31 Briefly, hyperbranched 

polyamidoamine (h-PAMAM) was obtained through the polymerization of 

diethylenetriamine and methyl acrylate. The h-PAMAM polymer (300 mg) was 

subsequently modified with propylene oxide (97 μL) through a ring-opening reaction, 
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yielding control HP-PO polymers. The conversion efficiency of PO modification was 

estimated to be 63% based on the integration of protons at 3.82 ppm to 2.2–3.60 ppm in the 
1H NMR.31 The weight-average molecular weight of HP-PO polymers was measured to be 

7.9 × 103 Da with polydispersity (PDI) of 1.62, using size exclusion chromatography 

coupled with a multi-angle light scattering detector.31 N-Diazeniumdiolate-modified NO-

releasing HP-PO (HP-PO/NO) polymers were prepared by reacting HP-PO polymers with 

NO gas at high pressures (10 atm) under basic conditions (sodium methoxide).31 The 

resulting HP-PO/NO polymers were stored in anhydrous methanol (100 mg/mL) at −20 °C. 

Upon use, methanol was removed under vacuo to yield HP-PO/NO as a yellow solid. The 

successful formation of N-diazeniumdiolate was confirmed by the appearance of a 

characteristic NO donor absorbance peak at ~250 nm in the UV-vis spectra.31 The NO-

release properties of HP-PO/NO were characterized in phosphate-buffered saline (PBS; 10 

mM, pH 7.4) and Wilkins-Chalgren (W-C) anaerobic broth at 37 °C using a Sievers 

Chemiluminescence Nitric Oxide Analyzer (NOA; Boulder, CO). Of note, an aliquot (10 

μL) of antifoam B emulsion (Sigma-Aldrich) was added into the 30 mL of W-C broth to 

prevent foaming during NO-release measurements.

In vitro planktonic bactericidal assays in broth.

Porphyromonas gingivalis (ATCC #33277) were cultured to 108 colony forming units per 

milliliter (CFU mL−1) in W-C broth as described previously.31 Control or NO-releasing HP-

PO polymers were then introduced into those bacterial solutions at various concentrations. 

After 8 h, the bacterial solutions were serially diluted 100-, 10000-, and 100000-fold, and 

100 μL of the diluted solutions was spiral plated onto Brucella Blood agars (Anaerobe 

Systems, Morgan Hill, CA). The agars were incubated under humidified anaerobic 

conditions (5% CO2, 10% H2, and 85% N2) for 96 h. The antibacterial activity of the 

materials was quantified using a plate counting method, with a detection limit of 1 × 103 

CFU mL−1 (one colony in 100-fold dilution).33, 37

Subcutaneous chamber model:

Eight to ten-week old male C57B6/Ntac wild-type mice (body weight of 20 g) were 

purchased from Taconic Farms (Rensselaer, NY). Male mice were chosen to avoid undesired 

breeding and estrus-related changes of cytokines that might occur in female mice. The 

pathogen-free mice were single-housed with 12-h cycles of light and ad libitum access to 

regular mouse chow diet and water. The animal studies were approved and carried out in 

compliance with the Institutional Animal Care and Use Committee (IACUC) standards. 

Isoflurane inhalation was used to anesthetize the mice during the experiments. For chamber 

placement, an open-ended cylindrical coil spring (chamber) with a diameter of 0.4 cm and 1 

cm in height (~100 μL of internal volume) was subcutaneously implanted in the flank region 

of each mouse using aseptic surgical techniques. After a 3-week healing period, a bacterial 

inoculum of P. gingivalis (ATCC #33277) at a dose of 108 CFU in 25 μl of PBS (10 mM, pH 

7.4) was injected into the chamber of each mouse (Day 0). On the next day (Day 1), 30, 150, 

and 750 μg of NO-releasing or control (i.e., non-NO-releasing) HP-PO polymers dissolved 

in 30 μl of PBS (10 mM) with final pH of 7.4 was injected into the chamber. Analogous 

treatments were repeated on Day 2, and Day 3. Blank (only PBS) and amoxicillin in PBS 

injections were employed as negative and positive controls, respectively. On Day 4, chamber 
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fluid was aseptically removed using a 27–gauge syringe (Becton Dickinson, Franklin Lakes, 

NJ). For time-course experiments, chamber fluids were removed on Day 2, Day 3, and Day 

4, after the first, second, and third treatment, respectively. For bacterial viability 

quantification, an aliquot (15 μL) of chamber fluid was diluted into 35 μL of 35 vol% 

glycerol-PBS, and quantified CFUs of viable bacteria using the same plate counting method 

employed for the in vitro study. The remaining chamber fluid was used for cytokine level 

analysis.

Histological analysis.

Chambers and adjacent tissue were harvested after euthanasia, fixed in 10 vol% 

paraformaldehyde solution for 24 h, embedded in paraffin, and dissected into slices. The 

histological slices were subsequently stained with hematoxylin and eosin (H&E) and 

examined under light microscope.

Cytokine analysis in chamber fluids.

The levels of IL-1β and IL-6 in chamber fluids were quantified using an enzyme-linked 

immune-absorbent assay (ELISA) according to the manufacturer’s instruction (R&D 

Systems, Minneapolis, MN). Prior to the assay, aliquots (20 μL) of chamber fluids were 

diluted 40- and 10-fold using PBS for IL-1β and IL-6 analysis, respectively, such that the 

diluted concentrations fell within standard calibration ranges.

Statistical analysis.

Statistical significance in bacterial viability and cytokine levels was assessed using a two-

tailed student’s t-test for comparing two groups. For comparison of more than two groups, 

one-way ANOVA analysis using a Bonferroni post-test was employed. In all cases, p <0.05 

was considered statistically significant.

Results and Discussion

Our goal was to evaluate the in vivo antibacterial efficacy of nitric oxide (NO)-releasing 

materials against P. gingivalis, a key pathogen associated with chronic periodontitis. Control 

(i.e., non-NO-releasing) and NO-releasing propylene oxide-modified hyperbranched 

polyamidoamines (HP-PO/C and HP-PO/NO, respectively) were prepared and characterized 

as reported previously.31 Prior to in vivo antibacterial evaluation, the NO-release properties 

of the HP-PO/NO polymers were investigated in a nutrient-rich environment (i.e., broth) to 

better mimic the in vivo environment (relative to PBS). As shown in Table 2, the HP-PO/NO 

polymers exhibited slightly reduced NO payloads and faster NO-release kinetics in nutrient-

rich milieu compared to nutrient-free conditions (i.e., PBS). The discrepancies in the NO-

release properties are attributed to the proteins present in the broth, that effectively scavenge 

NO and interact/alter the chemical properties of the functional groups (e.g., amines) 

responsible for stabilizing NO donors.38, 39 Nevertheless, the HP-PO/NO polymers released 

~1 μmol/mg of NO with a half-life of 20 min in nutrient-rich W-C broth. The HP-PO/NO 

polymers also exhibited adequate NO storage stability when stored under low temperature 

and moisture-free conditions. Nitric oxide-release payloads after 6 months of storage in 
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anhydrous methanol at −20 °C were nearly identical (i.e., <5% NO loss) to freshly prepared 

HP-PO/NO polymers, indicating adequate stability for potential future clinical applications.

The in vitro antibacterial activity of HP-PO/NO and HP-PO/C polymers against P. gingivalis 
was first examined in broth (Figure 1). Analogous to the killing observed in PBS, HP-PO 

control polymers exhibited moderate activity due to abundant cationic amines capable of 

binding to negatively charged bacterial membranes and displacing essential metal cations.31 

In comparison, the NO release significantly improved the antibacterial action of 

hyperbranched polymers. Indeed, HP-PO/NO at 3 and 10 mg mL−1 was able to achieve a ~4 

log- (99.99%) and >5 log- (99.999%) reduction in bacterial viability, respectively. The 

antibacterial activity of HP-PO/C polymers was much less noticeable (<2 log reduction in 

bacterial viability) at the same concentrations. These promising in vitro results provided the 

motivation for investigating the bactericidal action of exogenous NO in vivo.

The in vivo antibacterial efficacy of HP-PO materials was evaluated against an P. gingivalis 
infection using a murine subcutaneous chamber model. The chambers were inoculated with 

108 colony forming units (CFU) of P. gingivalis on Day 0 (Figure 2A). Subsequently, HP-

PO/C and HP-PO/NO polymers at 1.5, 7.5, and 37.5 mg/kg were prepared in PBS (final pH 

= 7.4) and injected directly into the chambers once per day for three consecutive days. The 

absolute amounts and corresponding local concentrations and doses of the injected polymers 

are provided in Table 2. Of note, the therapeutic NO amounts were estimated by multiplying 

the NO totals measured in broth (Table 1) with the tested doses. Injection of blank PBS was 

performed as a negative control. Amoxicillin, a common antibiotic, was administered at its 

highest water-soluble concentration (5 mg/mL in PBS, equivalent to a therapeutic dose of 

7.5 mg/kg) as a positive control. On Day 4, chamber fluids were harvested, followed by 

quantification of viable bacteria in the chamber fluids using a plate counting method.

As shown in Figure 2B, P. gingivalis successfully colonized the chambers and maintained 

high viability (i.e., ~109 CFU mL−1) in the negative control group (i.e., PBS) for the 

duration of the in vivo experiments. In contrast to the behavior observed in vitro, HP-PO/C 

polymers did not influence bacterial viability in vivo up to the highest tested dose of 37.5 

mg/kg. The lack of antibacterial activity is likely due to the complex in vivo environment 

(e.g., high protein content) impeding any appreciable association of HP-PO/C polymers with 

bacteria, the primary antibacterial mechanism for cationic polymers. In contrast, HP-PO/NO 

polymers resulted in a significant reduction in bacterial viability, identifying NO as the key 

antibacterial agent in vivo. The bactericidal action of HP-PO/NO polymers was dose-

dependent, with higher doses resulting in greater antibacterial efficacy. Specifically, the use 

of 1.5 mg/kg (47 μg of NO/kg), 7.5 mg/kg (234 μg of NO/kg), and 37.5 mg/kg (1170 μg of 

NO/kg) HP-PO/NO polymers resulted in a ~2.3-, ~3.5-, and ~6.1-log reductions in bacterial 

viability relative to untreated negative controls, respectively. Relative to control (non-NO-

releasing) HP-PO polymers, the HP-PO/NO also exhibited significant improvement in 

bacterial killing at each tested concentration as determined by two-tailed student t-test, 

further demonstrating the bactericidal efficacy and drug-like activity of NO-releasing 

polymers. Numerous studies have indicated that NO plays an important role in the natural 

immune response to bacterial infection.12, 40 For example, mice lacking adequate 

endogenous NO production exhibit impaired host defense against P. gingivalis in the murine 
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subcutaneous chamber.41 The antimicrobial activity of NO stems from its ability to 

introduce both nitrosative stress and oxidative stress on bacteria, leading to bacterial death.
12, 20 As such, the local administration of exogenous NO via HP-PO/NO polymers (injected 

into the chamber) was expected to facilitate killing of P. gingivalis. The largest dose, 37.5 

mg/kg (1170 μg of NO/kg) HP-PO/NO polymers, achieved complete eradication of P. 
gingivalis. In contrast, amoxicillin did not achieve the same bactericidal efficacy (~4.1-log 

killing of P. gingivalis for amoxicillin) as the HP-PO/NO, suggesting the superiority of the 

NO-release drug as a novel antibacterial agent for infection clearance.

To elucidate the bactericidal kinetics of the HP-PO/NO polymers at the most effective dose 

(37.5 mg/kg), the antibacterial action was quantified as a function of time by collecting 

chamber fluids on Day 2, Day 3, and Day 4. The HP-PO/NO polymers elicited a significant 

reduction (~2.7-log reduction) in bacterial viability after the first treatment (on Day 2) 

compared to the negative control. The rapid bactericidal action of HP-PO/NO polymers 

against P. gingivalis indicates another merit of their potential pharmacological use as an 

antibacterial therapy. Subsequent treatments continued to lower bacterial viability until 

complete eradication after the third dose on Day 4.

Lastly, the impact of polymer treatments on host immune response was evaluated by 

measuring the cytokine levels in the chamber fluids (Figure 4). Consistent with a previous 

study, P. gingivalis infection resulted in high levels of IL-1β and IL-6 in the chamber fluids.
41 The administration of HP-PO/C polymers and amoxicillin had minimal impact on the 

cytokine production. Upon HP-PO/NO treatments, the levels of IL-1β were not influenced 

regardless of NO dose. However, the largest dose of NO (1170 μg of NO/kg) significantly 

up-regulated the production of IL-6. The elevation of IL-6 levels is attributed to the host 

response to exogenous NO. Previous studies suggest that NO plays a complex, often 

paradoxical role in modulating cytokine levels, exerting both inductive and suppressive 

cytokine expression depending on concentration.40, 42–44 Demirel et al. investigated the 

impact of exogenous NO on the production of IL-6 in vitro as a function of NO dose, using 

N-diazeniumdiolate-modified diethylenetriamine (DETA/NO) as a NO donor.42 Although 

0.1 mM of DETA/NO did not influence IL-6 levels, 1 mM of DETA/NO was able to up-

regulate the production of IL-6 significantly.42 These results are consistent with our 

observations that the largest NO dose (1170 μg of NO/kg) stimulates IL-6 production. 

Histological analysis (H&E staining) was used to visualize the infiltration of inflammatory 

cells in tissue surrounding the infected chambers (Figure 5). Regardless of the treatment, the 

inflammatory cells exhibited a polymorphonuclear structure indicative of neutrophil 

infiltration, suggesting that the high levels of cytokine production in the chambers result in 

acute inflammation.45 The immune response to HP-PO/NO polymers at 37.5 mg/kg (1170 

μg of NO/kg) was also evaluated as a function of time. IL-1β levels remained stable over the 

duration of treatments (Figure 4C), while a significant increase in IL-6 production was 

observed on Day 3 after the second treatment (Figure 4D). The kinetic data suggests that the 

high levels of IL-6 are likely a result of repeated challenges with large NO doses. Although 

high levels of pro-inflammatory cytokines (IL-1β and IL-6) are important for bacterial 

infection clearance, the long-term impact of these cytokine concentrations and NO exposure 

on gingival tissues should be evaluated carefully in the oral cavity. Previous studies have 

demonstrated the utility of a ligature model for introducing periodontitis and concomitant 
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tooth loss via binding a ligature comprised of bacterial plaque in the gingival sulcus around 

the molar teeth of a rodent.46–49 In this manner, the ligature model should be employed to 

further elucidate the therapeutic potential of NO-releasing HP-PO polymers in the mouth.

Conclusion

The local administration of NO-releasing HP-PO polymers in a murine subcutaneous 

chamber model was capable of achieving complete eradication of a P. gingivalis infection 

(>6-log reduction in bacterial viability), with greater efficacy than was possible using 

amoxicillin. The superior in vivo bactericidal efficacy of NO-releasing HP-PO polymers 

suggests their utility as a potent antibacterial agent for periodontitis management. Additional 

in vivo studies (e.g., ligature model) are still required to further understand the true potential 

clinical benefits of these NO-releasing materials for oral health applications.
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Figure 1. 
In vitro antibacterial activity of HP-PO (solid square) and HP-PO/NO (solid circle) polymers 

against P. gingivalis in W-C broth. The dashed line indicates the detection limit.
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Figure 2. 
(A): The timeline for in vivo evaluation of HP-PO materials; (B) In vivo antibacterial 

efficacy of HP-PO/C and HP-PO/NO polymers against P. gingivalis (n ≥ 6 mice per group) 

on Day 4. Dashed line indicates the detection limit. * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p <0.0001 compared to untreated negative control.
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Figure 3. 
In vivo bactericidal kinetics of HP-PO/NO polymers at 37.5 mg/kg (n ≥ 6 mice per group). 

Dashed line indicates the detection limit. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

<0.0001 compared to untreated negative control.
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Figure 4. 
Cytokine levels in chamber fluids on Day 4: (A) IL-1β; (B) IL-6. Cytokine levels in chamber 

fluids for negative control and treatments with 37.5 mg/kg HP-PO/NO polymers as a 

function of time: (C) IL-1β; (D) IL-6. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 

<0.0001 compared to untreated negative control.
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Figure 5. 
Representative histological images of the tissues around the infected chambers: (A-E) under 

low magnification; (F-J) under high magnification.
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Table 1.

Nitric oxide-release properties of HP-PO/NO polymers at pH 7.4, 37 °C.
a

PBS W-C Broth

t[NO]

(μmol/mg)
b

t1/2

(min)
c

duration

(h)
d

t[NO]

(μmol/mg)
b

t1/2

(min)
c

duration

(h)
d

1.11 ± 0.18 54 ± 5 14.0 ± 2.0 1.04 ± 0.23 19 ± 3 6.8 ± 1.0

a
n ≥ 3 separate syntheses;

b
The total NO payloads (μmol NO per mg of polymer);

c
Time to release half of NO totals.

d
Time to reach the measured NO level ≤ 10 PPB mg−1 s−1.
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Table 2.

The absolute amounts and their corresponding local concentrations, doses, and therapeutic NO amounts of the 

HP-PO polymers tested in the study.

Absolute amount 

(μg)
a

Concentration in PBS 

(mg/mL)
b

Concentration in the chamber 

(mg/mL)
c Dose (mg/kg)

d Therapeutic NO amount 

(μg/kg)
e

30 1 0.3 1.5 47

150 5 1.5 7.5 234

750 25 7.5 37.5 1170

a
The absolute mass of the polymers injected into the chambers;

b
The concentration of polymers in the delivery vehicle (i.e., 30 μL of PBS);

c
The estimated concentration of polymers in the chamber (i.e., 100 μL) after injection;

d
The amount of polymers injected into the chambers normalized to the mass of the mice (20 g);

e
The amount of NO delivered into the chambers, which was estimated by multiplying the NO totals of HP-PO/NO polymers measured in the broth 

(Table 1) with the tested doses.
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