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Abstract

Pulmonary melioidosis is a bacterial disease with high morbidity and a mortality rate that can be 

as high as 40% in resource-poor regions of South Asia. This disease burden is linked to the 

pathogen’s intrinsic antibiotic-resistance and protected intracellular localization in alveolar 

macrophages. Current treatment regimens require several antibiotics with multi-month oral and 

intravenous administrations that are difficult to implement in the developing world. Herein, we 

report that a macrophage-targeted polyciprofloxacin prodrug acts as a surprisingly effective pre-

exposure prophylactic in highly lethal murine models of aerosolized human pulmonary 

melioidosis. A single dose of the polymeric prodrug maintained high lung drug levels and targeted 

an intracellular depot of ciprofloxacin to the alveolar macrophage compartment that was sustained 

over a period of 7 days above minimal inhibitory concentrations. This intracellular 

pharmacokinetic profile provided complete pre-exposure protection in a BSL-3 model with a drug-

resistant, aerosolized clinical isolate of Burkholderia pseudomallei from Thailand. This total 

protection was achieved despite the bacteria’s intrinsic resistance to ciprofloxacin and where an 

equivalent dose of pulmonary-administered ciprofloxacin was ineffective. For the first time, we 
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demonstrate that targeting the intracellular macrophage compartment with extended antibiotic 

dosing can achieve pre-exposure prophylaxis in a model of pulmonary melioidosis. This fully 

synthetic and modular therapeutic platform could be an important therapeutic approach with new 

or re-purposed antibiotics for melioidosis prevention and treatment, especially as portable 

inhalation devices in high-risk, resource-poor settings.
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Introduction

Pulmonary infections remain one of the most challenging anti-infective settings, with 

diseases such as tuberculosis, non-tuberculous mycobacterial infections, influenza, 

legionellosis, Q fever, melioidosis, and antimicrobial resistant (AMR) infections exacting 

high and rising mortality and morbidity costs across the globe [1–5]. Furthermore, lung 

pathogens such as the causative agents of tularemia, melioidosis, and the SARS-coronavirus 

are also classified as CDC select agents [6]. The sudden emergence of pandemic SARS-

CoV-2 further illustrates the special threat of pulmonary infections. While vaccine 

approaches would provide the preferred prophylactic approach to pulmonary intracellular 

infections, they are currently not available for the viral threats or the bacterial lung diseases 

tularemia and melioidosis. Even where available, e.g. for influenza, the vaccines provide 

limited efficacy [7, 8]. Pulmonary therapeutic approaches thus remain important in concert 

with vaccines for current and future threats.

The current standard oral and IV administered therapies for pulmonary drug therapies are 

generally limited by off-target exposure and poor pharmacokinetics (PK) in the lung due to 

poor biodistribution [9]. These dosing regimens also result in drug resistance acquisition by 

pathogens [10]. These problems are magnified in polytherapy approaches that are often 

required for intracellular viruses and bacterial infections, where drug-drug interactions and 

drug metabolism effects magnify toxicity [11]. The dosing limitations enforced by these 

issues can lead to poor drug efficacy in the pulmonary compartment when they might 

achieve activity and acceptable toxicity if optimal PK in the lungs could be achieved by 

inhalation administration routes and optimized therapeutic systems.

Inhaled antibiotics deliver higher drug doses directly to the lung [12], but suffer from rapid 

clearance kinetics in the lung, leading to the need for more frequent administration [13]. In 

recent years, drug carriers have been developed to improve drug PK. Liposomal 

ciprofloxacin has been shown to enhance PK and efficacy in pulmonary infection animal 

models and progressed to human clinical trials [14–16]. Most recently, the liposomal 

amikacin product ARIKAYCE® has been approved by the FDA for the treatment of 

mycobacterium avium complex (MAC) [17], and represents the first carrier-based, inhalable 

antibiotic product to reach clinical impact.
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Here, we demonstrate the efficacy of a new inhalable “drugamer” therapeutic designed to 

achieve high and greatly extended dosing in the lung. This drugamer platform is shown to 

repotentiate ciprofloxacin and to achieve full prophylaxis where the parent drug is 

ineffective against the antibiotic-resistant, Tier 1 select agent Burkholderia pseudomallei. 
This pulmonary drug platform builds delivery properties such as targeting and PK extension 

into the drug itself, rather than utilizing liposomal [14–16] or other nanoparticle [18, 19] 

formulations. This new therapeutic platform is a fully synthetic and modular version of past 

polymer therapeutics [20–22].

This platform serves as a strikingly efficacious prophylactic in an aerosolized model of 

antibiotic-resistant B. pseudomallei. B. pseudomallei causes an estimated 165,000 cases of 

melioidosis per year, 89,000 annual deaths, and has a mortality rate of up to 50% in rural 

Thailand and Vietnam [23, 24]. Pneumonia is a common presentation of melioidosis and is 

associated with higher mortality rates [25]. A major reason for the high mortality rate is that 

B. pseudomallei achieves protection from antibiotic exposure and adaptive immune 

responses through sequestration within the alveolar macrophage [26]. Moreover, B. 
pseudomallei is classified as the highest Tier 1 select agent due to its bioterrorism threat 

[23]. These threats for military and civilian healthcare workers responding to a release event 

provide the strong rationale for effective and fully prophylactic antibiotic products. Poor 

rural farmers in Southeast Asia and other similar tropical locations are also one of the at-risk 

groups for melioidosis in select rainy seasons [27].

Current standard of care treatments rely on exhaustive antibiotic dosing regimens unchanged 

in decades [28]. Recommended treatments include 10–14 days or longer of intravenous 

therapy, followed by further 3–6 months of multi-daily oral antibiotic eradication therapy 

[23, 28]. This lengthy and intensive treatment course is unavailable to many poor rural 

farmers, is associated with patient nonadherence, leads to well-documented patient side-

effects, and promotes the emergence of antibiotic-resistant bacteria [29]. While prophylactic 

use of antibiotics can be problematic in the context of drug resistance, the select and targeted 

use of prophylactic antibiotics has been advocated for in settings where health impacts are 

severe [30, 31]. This may be especially true for this current work that demonstrates 

repotentiation of the antibiotic ciprofloxacin to which B. pseudomallei is resistant clinically 

[32].

This drugamer platform targets the lung macrophage compartment as a reservoir to increase 

dosing against intracellular lung pathogens, as well as to extend drug PK out to seven days 

from a single dose (Fig. 1).The inhaled ciprofloxacin drugamer achieved 100% survival for 

the two-week study period, where the corresponding inhaled ciprofloxacin groups showed 

no efficacy and uniformly reached euthanasia endpoints after just 3 days. The modular 

drugamer platform is fully synthetic and thus manufacturing-ready with combination drug 

potential that can be exploited for response to other existing or emergent pulmonary 

infections [33–36].
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Results

Drugamer properties.

The information pertaining to the drugamer’s synthesis was reported previously [36]. Its 

composition, molecular weight (Mn), and molar mass dispersity (Đ) are summarized in 

Supplementary Table S1 and Supplementary Figure S1.

Causal prophylactic treatment in the surrogate Burkholderia thailandensis infection model.

The activity of the mannose-targeted, polymeric prodrug was initially evaluated in a murine 

model of pulmonary melioidosis brought about by exposure to B. thailandensis (Table 1, 

Fig. 2). This model is highly lethal in mice but not humans. Two hours prior to infection, the 

mice were dosed with the aerosolizing microsprayer with the drugamer at a ciprofloxacin 

dose of 20 mg/kg, at which point they were challenged with a lethal dose of B. thailandensis 
(>105 colony forming units, CFU per lung) (Fig. 2A). Two further doses of the drugamer 

were administered at 24h and 48h post-infection (0, +1, +2 day dosing). To control for this 

challenge study, one group was treated with PBS (vehicle control), and another with an 

equivalent dose of free ciprofloxacin. Vehicle control mice in this model rapidly reach 

euthanasia criteria by 72h after infection, as seen in the morbidity plots of body temperature 

and weight (n = 8/8) (Fig. 2B–D).

Treatment with free ciprofloxacin provided a modest improvement in survival rates, with 

25% (n = 2/8) of the mice remaining at the endpoint of 14 days. Administration of the 

polymeric ciprofloxacin prodrug led to full protection, with all mice surviving to 14 days (n 

= 8/8) (Fig. 2A). Though both free drug and drugamer-treated mice exhibited weight loss as 

soon as 24h post-infection, the latter had regained their baseline weight 5 days after the 

infection, compared with 9 days for the survivors of the former group. Of note, mice treated 

with free ciprofloxacin became visibly ill (e.g. decreased body temperature and increased 

morbidity) approximately 24h after infection, whereas these metrics remained stable for the 

drugamer-treated mice throughout the experiment (Fig. 2B–D). 14 days after infection, 

drugamer-treated mice (and the 2 survivors from the free ciprofloxacin-treated group) 

showed no detectable levels of bacteria in the lungs, spleen and liver (Fig. 2E), three organs 

that are commonly affected by melioidosis [37]. This is a strong indication that these mice 

had resolved the infection.

Single-dose PK study of ciprofloxacin release in alveolar macrophages.

A comparative PK study of the drugamer and free ciprofloxacin was performed in mice (Fig. 

3). The animals received a single intratracheal dose of 20 mg/kg ciprofloxacin – either in 

drugamer or free drug form – and were subsequently euthanized at pre-determined 

timepoints (4 hours – 7 days). The lung macrophages of the euthanized mice were collected 

through bronchoalveolar lavage, and liquid chromatography tandem mass spectrometry (LC-

MS/MS) was used to measure the levels of ciprofloxacin in those cells. Inhaled 

ciprofloxacin was rapidly cleared as previously characterized [36, 38, 39] and after 4h, 33% 

of mice had quantifiable levels of the drug in the alveolar macrophages. This is in stark 

contrast with what was observed for the drugamer. The concentration of ciprofloxacin 

observed in the alveolar macrophage compartment was one to three orders of magnitude 
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larger than that observed in mice dosed with the free drug, across all timepoints. All animals 

dosed with the drugamer also displayed detectable levels of ciprofloxacin in the alveolar 

macrophage compartment up to 5 days after administration, and two out of three mice 

exhibited detectable levels of ciprofloxacin in the alveolar macrophage compartment after 7 

days.

The MIC of ciprofloxacin against B. thailandensis and B. pseudomallei are 2 and 4 μg/mL, 

respectively (Table 1). All the mice dosed with the drugamer had a ciprofloxacin 

concentration in the lungs that was above the MIC through the 7-day experiment, save for 

one mouse at the 7-day timepoint. Together, these observations demonstrate that the 

drugamer enables a delivery of ciprofloxacin to the alveolar macrophage compartment that 

was sustained over 5 to 7 days, with its concentration remaining orders of magnitude higher 

than when ciprofloxacin is administered as the free drug. Combined with the results from 

our successful challenge study with B. thailandensis, these observations prompted us to 

evaluate the efficacy of the drugamer in a fully prophylactic dosing regime

Activity of the mannose-targeted ciprofloxacin drugamer as a pre-exposure prophylactic 
against B. thailandensis infections.

To test whether the polymeric prodrug was efficacious in a fully prophylactic dosing 

regimen, mice were dosed with the drugamer at 48h, 24h and 2h before being infected with a 

deposited ~105 CFU/lung of B. thailandensis (Fig. 4A). The control group consisted of mice 

treated with an equivalent dose of free ciprofloxacin at the same time points. Apart from a 

modest and temporary decrease in body weight that was concurrent with the infection, the 

drugamer-treated group remained largely unaffected by the challenge with 100% survival (n 
= 8/8) at 14 days (Fig. 4B–D). This is in clear contrast with the 12.5% survival rate that 

resulted from treatment with free ciprofloxacin (1/8 survivors). A very significant drop in 

body weight, surface temperature and health score was observed for all mice, from which 

7/8 did not recover. The bacterial burden in the survivors was significantly reduced from the 

lethal inoculum (~ 105 CFU/lung) to sub-lethal levels (Fig. 4E).

Pre-exposure prophylaxis against an antibiotic-resistant, human B. pseudomallei clinical 
isolate in a BSL-3 pulmonary infection mouse model.

Having optimized our prophylactic treatment regimen against the surrogate strain, we 

characterized its efficacy in a virulent human-specific pathogen, B. pseudomallei 1026b 

[40]. Under conditions similar to our prophylactic challenge study against B. thailandensis, 

mice were dosed with the drugamer at 48h, 24h and 2h before being infected with a 

deposited ~ 4×103 CFUs of B. pseudomallei (Fig. 5A). Control groups received an 

equivalent dose of the free drug (ciprofloxacin), or vehicle-treatment (PBS). The lethality of 

B. pseudomallei 1026b was apparent from the morbidity parameters: the surface temperature 

of vehicle-treated mice dropped below 25°C within two days of the infection, with a 

concomitant decrease in health score. As a result, all untreated mice had reached euthanasia 

criteria by day 4 (n = 10/10) as shown in Fig. 5A. With respect to body weight, temperature, 

morbidity scale, and survival rates, mice treated with free ciprofloxacin did not fare any 

better than vehicle-treated mice (Fig. 5B–D).
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This result reinforces the high lethality of B. pseudomallei 1026b apart from its surrogate 

strain B. thailandensis, where a modest increase in survival rates was seen with ciprofloxacin 

treatment (Fig. 4A). All mice treated with the drugamer survived to the experimental two-

week endpoint (n = 10/10). The mice suffered from a modest and temporary decrease in 

body weight and temperature following the infection, promptly followed by recovery and 

their health scores remained high throughout the study. Postmortem analysis of lung and 

disseminated organ bacterial burdens showed that 80% of the mice treated with the 

drugamer were sterile at the experimental endpoint (n = 8/10, Fig. 5E). One mouse exhibited 

residual bacteria (~ 102 CFUs) in the lungs and one separate mouse exhibited residual 

bacteria in the liver (~ 101 CFUs).

Discussion

Pulmonary infections are leading contributors to the global disease burden. Non-tuberculous 

pulmonary infections killed 2.74 million people in 2015 and constitute the leading infectious 

cause of death and the fifth leading cause of death overall [41]. The intracellular pulmonary 

bacteria Mycobacterium tuberculosis latently infected 1.7 billion of the world’s population 

in 2014 [42] and killed 1.3 million [43]. B. pseudomallei is a less well-known pulmonary 

pathogen that causes pulmonary melioidosis when inhaled. Some 165,000 cases of 

melioidosis (including infection caused both by cutaneous inoculation and inhalation) are 

estimated to occur annually [24]. Despite appropriate therapy – even in modern intensive 

care units – 40 to 50 percent of patients died from pulmonary melioidosis [44, 45]. 

Accordingly, the pathogen is classified as a US CDC and USDA Tier 1 select agent [6]. 

Successful eradication of the pathogen is difficult: treatment requires at least two weeks of 

intravenous therapy with ceftazidime or a carbapenem followed by 3–6 months oral 

trimethoprim/sulfamethoxazole [23, 28]. Worryingly, acquired resistance to ceftazidime is 

now well described [46, 47] and there are recent reports of a decreased susceptibility of B. 
pseudomallei to carbapenems [48, 49]. As both a public health and bioweapon threat, there 

is a well-established need for better therapies against B. pseudomallei, and such approaches 

may also provide new routes to treating other pulmonary infections.

Given the small pipeline of new antibiotics, repurposing and re-potentiating existing 

antibiotics is therefore an important goal for pulmonary infections and B. pseudomallei in 

particular. Effective repurposing strategies must mechanistically alter the drug’s PK and 

target it more effectively to key bacterial reservoirs and sites of pathogenesis. We present a 

successful re-potentiation approach for ciprofloxacin via the drugamer platform, which 

effectively targets the drug to the alveolar macrophage compartment, where a dramatic 

lengthening in intracellular dosing is demonstrated. Ciprofloxacin is a bactericidal antibiotic 

that inhibits DNA replication by inhibiting bacterial DNA topoisomerase and DNA-gyrase 

[50]. Despite its broad-spectrum activity, ciprofloxacin is not considered a lead antibiotic for 

treating melioidosis due to its poor intrinsic treatment efficacy when freely administered [32, 

51, 52]. Where free ciprofloxacin completely failed to protect the mice from B. 
pseudomallei (0% survival rates), our drugamer therapeutic offered full protection until the 

experimental endpoint of 14 days, by which 80% of the drugamer-treated group had 

completely cleared the pathogen (n = 8/10).
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This is a particularly significant result, given the relatively low intensity and duration of the 

regimen – a total of three doses of 20 mg/kg ciprofloxacin equivalent, spread over three days 

– when compared with the current standard of care in humans (2–3 doses/day for more than 

3 months) [23, 28]. As a reference point, reports characterizing the ciprofloxacin treatment 

of melioidosis in murine models have typically used more intensive regimens of 

ciprofloxacin: Barnes et al. dosed mice infected with B. pseudomallei K96243 with two 

daily doses of 30 mg/kg ciprofloxacin for 14 days [53], whilst Steward et al. treated mice 

infected with B. pseudomallei 576 with two daily doses of 100 mg/kg ciprofloxacin for 14 

days [54]. Both studies reported high but not 100% survival in their treatment groups at 14 

days after infection (90% and 95%, respectively), despite these lengthy and high intensity 

dosing regimens. The high activity of the drugamer therapeutics may enable the 

development of dose-sparing regimens by reducing duration and/or dose. Such properties 

would potentially avoid the emergence of antibiotic resistance facilitated by the current 

standard of care for melioidosis, which involves intensive antibiotic treatment (multiple 

daily doses for 3–6 months) [23, 28]. Moreover, the dose-sparing regimens that may be 

enabled by drugamers would be important to increase patient compliance, particularly in 

low-resource settings (e.g., rural Southeast Asia).

The improved efficacy of our drugamer can be attributed to its ability to modulate the 

biodistribution and PK properties of the antibiotic in the lungs and alveolar macrophages 

[36]. As observed in our PK studies, a single dose of the drugamer enables a delivery of 

ciprofloxacin to the alveolar macrophage compartment that is sustained over 5 days for all 

mice, and up to 7 days for two of the three mice sampled at that timepoint. Ciprofloxacin use 

for the treatment of melioidosis is ill-advised, both in humans [32, 51, 52] and in murine 

models [53, 54]. This suggests that delivery of this antibiotic to the right target compartment 

and its short half-life are key factors limiting its efficacy. Repotentiating antibiotics through 

the use of this modular platform could provide a rationale for selected prophylactic use for 

global health since B. pseudomallei is resistant to fluoroquinolones. The number of doses 

and the dosing regimen for the future clinical development will need to be carefully decided 

based on the pharmacokinetic properties of antibiotics released from drugamers to avoid 

toxicities and minimize antibiotic usage.

Inhalable antibiotic therapeutics offer unique advantages in delivering concentrated 

antibiotics to the site of bacterial persistence [55]. Aerosolized ceftazidime, however, only 

showed a comparable efficacy to intraperitoneal injection in a murine melioidosis model 

[56], which is likely due to a short retention of the drug in mouse lungs (6 hours after 

exposure) [57]. This short retention in the lungs was also observed in aerosolized 

ciprofloxacin, which is rapidly cleared within 1–2 h post-administration [39]. To overcome 

the rapid clearance kinetics of free antibiotics, inhalable liposomal antibiotics have been 

extensively studied [14–17]. Liposomal ciprofloxacin achieved sustained levels of 

ciprofloxacin in the lungs for 24h [39], leading to an improved therapeutic efficacy against 

lung infections caused by Francisella tularensis, Coxiella burnetii, and Yersinia pestis [14–

16]. Despite its promise against relevant pulmonary bacterial infections, inhalable liposomal 

ciprofloxacin has not been tested against B. pseudomallei. Although not suitable for 

inhalational administration, a bile salts-enriched liposome (bilosome) was recently used to 

develop oral formulations of levofloxacin and doxycycline to treat inhalational melioidosis 
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[58]. Despite the significant survival advantage that they confer over the corresponding free 

antibiotics, bilosomes still require intense treatment courses (50 mg/kg, once a day for 7 

days). Contrasting with those liposome-based formulations that rely on the physical 

encapsulation of antibiotics and passive targeting to control PK, our drugamer exploits a 

cleavable peptide linker coupled with active macrophage-targeting ligands to achieve 

significantly better PK properties (sustained over 5–7 days) and striking therapeutic efficacy 

(full survival with merely 3 doses).

Conclusion

Looking forward, we envision that the drugamers can be used clinically for on-demand 

protection both in biodefense settings and potentially in tropical global health settings. The 

inhalable drugamer product is envisioned for military and civilian personnel entering into 

the battlefield or civilian locations where the Tier 1 threats have been suspected of release. 

Prophylactic use of antibiotics is a concern in the context of antibiotic-resistance generation, 

but are necessary in bioterrorism settings that are non-recurring events. Prophylactic use 

may also be acceptable in global health settings where the antibiotic has been repotentiated 

as in this report, since the bacteria are already resistant to the parent drug. These 

prophylactic applications of drugamers are important as the current treatment regimen for 

melioidosis is often not available for people such as poor rural farmers in resource-limited 

settings. In terms of the administration route, this inhalable platform could be administered 

to humans in using either nebulizers or portable aerosolization devices. The modular nature 

of the platform may also enable repurposing of additional antibiotics and drug combinations, 

thus helping to close the gap between increasingly drug-resistant pulmonary pathogens and 

the shrinking antibiotic pipeline. The modularity of the drug repertoire has been shown with 

other prodrug monomers [33–35], and could thus be expanded to other pulmonary infection 

space, including other antibiotics, antivirals and host-directed drugs. The fully synthetic 

platform has intrinsic scalability, streamlined CMC, and an on-demand, rapid response 

potential using existing GMP manufacturing infrastructure. These features make the 

platform a promising candidate for pulmonary infection therapy against intransient existing 

pathogens and current and future emergent pandemic threats.

Materials and Methods

Study design.

The primary objective of this study was to develop a macrophage-targeted polymeric 

prodrug that provides fully prophylactic protection in a BSL3 aerosolized model of human 

pulmonary melioidosis model. We first tested this polymeric prodrug of ciprofloxacin in B. 
thailandensis, a laboratory surrogate model of B. pseudomallei that is highly lethal in mice. 

The first dosing regimen design used a pre- and post-exposure dosing schedule. We next 

tested this polymeric prodrug using a fully pre-exposure prophylactic dosing regimen in B. 
thailandensis. Finally, the prophylactic and repurposing activity was tested in the BSL3 

model with an aerosolized clinical isolate of B. pseudomallei from Thailand. To 

mechanistically elucidate the therapeutic effectiveness, we evaluated the intracellular 

ciprofloxacin PK in alveolar macrophages recovered by bronchoalveolar lavage from mice 
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across a week period. Sample sizes were chosen based on our prior data to achieve statistical 

significance. Statistical analyses are described in the Methods section.

Bacterial strains and growth conditions.

B. pseudomallei 1026b was originally obtained from a bacteremic patient from Thailand 

(36). B. thailandensis E264 was provided by Dr. Donald Woods at the University of Calgary, 

Alberta, Canada. All bacterial strains were subcultured from stocks kept at −80°C in 20% 

glycerol. For use in the experiments, they were cultured in Luria broth (LB) overnight at 

37°C with shaking at 200 rpm. The overnight cultures were washed twice in cold phosphate-

buffered saline (PBS) and then enumerated using a spectrophotometer at OD600 to the 

desired concentration (107 CFU/mL for B. pseudomallei and 109 CFU/mL for B. 
thailandensis). Bacterial suspensions were serially diluted and plated onto LB agar for 

quantitative culture. Colonies were counted after incubation at 37°C for 24 h. All procedures 

involving B. pseudomallei 1026b were performed in a Select Agent approved Biosafety 

Level 3 (BSL-3) facility at the University of Washington using compliant procedures and 

protocols. The minimal inhibitory concentration (MIC) of ciprofloxacin against B. 
pseudomallei 1026b and B. thailandensis E264 was determined by broth microdilution 

following CLSI protocols [59].

Animals.

Wild type C57BL/6 mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). 

All animals were housed in cages under specific pathogen free conditions and permitted 

unlimited access to sterile food and water. Studies using B. thailandensis E264 were 

conducted in ABSL2 facilities, whereas studies using B. pseudomallei 1026b were 

conducted in ABSL3 facilities. Euthanasia was accomplished with intraperitoneal injection 

of pentobarbital or carbon dioxide followed by exsanguination from cardiac puncture. All 

animal procedures and handling were conducted under protocols (4047-02 and 2671-10) 

approved by the Institutional Animal Care and Use Committee at the University of 

Washington.

Drugamer synthesis and characterization.

The synthesis and characterization of our macrophage-targeted, protease-cleavable drugamer 

was reported previously (29). Representative NMR and GPC profiles of polymer prodrugs 

used in this study are presented in supplementary materials. The drugamer is a unimer and 

fully water soluble at the concentrations used, though its upper solubility limit has not been 

established.

Antibacterial efficacy against pulmonary infection of B. thailandensis.

The antibiotic activity of drugamers was tested in C57Bl/6 mice (female, 8 weeks old, n = 

8–10) challenged with aerosolized B. thailandensis E264 or B. pseudomallei 1026b. The 

mice were first anesthetized with 5% isoflurane in O2 at 1 L/min, then treated with either 

PBS, free ciprofloxacin (20 mg/kg in 50 μL, 5% dextrose in water) or the drugamer (20 

mg/kg ciprofloxacin equivalent in 50 μL PBS) via intratracheal aerosolization using an 

endobronchial MicroSprayer® Aerosolizer (model IA-1C, Penn-Century, Wyndmoor Inc., 
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PA, USA) and a mouse laryngoscope (model LS-2-M, Penn-Century, PA, USA). The 

MicroSprayer® Aerosolizer gives aerosol droplets of 16 – 22 μm in size with water. Each 

mouse received three treatments with a 24h interval between each dose. For the first pre-

exposure prophylaxis study with B. thailandensis (Fig. 2A), the first dose started at 2h 

before infection. For the second prophylaxis B. thailandensis (Fig. 4A) and the prophylaxis 

study with B. pseudomallei (Fig. 5A), the first dose started at 48 h before infection.

Mice were simultaneously exposed to aerosolized bacteria for a duration of 15 min, with 

total airflow through the chamber maintained at 19.5 L/min. Bacteria aerosol was generated 

from 9 mL of bacteria suspension using a MiniHEART hi-flo nebulizer (Westmed, Arizona) 

connected to a Biaera whole-body exposure chamber through which pressures and flows 

were controlled via a computer interface (Biaera Technologies, Maryland). Bacterial 

deposition in each experiment was determined from quantitative culture of lung tissue from 

sentinel mice euthanized immediately post-exposure. Animals were monitored daily for 

health, body weight, and temperature. Animals with temperatures of less than 25°C, body 

weight loss of greater than 20%, or a combination of ruffled fur, eye crusting, hunched 

posture, lack of resistance to handling, and isolation from cage mates were deemed terminal 

for study purposes and euthanized.

At day 14 after infection, the number of mice that survived the otherwise lethal infection 

was recorded. The surviving mice were euthanized, and the left lung, median hepatic lobe, 

and spleen were harvested for quantitative culture to determine viable bacteria surviving 

after treatment. Organs were homogenized in 1 mL sterile Dulbecco’s PBS and serial 

dilutions plated on LB agar. Colonies were counted after 2–4 day of incubation at 37°C in 

humid air with 5% CO2. Verification of B. thailandensis/B. pseudomallei growth was 

confirmed by plating on Ashdown’s agar, a selective medium that contains crystal violet and 

gentamicin to inhibit growth of other bacteria. Plates were counted after 4 day of incubation 

at 37°C in humid air with 5% CO2. Typical Burkholderia colonies on Ashdown’s appear 

purple and wrinkled.

Intracellular ciprofloxacin PK profiles in alveolar macrophages.

The PK properties of free ciprofloxacin and drugamer-released ciprofloxacin were studied 

using C57BL/6 mice (female, 6–9 weeks old, n = 3–4). The mice were first anesthetized 

with 5% isoflurane in O2 at 1 L/min, then treated with either free ciprofloxacin (20 mg/kg in 

50 μL, 5% dextrose in water) or the drugamer (20 mg/kg ciprofloxacin equivalent in 50 μL 

PBS) via intratracheal aerosolization using a MicroSprayer® Aerosolizer (model IA-1C, 

Penn-Century, Wyndmoor Inc., PA, USA) and a mouse laryngoscope (model LS-2-M, Penn-

Century, PA, USA). At pre-determined timepoints after administration (4h, 24h, 48h, 72h, 

96h, 110h, 158h), the animals were euthanized by intraperitoneal pentobarbital overdose 

followed by cardiac puncture. Bronchoalveolar lavage was immediately conducted with a 

0.85% NaCl solution containing 0.6 mM EDTA (3 flushes of 1.0 mL). The bronchoalveolar 

lavage fluid was centrifuged to collect alveolar macrophages (4 °C, 400 g, 15 min). The 

collected cells were washed with PBS and centrifuged again to remove the supernatant (4°C, 

400 g, 15 min). The cell pellet was resuspended in PBS (50 μL) and the obtained cell 

number was counted using crystal violet staining (0.1% in 0.1 M citric acid) to determine the 
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total cell volume. To the cell suspension was added a solution of ciprofloxacin-d8 (5 μL of a 

500 ng/mL solution in water), followed by 150 μL of acetonitrile. The suspension was 

incubated on ice for 1 hour to lyse the cells. The cell lysates were then dried to completion 

and reconstituted in 150 μL of a 2/1 solution of acetonitrile/water, and centrifuged at 18000 

g for 20 min at 4 °C. The supernatants were stored on ice until analyzed via LC-MS/MS. 

Details of the LC-MS/MS method for ciprofloxacin quantification have been described in 

our previous publication (29).

Statistical Analysis.

Student’s two-tailed t-tests were performed to compare two groups and analysis of variance 

(ANOVA) was performed for comparisons of multiple groups, through GraphPad Prism 

(version 5.0, GraphPad Software Inc.). Data reported denote the means ± SD. Survival 

analyses were performed using a log-rank test in GraphPad Prism. p < 0.05 was considered 

statistically significant.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Macrophage-targeted drugamer enables a sustained delivery of ciprofloxacin to alveolar 
macrophages.
Schematic showing the composition polymeric ciprofloxacin prodrug and its mechanism for 

enhancing alveolar macrophage uptake and intracellular antibiotic release. (1) The drugamer 

is composed of multivalent mannose ligands that act both as solubilizing agents and 

targeting residues, thus enhancing drugamer internalization by alveolar macrophages. (2) 

Drugamer binding to mannose receptors induces receptor-mediated endocytosis. The 

protease-cleavable dipeptide motif (Valine-Citrulline) linking ciprofloxacin to the polymer 

backbone is subsequently cleaved by intracellular proteases, such as cathepsins, allowing 

release of the antibiotic in the alveolar macrophage and killing of intracellular bacteria.
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Fig. 2. Efficacy of the ciprofloxacin drugamer against aerosolized Burkholderia thailandensis 
E264.
Free ciprofloxacin (free drug) or ciprofloxacin drugamer were intratracheally administered 

(50 μL aerosolization, 20mg ciprofloxacin/kg) at day 0 (2h prior to the infection), 1, and 2 

using a MicroSprayer® (n = 8 for each treatment group). PBS was used as a vehicle control. 

All mice were challenged with aerosolized B. thailandensis 2h after dosing on day 0. 

Survival rate and health condition of mice were monitored for 14 days. (A) Survival rate of 

infected mice. Arrows indicate dosing day. (B & C) Body weight and surface temperature of 

mice over the course of the experiment. (D) Clinical scores of mice. Mice were scored on 

seven categories: activity, coat, eyes, breathing, posture, isolation, and resistance to 

handling, with scores of 0, 0.5, and 1 specified for each category. E Bacterial burden in 

organs retrieved from mice that survived to the experimental endpoint (14 days). CFU: 

Colony-forming unit. Data are presented as mean ± SD. ** denotes p < 0.01.
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Fig. 3. In vivo pharmacokinetics of drugamer-released ciprofloxacin in alveolar macrophages.
Released ciprofloxacin pharmacokinetics ranging from 4 hours (day 0) to 7 days after 

dosing. Day 0 was defined as 4h after the drugamer administration. The lines indicate the 

average of the 3–4 data points of each time point. (n = 3–4) LLOQ: Lower limit of 

quantification of the LC-MS/MS assay in this pharmacokinetics study.
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Fig. 4. Efficacy of the drugamer against a pulmonary Burkholderia thailandensis E264 infection 
in a pre-exposure prophylactic setting.
Free ciprofloxacin (free drug) or drugamer were intratracheally administered (50 μL 

aerosolization, 20mg ciprofloxacin/kg) at day −2, −1, and 0 using a MicroSprayer® (n = 8 

for each treatment group). All mice were challenged with aerosolized B. thailandensis 2h 

after dosing on day 0. Survival rate and health condition of mice were monitored for 14 

days. (A) Survival rate of infected mice. Arrows indicate dosing day. (B & C) Body weight 

and surface temperature of mice over the course of the experiment. (D) Clinical scores of 

mice. (E) Bacterial burden in organs retrieved from mice that survived to the experimental 

endpoint (14 days). Mice were scored on seven categories: activity, coat, eyes, breathing, 

posture, isolation, and resistance to handling, with scores of 0, 0.5, and 1 specified for each 

category. CFU: Colony-forming unit. Data are presented as mean ± SD.
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Fig. 5. Pre-exposure prophylaxis efficacy of ciprofloxacin drugamer against a clinical isolate of 
Burkholderia pseudomallei.
PBS, free ciprofloxacin (free drug) or drugamer were intratracheally administered (50 μL 

aerosolization, 20 mg ciprofloxacin/kg) at day −2, −1, and 0 using a MicroSprayer® (n = 10 

for each treatment group). PBS was used as a carrier control. All mice were challenged with 

aerosolized B. pseudomallei 2h after dosing on day 0. Survival rate and health condition of 

mice were monitored for 14 days. (A) Survival rate of infected mice. Arrows indicate dosing 

day. (B & C) Body weight and surface temperature of mice over the course of the 

experiment. (D) Clinical scores of mice. Mice were scored on seven categories: activity, 

coat, eyes, breathing, posture, isolation, and resistance to handling, with scores of 0, 0.5, and 

1 specified for each category. (E) Bacterial burden in organs retrieved from mice that 

survived to the experimental endpoint (14 days). CFU: Colony-forming unit. Data are 

presented as mean ± SD.
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Table 1.

Overall comparison of the three challenge studies reported. (MIC: Minimum inhibitory concentration)

Figure 2 Figure 4 Figure 5

Bacterial strain
B. thailandensis E264 B. thailandensis E264 B. pseudomallei 1026b

(Laboratory surrogate) (Clinical isolate)

MIC50/MIC90 (μg/mL) 2/4 2/2

Deposition dose* (CFU/Lung) 4.53 × 105 6.25 × 104 3.80 ×103

Dosing regimen
† Day 0, 1, 2 Day −2, −1, 0 Day −2, −1, 0

Suvival rate of drugamer treated mice 100% (8/8) 100% (8/8) 100% (10/10)

Suvival rate of free ciprofloxacin treated mice 25% (2/8) 12.5% (1/8) 0% (0/10)

*
Bacterial deposition in the lungs was determined from quantitative culture of lung tissue from mice sacrificed immediately after infection (n=4).

†
Bacterial infection was conducted at 2 h after the dosing on day 0.
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