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Polymer-augmented liposomes enhancing antibiotic delivery 

against intracellular infections† 
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a
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a
 Hye-Nam Son,

a
 Abby M. Kelly,

a
 Anthony J. Convertine,

a
 Daniel M. 

Ratner,*
a
  and Patrick S. Stayton*

a
. 

Pulmonary intracellular infections, such as tuberculosis, anthrax, and tularemia, remain a significant challenge to 

conventionl antibiotic therapy.  Ineffective antibiotic treatment of these infections can lead not only to undesired side 

effects, but also the emergence of antibiotic resistance. Aminoglycosides (e.g., streptomycin) have long been part of the 

therapeutic regiment for many pulmonary intracellular infections.  Their bioavailability for intracellular bacterial pools, 

however, is limited by poor membrane permeability and rapid eliminaton.  To address this challenge, polymer-augmented 

liposomes (PALs) were developed to provide improved cytosolic delivery of streptomycin to alveolar macrophages, an 

important host cell for intracellular pathogens.  A multifunctional diblock copolymer was engineered to functionalize PALs 

with carbohydrate-mediated targeting, pH-responsive drug release, and endosomal release activity with a single functinoal 

polymer that replaces the pegylated lipid component to simplify the liposome formulation.  The pH-sensing functionality 

enabled PALs to provide enhanced release of streptomycin under endosomal pH condition (70% release in 6 hours) with 

limited release at physiological pH 7.4 (16%).  The membrane-destabilizing activity connected to endosomal release was 

characterized in a hemolysis assay and PALs displayed a sharp pH profile across the endosomal pH development target 

range.  The direct connection of this membrane-destalizing pH profile to model drug release was demonstrated in an 

established pyranine / p-xylene bispyridinium dibromide (DPX) fluorescent dequenching assay. PALs displayed similar 

sharply pH-responsive release, whereas PEGylated control liposomes did not, and similar profiles were then shown for 

streptomycin release.  The mannose-targeting capability of the PALs was also demonstrated with 2.5 times higher 

internalization compared to non-targeted PEGylated liposomes.  Finally, the streptomycin-loaded PALs was shown with a 

significantly improved intracellular antibacterial activity in a Francisella-macrophage co-culture model, compared with free 

streptomycin or streptomycin delivered by control PEGylated liposomes (13x and 16x, respectively).  This study suggests 

the potential of PALs as a useful platform to deliver antibiotics for the treatment of intracellular macrophage infections. 

Introduction 

Respiratory infections caused by intracellular bacteria, such as 

Mycobacterium tuberculosis, Bacillus anthracis, Francisella 

tularensis and Burkholderia pseudomallei, remain a major 

global health and biological threat
1-4

. For instance, inhaled 

Francisella tularensis can result in the most severe form of 

tularemia at even low infectious dose (estimated LD50 < 10 

CFU)
3,5

. Without immediate antibiotic treatment, pulmonary 

tularemia can be fatal in 30% of cases
3,5

. The pathogenicity of 

intracellular bacteria is highly associated with their ability to 

seclude themselves and multiply within phagocytic cells, such 

as alveolar macrophages (AMs) in respiratory infections
6-8

. This 

intracellular localization protects the bacteria from the 

humoral and cellular immune responses, and limits the efficacy 

of conventional antibiotic treatments
9-11

. 

Current treatment for F. tularensis infections relies on 

rigorous oral and IV antibiotic therapy with aminoglycoside, 

tetracycline, and/or fluoroquinolone drugs
12

.  

Aminoglycosides, including streptomycin and gentamicin, have 

been recommended as the agents of choice for the treatment 

of tularemia, due to their improved outcomes and lower 

relapse rates
12

. However, aminoglycosides suffer from 

suboptimal pharmacokinetics because of their rapid 

elimination rate (plasma half-life 2-3 hours)
13

. Additionally, 

owing to their hydrophilic nature, the efficacy of 

aminoglycosides is limited by their poor membrane 

permeability and slow cytosolic accumulation
14

. Due to those 

limitations, multiple daily high-dose injections are required for 

a prolonged period of time to achieve therapeutic efficacy, and 

this treatment regimen can have undesired side effects (e.g., 

nephrotoxicity and ototoxicity) and potentially induce drug 

resistance
15,16

. Consequently, drug delivery systems that can 

enhance cytosolic accumulation of aminoglycosides in the 

intracellular space might potentiate activity. 
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Liposomes have been previously utilized to improve 

antibiotic efficacy by enhancing cellular delivery and improving 

pharmacokinetics (PK) at the site of infections
17-19

. A liposomal 

ciprofloxacin (Lipoquin®, Aradigm Corp.) has shown improved 

antibacterial activity compared to free drug in F. tularensis 

Schu S4-infected mice
20,21

. Liposomal surfaces have also been 

modified with mannose to increase uptake by AMs through 

receptor-mediated endocytosis mediated by the macrophage 

mannose receptor
22

. This enhanced uptake improved PK 

properties in AMs compared to unmodified liposomes
23

. 

However, drugs released from those liposome formulations 

still rely on passive diffusion through vesicular or cellular 

membranes to reach cytosolic bacteria. This could limit the 

efficacy of aminoglycosides, as they preferentially accumulate 

in lysosomes following endocytosis
10

.  

To achieve endosomal release, various approaches have 

been taken to provide drug carriers with membrane 

destabilizing and/or membrane fusion activities, such as 

fusogenic peptides and synthetic polymers
24-26

. Synthetic 

polymers with endosomal-destabilizing activity, particularly at 

a weakly acidic pH, are especially useful for cytoplasmic 

delivery
27-29

. When liposomes modified with these pH-sensitive 

polymers are taken up by cells through endocytosis, they can 

introduce entrapped cargos to the cytosol by destabilizing 

endo-lysosomal membranes. For example, a pH-sensitive 

fusogenic polymer, 3-methylglutarylated hyperbranched 

poly(glycidol), formulated with liposomes effectively 

introduced ovalbumin to the cytosol of dendritic cells
30

.   

In this study, a multifunctional, diblock copolymer was 

developed to augment liposomes with macrophage-targeting 

and endosomal release functionality for the cytosolic delivery 

of hydrophilic aminoglycoside antibiotics against Francisella 

infection (Scheme 1a). This diblock copolymer was employed 

to functionalize liposomes to create the polymer-augmented 

liposome (PAL) system with the following advantageous 

properties: (1) surface mannose modification for targeted 

association and enhanced internalization by AMs; (2) pH-

responsive streptomycin release from PALs; (3) membrane-

destabilizing activity for enhancing streptomycin bioavailability 

to cytosolic bacteria; and (4) a simplified liposomal formulation 

where the polymer replaces the typical hydrophilic lipid 

(Scheme 1b). The efficacy against intracellular infections was 

characterized in an intracellular Francisella-macrophage co-

culture model. The enhanced antibacterial activity of 

streptomycin delivered by PALs suggests that this carrier 

design could provide important benefits for intracellular 

delivery of drugs with poor membrane permeability. 

Experimental 

Materials   

Materials were purchased from Sigma Aldrich (St Louis, MO) 

unless otherwise specified. 1,2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) and 1,2-distearoyl-sn-glycero-3- 

 

 

phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] 

(DSPE-PEG) were purchased from Avanti Polar Lipids 

(Alabaster, AL). Rhodamine B-labeled dihexadecanoyl-sn-

glycero-3-phosphoethanolamine (DHPE-Rhodamine) was 

acquired from Thermo-Fisher Scientific (Pittsburgh, PA). 

Diethylaminoethyl methacrylate (DEAEMA) and butyl 

methacrylate (BMA) were distilled prior to use. 4-Cyano-4-

(ethylsulfanylthiocarbonyl) sulfanylpentanoic acid (ECT) and 

mannose functionalized with ethyl methacrylate (ManEMA) 

were synthesized and fully characterized as described 

previously
31,32

. Spectra/Por regenerated cellulose dialysis 

membranes were purchased from Spectrum Laboratories 

(Houston, TX). Sephadex G-25 prepacked PD10 columns were 

obtained from GE Healthcare Life Sciences (Pittsburg, PA).  

  

Reversible addition−fragmenta/on chain-transfer (RAFT) 

polymerization and characterization of poly[(DEAEMA-co-BMA)-b-

ManEMA]  
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Scheme 1 (A) Schematic of the formulation and functionalities of 
polymer-augmented liposomes (PALs). PAL was formulated through 
the hydrophobic effect between the lipid bilayer and hydrophobic 
block (purple) of the amphiphilic diblock copolymer; (B) Envisioned 
pathway for the cellular uptake of PALs and subsequent 
intracellular release of the cargo in alveolar macrophages. (Note: 
illustrations are not to scale.) 
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Formulation and characterization of streptomycin-loaded PALs  

PALs were prepared using an ethanol injection method 

described previously with some modifications
33

. Briefly, DSPC 

(23.7 mg), cholesterol (7.8 mg), and poly[(DEAEMA-co-BMA)-b-

ManEMA] (7.9 mg) were dissolved in ethanol  (0.25 mL) to 

uniformly mix the lipids with polymer in a single phase. The 

lipid/polymer mixture was added into phosphate buffer saline 

(PBS, 3.15 mL, 10 mM, pH 7.4) containing streptomycin (100 

mg/mL) under magnetic stirring to form streptomycin-loaded 

PALs. The PAL suspension was then sonicated for 15 min and 

extruded at 60 °C through the following polycarbonate filters: 

800, 400, 200, and 100 nm (Whatman, GE Healthcare, 

Pittsburgh, PA USA) to obtain uniform PALs suspension. 

Ethanol and unencapsulated streptomycin were removed by 

dialysis against PBS using Spectra/Por dialysis tubing (MWCO 

3kDa). Non-pH-responsive PEGylated control liposomes with 

similar formulation as Lipo-Dox® (DSPC: cholesterol: DSPC-

PEG= 6:4:0.5 molar ratio) were also prepared to serve as a 

control
34

. For fluorescence labeled liposomes, fluorescent 

lipids, rhodamine DHPE, were incorporated in PALs and 

PEGylated liposomes at 0.5 mol% total lipids via the same 

preparation procedures. Co-formulation of the diblock 

copolymer with liposomes was characterized using high 

performance size exclusion chromatography (HPSEC); 

procedures were described in detail in Supplementary 

Information. 

The hydrodynamic diameter of PALs and PEGylated 

liposomes were determined using a Malvern Instruments 

Zetasizer Nano series instrument equipped with a 22 mW He-

Ne laser operating at 632.8 nm. To compare the hydrodynamic 

diameters of PALs and PEGylated liposomes in the pH range of 

the endosomal pathway (7.4, 7.0, 6.6, 6.2, and 5.8), both 

liposome formulations were dispersed in sodium phosphate 

buffer (100 mM, pH 7.4-6.2, supplemented with 150 mM NaCl) 

or sodium acetate buffer (100 mM, pH 5.8, supplemented with 

150 mM NaCl). Mean diameters were reported as the 

intensity-average ± standard deviation from three or more 

independently prepared formulations. 

 

Quantification of streptomycin encapsulation  

Encapsulated streptomycin concentration in PALs was 

determined using a fluorescamine assay, which has been used 

to quantify the concentration of peptides, proteins, and 

aminoglycosides
35,36

. Fluorescamine is a non-fluorescent 

reagent that reacts readily under mild conditions with amines 

to form stable, highly fluorescent compounds
37

. The 

encapsulated streptomycin was first released from PALs by 

lysing the PAL suspension (0.015 mL, 5.6 mg/mL lipids) with 1% 

Triton X-100 (0.135 mL). The released streptomycin was then 

reacted with fluorescamine (3 mg/mL in dimethyl sulfoxide, 

0.05 mL) for 15 min at room temperature. Fluorescence 

(λex=390 nm, λem=470 nm) was measured using a plate reader 

(Tecan M1000). Known concentrations of streptomycin 

solution were also reacted with fluorescamine solution to 

obtain a calibration curve. 

 

Red blood cell hemolysis assay  

The membrane destabilizing activity of the diblock copolymer 

and the streptomycin-loaded PALs was measured using a red 

blood cell hemolysis assay as previously described
38,39

. 

Polymer/PAL suspensions were incubated in triplicate wells of 

a 96-well plate (V-shaped bottom) for 1 h at 37 °C in the 

presence of human red blood cells at various polymer 

concentrations (10, 20, 40, 80 μg/mL) in 100 mM sodium 

phosphate buffers (pH 7.4, 7.0, 6.6, and 6.2, supplemented 

with 150 mM NaCl) or 100 mM sodium acetate buffer (pH 5.8, 

supplemented with 150 mM NaCl) intended to mimic the 

acidifying pH gradient in the lysosomal pathway. Polymer 

concentrations in PALs were estimated based on the amount 

of polymer added during PAL preparation procedures. To 

remove the unlysed cells, the plate was centrifuged at 1500 

rpm for 5 min, and the supernatant was transferred to another 

96-well plate (flat-bottom) for absorbance measurement. The 

percent hemolysis was determined by measuring the amount 

of released hemoglobin in the supernatant (λabs=541 nm) and 

normalized to a 100% hemolysis control (1% Triton X-100). 

 

pH-dependent fluorescence dequenching assay  

To study the pH-dependent release characteristics of PALs, a 

fluorescent dye-quencher pair, pyranine (35 mM) and p-xylene 

bispyridinium dibromide (DPX, 50 mM), was encapsulated in the 

aqueous compartment of PALs using the method described above. 

Untrapped dye was removed by gel filtration using PD-10 column 

twice. Subsequently, the PALs encapsulating pyranine and DPX 

were diluted 20 times in sodium phosphate buffers (pH 7.4, 7.0, 6.6, 

and 6.2) or sodium acetate buffer (pH 5.8 and 5.4) same as used for 

the hemolysis assay. Following a 3-h incubation in buffers at varying 

pH at 37 °C, the extent of contents release was quantified by 

measuring the fluorescence of pyranine (λex=413 nm, λem=512 nm) 

via a microplate reader (Tecan M1000). 100% release was achieved 

by adding 1% Triton X-100 to PAL suspension at pH 7.4 (final 

concentration 0.1%). Pyranine/DPX loaded PEGylated control 

liposomes were prepared similarly. 

 

In vitro streptomycin release kinetics  

The release kinetics of streptomycin from PALs was investigated in 

two pH conditions, pH 5.8 (endosomal) and pH 7.4 (physiologic), 

using acetate and phosphate buffered saline, respectively. The 

prepared streptomycin-loaded PALs were divided into two 2.5 ml 

aliquots and transferred to two dialysis tubes with a MWCO of 3.5 

kDa. The two dialysis tubes were immersed into 30 mL of pH 5.8 

and 7.4 buffer at 37 °C, respectively. At desired time intervals, 1 mL 

of release media was taken out and replenished with an equal 

volume of fresh media. The amount of streptomycin released was 

determined using fluorescamine assay as described above. 

Calibration curves were obtained with streptomycin in 
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corresponding buffer solutions at pH 5.8 and 7.4. 100% 

streptomycin release was measured by lysing PALs with 1% Triton 

X-100 in PBS. 

 

Cell uptake study  

Cellular uptake of rhodamine-labeled PALs was investigated 

using flow cytometry and visualized via fluorescence 

microscopy. To induce higher expression of mannose 

receptors, RAW 264.7 cells were treated with 20 ng/mL IL-4 for 

24 h
40

. RAW 264.7 cells with and without IL-4 pretreatment 

were suspended at a density of 1 X 10
6
 cells/ml and blocked 

with growth media containing 10% FBS for 30 min at 37°C. 

Cells were subsequently treated with rhodamine-labeled PALs 

or PEGylated control liposomes at a total lipid concentration of 

400 μg/ml for 20 min, 1 hr, and 3 hr at 37°C. The cells were 

then washed and resuspended in cold PBS containing 0.01% 

FBS to remove extracellular liposomes. The uptake level was 

presented as the intensity of rhodamine measured via a PE 

filter on a BD LSRII flow cytometer (BD Biosciences, San Jose, 

CA), and analyzed using FlowJo software (Tree Star, Inc.). For 

microscopy, cells were treated as above for 1 hr but instead 

fixed with 10% formaldehyde solution, and nuclei were 

counterstained with DAPI (Molecular probe). Random fields 

were observed at 600x or 100x magnification using a Nikon Ti-

E live-cell fluorescence microscope. 

 

Bacteria-macrophage co-culture therapeutic study  

RAW 264.7 cells were seeded (500,000 cells/mL, 250 μL/well) 

into a 48 well plate with antibiotic free DMEM with 10% FBS, 

and incubated at 37°C with 5% CO2. After 18 hours, cells were 

infected with F. novicida U112 at early log phase of growth 

(OD600=0.2) at a multiplicity of infection of 50, and then 

incubated for 1 hour. Subsequently, growth media was 

replaced with fresh DMEM containing 10% FBS and 250 μg/mL 

kanamycin to eliminate extracellular bacteria not internalized 

by the cells; cells were then incubated for another hour. 

Growth media was then replaced with fresh, unsupplemented 

media containing varying concentrations of free streptomycin 

(0-115 μg/mL), streptomycin-loaded PEGylated control 

liposomes (equivalent to 0-115 μg/mL streptomycin), or 

streptomycin-loaded PALs (equivalent to 0-115 μg/mL 

streptomycin). Cells were incubated for another 22 hours (24 

hours post-infection). After incubation, cells were washed 

three times with 1x PBS and lysed with 100 μL of PBS 

containing 0.1% (v/v) Triton X-100. Lysates were serially 

diluted and plated onto triplicate TSB agar plates and 

incubated for 24 hours and individual bacterial colonies were 

counted. Data represented as CFU/well vs. streptomycin dose. 

 

Statistics  

Numerical data were represented as mean ± SD. Statistical 

analysis was performed by Student’s paired t test.  (**) 

denotes a P-value of < 0.005. All samples were performed in 

triplicate. 

 

Results and discussion 

Macrophages are key regulators of the inflammatory process 

and represent an attractive therapeutic target due to their 

many important roles in combating infection and maintaining 

homeostasis in the body
41

. Uncontrolled inflammatory 

response of macrophages becomes pathogenic resulting in 

significant levels of non-specific tissue damage, resulting in 

inflammatory and autoimmune disease
42

. Additionally, 

facultative or obligate intracellular parasites often use 

macrophages as a safe reservoir to protect them from host 

immune response and antibiotic treatment
43

. For example, 

prior research has shown that AMs are major reservoirs of F. 

tularensis during early-stage infection
44

, and that nanoparticles 

enhancing antibiotic delivery to macrophages led to better 

efficacy then free drug
45

. To eliminate intracellular pathogens 

within AMs, the intracellular antibiotic concentration must be 

higher than the minimum inhibitory concentration (MIC)
11

. 

Especially for concentration-dependent antibiotics, including 

aminoglycosides and fluoroquinolones, the rate and extent of 

their bactericidal activity has been shown to associate with the 

ratio of the maximum concentration to MIC (Cmax/MIC ≥ 10) in 

serum or target tissues
46

. Consequently, efficient cytosolic 

delivery of concentrated antibiotics to AMs is required to 

eradicate intracellular F. tularensis, and therefore may 

potentially minimize therapeutic failure as well as relapse rate. 

Due to its clinical use and poor membrane permeability, 

streptomycin was used as a model aminoglycoside in the 

present study to demonstrate the PAL system. 

 

Synthesis of multifunctional diblock copolymer 

The diblock copolymer, poly[(DEAEMA-co-BMA)-b-ManEMA], was 

prepared via RAFT polymerization according to Scheme 2
47

. RAFT 

allows the three desired functionalities (targeting, pH-sensitivity, 

endosome releasing activity) to be integrated into this simple, well-

defined diblock copolymer construct. poly(DEAEMA-co-BMA) was 

first prepared by copolymerizing DEAEMA and BMA with a 

comonomer feed ratio of 60 mol% DEAEMA and 40 mol% BMA, 

which has been shown to exhibit sharp pH-dependent response at 

pH 6.6 and strong endosomal-releasing properties
48

. The resultant 

polymer was used as a macro chain transfer agent (macroCTA) to 

prepare the poly[(DEAEMA-co-BMA)-b-ManEMA] diblock 

copolymer. The diblock copolymer was successfully synthesized 

under controlled conditions with consistent size and composition as 

determined by GPC and 
1
H-NMR spectroscopy. The obtained 

diblock copolymer has narrow and symmetric molecular weight 

distributions that cleanly move to lower elution volumes (Fig. 1a). 

Copolymer composition was confirmed by analysis of resonances 

associated with each of the comonomers (Fig. 1b). The feed ratios, 

monomer compositions, molecular weight (Mn), and dispersity (Đ) 

for macroCTA and the diblock copolymer are given in Fig. 1c. 
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Preparation and characterization of polymer-augmented 

liposomes (PALs) 

Two design principles were exploited to avoid potential side effects 

associated with the PALs. First, the PAL formulation was based upon 

lipid components (i.e., DSPC and cholesterol) that were previously 

approved by the US FDA for liposomal doxorubicin (Lipo-Dox
®
)
34

. 

Second, regarding the polymer clearance and safety properties, the 

molecular weight of the diblock copolymer was designed to be 

smaller than the renal clearance threshold (~ 50 kDa, ~ 6 nm)
49

, and 

all monomers were designed with ester junctions at the carbon 

backbone to degrade down to the minimal backbone segment (< 10 

kDa).  

Prior studies have shown that a variety of hydrophilic polymers 

with hydrophobic anchoring moieties can be co-formulated with 

liposomes
50,51

. The PAL was designed to incorporate poly[(DEAEMA-

co-BMA)-b-ManEMA] with DSPC/cholesterol liposomes through the 

hydrophobic effect between the lipid bilayer and the hydrophobic 

polymer block, poly(DEAEMA-co-BMA). The incorporation of the 

diblock copolymer with the liposomal membrane was examined 

using high performance size exclusion chromatography (HPSEC)
52

. 

Thiocarbonyl RAFT agents exhibit absorption at 300-310 nm, which 

was used to assess co-formulation (Fig. S1a†). A rhodamine DHPE 

detectable at 580 nm was used to follow the lipid components. As 

shown in Fig. S1b†, co-elution of fluorescent lipids (fluorescence  

signal, 580 nm) and polymers (absorption signal, 310 nm) after  

 

 

injecting fluorescently-labeled PALs indicates that poly[(DEAEMA-

co-BMA)-b-ManEMA] was associated with the liposomes, rather 

than forming micelles. This lack of micelle formation was confirmed 

by the monomodal size distribution of the PALs (Fig. 2a). 

To study the pH-responsive properties of the PALs, the 

hydrodynamic sizes were evaluated by dynamic light scattering 

(DLS). Non-pH-responsive PEGylated liposomes were prepared as a 

control. PALs with and without streptomycin loading show similar 

hydrodynamic size transitions in response to the pH gradient (Fig. 

2b). The hydrodynamic size of PALs gradually decreased with 

decreasing pH, in contrast to the control PEGylated liposomes 

maintained a constant size independent of pH. The destabilization 

of the PALs results from the protonation of DEAEMA at acidic pH, 

which increases the charge density of the hydrophobic segment, 

thus destabilizing the liposomal membranes
48

. It is postulated that 

with the higher charge density on DEAEMA, the poly(DEAEMA-co-

BMA) block was no longer well embedded in the liposomal 

membrane at low pH, and that lipids were released from the 

disrupted bilayer structure, forming random aggregates with the 

polymer. Therefore, we speculate that the smaller hydrodynamic 

diameters measured by DLS at lower pH reflect the formation of the 

random aggregates driven by the hydrophobic effects between the 

lipid tails and the hydrophobic BMA in the diblock copolymer. 

Scheme 2 RAFT polymerization of poly([DEAEMA-co-BMA]-b-
ManEMA). DEAEMA, diethylaminoethyl methacrylate; BMA, 

butyl methacrylate; ManEMA, mannose functionalized with 
ethyl methacrylate. 

Fig. 1 SEC-GPC and 
1
H-NMR characterization of macroCTA and 

diblock copolymer. (a) Representative SEC chromatogram 

showing the narrow and symmetric molecular weight 
distribution of poly(DEAEMA-co-BMA) macroCTA and of 
poly[(DEAEMA-co-BMA)-b-mannose ethyl methacrylate] 

(diblock); (b) 
1
H-NMR of the diblock copolymer in d-DMSO with 

assignment of the resonances associated with the respective 
comonomer residues; (c) Chemical composition and molecular 

weight of the diblock copolymer employed to formulate the 
polymer-augmented liposomes. Experimental Mn, Đ, and block 
ratios were determined by GPC analysis. The block ratios were 

determined as the ratio of the Mn of the second block to the 
first block. RI, refractive index; DP, degree of polymerization; 
DEAEMA, diethylaminoethyl methacrylate; BMA, butyl 

methacrylate; macroCTA, macro chain transfer agent; Đ, 
dispersity. 
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The capability of PALs to encapsulate streptomycin was 

evaluated by reacting amines on streptomycin with fluorescamine 

to form a fluorescent streptomycin analogue (Fig. S2a†), and 

quantified using a calibration curve (Fig. S2b†)
37

. The streptomycin 

loading concentrations in PALs and PEGylated liposomes were 0.77 

± 0.04 mg/mL and 0.65 ± 0.01 mg/mL. The loading of streptomycin 

was 12.06 ± 0.36% and 10.44 ± 0.12%, respectively (weight of 

encapsulated streptomycin/weight of loaded PALs or PEGylated 

liposomes).   

 

In vitro pH-dependent release 

The pH-dependent release from PALs was examined using a 

pyranine/p-xylene bispyridinium dibromide (DPX) fluorescent 

dequenching assay, widely used to investigate the stability or pH-

dependent release properties of liposomes
53,54

. PALs co-loaded with 

both pyranine and DPX were diluted with buffers mimicking the 

endosomal acidification profile. The degree of release was 

normalized relative to a positive control, pyranine/DPX-loaded PALs 

lysed with 1% v/v Triton X-100 (Fig. 3a). As expected, no significant 

pyranine release was detected from PEGylated liposomes 

throughout the test pH range. In contrast, the release from PALs 

was nearly complete at pH 5.4 within three hours of incubation. 

Above pH 6.2, only background pyranine fluorescence was 

observed. This pH-dependent response correlates well with the pH 

gradient found in endosomal-lysosomal trafficking
55

, facilitating the 

preferential release of therapeutic cargo in the endosomal 

compartment. 

 

 

 

Streptomycin release kinetics were then evaluated in pH 5.8 and 

pH 7.4 buffers via a dynamic dialysis technique. Notably, the release 

profiles of PALs at pH 5.8 contained two phases, which included a 

relatively large burst effect in the initial stage (Fig. 3b, about 60% 

within 1 hour) followed by a slower release phase. We postulated 

that the burst release at pH 5.8 was due to the rapid transition of 

DEAEMA from hydrophobic to hydrophilic, thus disturbing the 

integrity of the lipid bilayer. The slower release phase may be 

attributed to the gradual detachment of streptomycin that attached 

to lipids or polymers. In contrast, at pH 7.4, streptomycin released 

from PALs was much slower but not negligible, which is postulated 

to result from a small fraction of surface bound drug in the 

liposome formulation. This controlled release nature of PALs has 

potential to deliver concentrated streptomycin to the intracellular 

infection site, and therefore to provide improved therapeutic 

efficacy.  

 

pH-dependent membrane-destabilizing activity  

The endosomal-releasing potential of synthetic polymers is 

frequently assessed using a red blood cell hemolysis assay due to a 

proven correlation between hemolytic efficiency and endosomal 

release
56

. The pH-responsive, membrane destabilizing activity of the 

free diblock copolymer and corresponding PALs were evaluated at 

several different pH values to mimic the endosomal acidification 

profile. No significant hemolytic activity was observed at pH 7.4 for  
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Fig.  2 Hydrodynamic size measurement as a function of pH. 
(A) The hydrodynamic distribution of streptomycin-loaded 
polymer-augmented liposomes (PAL) and control PEGylated 
liposomes in pH 7.4 phosphate buffer; (B) Blank or 

streptomycin-loaded PALs and non-pH-responsive PEGylated 
control liposomes (streptomycin-loaded) incubated in buffers 
ranging from pH 7.4 to 5.8. PdI: Polydispersity (Mean ± SD, 

n=3). 

Fig.  3 pH-dependent release characteristics. (A) Fluorescent 

dequenching assay. A fluorescent dye-quencher pair, 
pyranine and p-xylene bispyridinium dibromide, were 
encapsulated in polymer-augmented liposomes (PALs) and 

non-pH-responsive PEGylated liposomes. Pyranine release 
was evaluated in the pH range of the endosomal processing 
pathway (λex=413 nm, λem=512 nm); (B) Streptomycin release 

kinetics of PALs at pH 5.8 and 7.4. The release studies were 
carried out by exposing streptomycin-loaded PALs to 
physiological (pH 7.4) and acidic (pH 5.8) conditions at 37 °C. 

Percentage release was normalized relative to a positive 
control, 1% w/v Triton X-100 (Mean ± SD, n=3). 
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polymer alone (Fig. 4a) or the PALs (Fig. 4b) at any of the 

concentrations evaluated. A significant increase in red blood cell 

hemolysis was observed upon reduction of the pH to 6.6. Also, as 

expected, hemolysis increased in a dose-dependent manner with 

increasing polymer concentration. Indeed the hemolysis profiles as 

a function of pH were very similar for both the polymer and PALs. In 

contrast, no significant hemolytic activity was present in the group 

treated with control PEGylated liposomes across pH range studied.  

The observed pH-responsive hemolytic effects of PALs near pH 

6.6 could be attributed to the composition of the hydrophobic 

block, poly(DEAEMA-co-BMA). Our group has shown that the 

transition pH could be tuned by varying the hydrophobic content 

(i.e. BMA) in a relevant diblock copolymer composed of 

poly(DEAEMA-co-BMA)48. With 40% BMA and 60% DEAEMA, at pH 

6.6, the diblock copolymer has a sharp transition from micelles to 

unimers and from nonhemolytic to hemolytic activity48. 

Poly[(DEAEMA-co-BMA)-b-ManEMA] developed in this study has 

similar BMA to DEAEMA ratio, which could account for the 

observed pH-responsive transition at ~pH 6.6.   

To evaluate if the endosomal-releasing activity of the PALs lead 

to cytoxicity, RAW 264.7 cells were incubated with the polymer 

alone and PALs separately for 24 h. The viability of RAW cells was 

evaluated using a MTS assay (Fig. S3†). Although the polymer alone 

shows notable toxicity (~75% viability at 0.05 mg/mL), formulating 

the polymer with liposomes significantly reduced the toxicity (~92% 

viability, at 0.05 mg/mL). 

Taken together, those results indicate that poly[(DEAEMA-co-

BMA)-b-ManEMA] augmented the liposomes with pH-responsive 

endosomal-releasing activity and the incorporation of the 

hydrophobic block into the liposomal membrane did not reduce the 

pH-selective, membrane destabilizing properties of the polymer. 

Additionally, the endosomal-releasing activity of PALs did not lead 

to notable toxicity. These results together with in vitro release 

results suggest that poly[(DEAEMA-co-BMA)-b-ManEMA] can 

enhance endosomal release to provide concentrated antibiotics to 

the cytoplasm where intracellular bacteria accumulate. 

 

Mannose ligands enhance macrophage uptake of PALs 

AMs highly express internalizing mannose-binding receptors 

(CD206)
57,58

 for recognizing carbohydrates on infectious agents such 

as bacteria, fungi, and viruses
59

. Carbohydrate-based ligands 

therefore represent a promising approach for targeting therapeutic 

agents to macrophages
22,23

. The pH-responsive polymer was thus 

designed to display multivalent mannose ligands by incorporating 

poly[(DEAEMA-co-BMA)-b-ManEMA] into liposomes. RAW 264.7 

murine macrophage cells, expressing moderate levels of the CD206 

mannose receptor
31

, were used to study the cellular uptake of 

rhodamine-labeled PALs. Rhodamine-labeled PEGylated liposomes 

without mannose modification were used as a negative control. 

Cells were respectively incubated with either rhodamine-labeled 

PALs or PEGylated liposomes (400 μg/mL) with similar fluorescent 

intensities (Fig. S4†). Uptake levels were evaluated using flow 

cytometry and fluorescence microscopy. The observed fluorescent 

intensity in the group treated with the PEGylated control liposomes 

was limited, which was likely due to the surface PEGylation (Fig. 5a), 

as PEG is well-known to inhibit uptake by phagocytic cells of the 

mononuclear phagocyte system
54

. Conversely, the PAL treatment 

group produced an increased fluorescent intensity as incubation 

progressed and revealed considerably greater cellular uptake, an 

essential feature to enhance the delivery of intracellular drug. The 

enhanced uptake in RAW 264.7 cells of PALs was also visualized by 

fluorescence microscopy (Fig. 5b & Fig. S5†) 

To further demonstrate mannose receptor-mediated 

interactions between the PALs and RAW 264.7 cells, cells were 

treated with IL-4 to upregulate their expression of the mannose 

receptor
40

. Following 20 min incubation, the uptake of PALs was 

significantly higher in IL-4 treated cells than in non-treated cells (P < 

0.005), indicating the involvement of mannose receptors in the 

effective PAL uptake by macrophages (Fig. 5c). As expected, 

PEGylated control liposomes show significantly lower uptake levels 

in RAW 264.7 cells than that of PALs, regardless of IL-4 

pretreatment. Those results were in agreement with a prior study 

showing that the uptake mechanism of mannosylated liposomes 

was mannose-receptor mediated endocytosis in NR8383, a cell line 

expressing mannose receptors
23

. Additionally, our lab has 

previously demonstrated that mannose functionalized polymers 

show specific mannose receptor-mediated uptake by IL-4 treated 

RAW 264.7 macrophages
31

. Taken together, the uptake study 

results demonstrate that mannose modification significantly 

increased the internalization of PALs, likely via the mannose 

receptor-mediated endocytosis.  

 

Bactericidal effect of streptomycin-loaded PALs 

The intracellular bactericidal efficacy of streptomycin-loaded PALs 

was evaluated using a co-culture challenge assay with F. novicida 

infected RAW 264.7 cells. F. novicida is commonly used as a 

laboratory surrogate for F. tularensis, due to its low virulence for 

humans and high degree of genetic similarities with F. tularensis  

Fig.  4 Hemolytic assay demonstrating pH-dependent 
membrane-destabilizing activity of (A) diblock copolymer 
alone as a function of pH at concentrations of 10, 20, 40, and 

80 μg/mL and (B) polymer-augmented liposomes with same 
polymer concentration range in (A). Non-pH-responsive 
PEGylated liposomes were used as a negative control. 

Hemolytic activity was normalized relative to a positive 
control, 1% v/v Triton X-100, and the data represent a single 
experiment conducted in triplicate ± SD. 
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(~95%)
55

. Additionally, F. novicida exhibits the same evasion of 

phagolysosome fusion and phagosome escape within infected 

human-derived macrophages as F. tularensis
56

. Bactericidal activity 

was quantified by enumerating the colony forming units (CFU) of 

surviving intracellular bacteria after incubating streptomycin-

loaded PAL, streptomycin-loaded PEGylated control liposomes or 

free streptomycin with infected RAW 264.7 cells for 22 hours. Non-

drug containing blank PALs or PEGylated liposomes showed no 

inhibitory effect (Fig. 6a), similar to the no treatment control.  

Streptomycin-loaded PALs showed concentration-dependent 

intracellular bacterial growth inhibition, and exhibited better 

inhibitory capability against intracellular bacteria than 

streptomycin-loaded PEGylated liposomes and free streptomycin 

(Fig. 6b). At ~15 μg/mL dosing, the PAL system demonstrated a 13-

16 fold increased efficacy, compared to free streptomycin and 

PEGylated liposomes. The better efficacy of PALs than PEGylated 

liposomes may result from the fact that endosomal-releasing  

 

 

 

 

 

activity of PALs facilitates the cytosolic delivery of streptomycin, 

which would otherwise be mainly entrapped in acidic lysosomes 

due to the polycationic nature of streptomycin
10

. This observation 

was in accordance with a previous study showing that gentamicin-

loaded fusogenic liposomes had better efficacy against intracellular 

bacteria than non-fusogenic liposomes
18

. It is worth noting that 

PALs did not show significant cytotoxicity in RAW 264.7 cells within 

the dose range (Fig. S3b†). Those findings revealed the superior 

inhibition of intracellular bacterial growth by streptomycin-loaded 

PALs, which can account for its efficient intracellular drug release in 

infected RAW 264.7 cells. Additional studies are needed to 

elucidate the individual contribution of the targeting and pH-

responsive functionalities to the superior activity of PALs. 

Building upon the findings of the current study, future design 

criteria for antibiotic carriers against intracellular infections may 

include differential release mechanisms that respond to the 

microenvironemnt  of the intracellular infection setting (e.g., 

bacterial enzymes
60

), or respond to physical stimuli (e.g, ultrasound) 

to minimize off-target release
61

. Additionally, antibiotic carriers that 

can provide sustained release at the site of infection are postulated 

to improve drug retention, and therefore potentially reduce dosing 

frequency
62

. 

Conclusions 

This study demonstrates a utility of a multifunctional diblock 

copolymer, poly[(DEAEMA-co-BMA)-b-ManEMA], to 

functionalize liposomes for intracellular antibiotic delivery. 

Liposomes formulated with this polymer (PALs) enhanced the 

cellular uptake level through mannose receptor-mediated 

Fig. 5 Mannose-receptor mediated uptake of rhodamine-

labeled polymer-augmented liposomes by RAW 264.7 cells. 

(A) Time course of RAW 264.7 cell uptake of mannose-

functionalized polymer-augmented liposomes (PAL) and non-

targeted PEGylated liposomes; (B) Representative 

fluorescence microscopy images of RAW 264.7 incubated 

with rhodamine-labeled PALs or PEGylated  liposomes (400 

μg/mL) for 1 h; (C) Liposome uptake level of RAW 264.7 cells 

with and without IL-4 stimulation (mannose receptor 

upregulation). Data were reported as mean fluorescence 

intensity ± SD (n=3, **p < 0.005). 

Fig.  6 Antibacterial activity of streptomycin-loaded 
polymer-augmented liposomes. (A) RAW 264.7 cells were 

treated with blank polymer-augmented liposomes (PAL) or 
control PEGylated liposomes following an infection with F. 

novicida. Concentrations used here equaled to the maximum 

liposome concentration (highest streptomycin dose) used in 
Fig. 5b. (B) RAW 264.7 cells were treated with varying 
streptomycin concentrations (115 μg/mL to 1.8 μg/mL) of 

different formulations following an infection with F. novicida 

to determine the efficacy against intracellular bacteria. CFU: 
colony-forming unit. (Mean ± SD, n=3). 
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endocytosis, as confirmed in macrophage uptake study. 

Additionally, the PALs show endosomal pH-induced enhanced 

drug release and endosomal-releasing activity. Streptomycin 

loaded in PALs shows better bactericidal efficacy than free 

drug and non-pH responsive and non-targeted PEGylated 

control liposomes in a representative bacteria-macrophage co-

culture model. Taken together, the PAL system developed here 

provides a new delivery platform for effective cytosolic 

antibiotic delivery against Francisella and potentially other 

intracellular bacterial infections. 
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