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Abstract: Infections caused by multidrug-resistant bacteria, such as methicillin-resistant 

Staphylococcus aureus (MRSA), have become a public threat; therefore, development of new 

antimicrobial drugs or strategies is urgently required. In this study, a new antibacterial peptide 

DP7-C (Chol-suc-VQWRIRVAVIRK-NH2) and DP7-C-modified azithromycin (AZT)-loaded 

liposomes (LPs) are developed for the treatment of MRSA infection, and it was found that 

DP7-C inserted into the LP lipid bilayer not only functioned as a carrier to encapsulate the 

antibiotic AZT but also synergized the antibacterial effect of the encapsulated AZT. In vitro 

assays showed that DP7-C-modified LPs possessed sustained drug release profile and immune 

regulatory effect and did not show obvious cytotoxicity in mammal cells, but they did not 

possess direct antibacterial activity in vitro. In vivo studies revealed that DP7-C-modified LPs 

did not exhibit obvious side effects or toxicity in mice but were able to significantly reduce the 

bacterial counts in an MRSA-infectious mouse model and possessed high antibacterial activity. 

In particular, DP7-C-modified AZT-loaded LPs showed more positive therapeutic effects than 

either DP7-C-modified blank LPs or nonmodified AZT-loaded LPs treatment alone. Molecular 

mechanism studies demonstrated that DP7-C formulations effectively upregulated the production 

of anti-inflammatory cytokines and chemokines without inducing harmful immune response, 

suggesting that DP7-C was synergistic with AZT against the bacterial infection by activating 

the innate immune response. Most importantly, although DP7-C activated the innate immune 

response, it did not possess direct antibacterial activity in vitro, indicating that DP7-C did not 

possess the potential to induce bacteria resistance. The findings indicate that DP7-C-modified 

AZT-loaded LPs developed in this study have a great potential required for the clinical treat-

ment of MRSA infections.

Keywords: DP7-C, azithromycin, antimicrobial resistance, MRSA infections, immune-

regulation

Introduction
Antimicrobial resistance has reached alarming levels in many parts of the world, 

which has induced high morbidity and mortality.1–3 In particular, infections caused 

by methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant 

Enterococcus, and other resistant bacteria have posed significant clinical challenges 

to physicians.4 However, although there is a rapid increase in antimicrobial resistance, 

only a limited number of new antibiotic drugs are available; many new drugs having 

failed to be developed further into the market because of poor hydrophilicity, high 

toxicity, highly expensive production costs, and less financially lucrative.5–7 Several 

strategies, such as the combination of antibiotics with other antibiotics8–10 or compound 
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drugs11,12 and synergistically applying new mechanisms of old 

drugs with antibiotics,13,14 have been reported to alleviate the 

clinical crisis. Another approach is nanotechnology or combi-

nation of nanotechnology with antibiotics,15–18 which provides 

promising weapons to fight against bacterial infection. 

Nevertheless, the antibacterial drugs through the aforemen-

tioned approaches may induce antimicrobial resistance and 

could be toxic when used at high doses6,7 as the antibacterial 

activities of these drugs primarily depend on their direct 

cytostatic/cytotoxic effects on bacteria. Hence, it is of great 

importance to develop novel strategies to effectively combat 

untreatable multidrug-resistant bacterial infection.

Recently, cationic host-defense peptides and their synthetic 

cationic antimicrobial peptide (AMP) derivatives have been 

investigated for their potential values in bacterial infection 

therapy and the prophylaxis of bacterial infections. AMPs are 

cationic amphipathic molecules with positive charges and a 

few hydrophobic residues17,19 and have broad-spectrum anti-

microbial activities and less bacterial resistance.20–22 Unlike 

traditional antibiotic drugs that use direct killing mechanism, 

AMPs modulate the innate immune response as immuno-

modulators or interact with prokaryotic membranes to disrupt 

the membrane function, which leads to cell killing.23–26 Several 

of these peptides such as LL-37,27,28 VDR-1,23 and others,29,30 

are currently undergoing clinical trials. Thus, AMPs are being 

considered as a new generation of antimicrobials, which have 

excellent therapeutic potential.

In our previous study, a new cationic AMP DP7 

(VQWRIRVAVIRK) had been developed, which has a 

broad-spectrum antimicrobial activity and potent protective 

activity against bacterial infection by disrupting bacterial 

membrane.22 Unfortunately, DP7 has some side effects, such 

as high dosage and liver hemorrhagic and toxic deaths when 

administered by intravenous (IV) injection,22 which limit its 

clinical application. It is further discovered that the hemor-

rhaging is probably due to DP7’s disruption of the red blood 

cell membrane unselectively. As DP7 is a cationic AMP, it 

can be easily modified when conjugated with a hydrophobic 

fragment to generate an amphipathic compound. The amphip-

athic compounds can be used further to make nanomaterials 

with reduced toxicity.31 In this study, to improve antibacterial 

activity and to circumvent the systemic side effects of DP7, 

hydrophobic cholesterol was conjugated at the N-terminal of 

DP7 to produce an amphiphilic cholesteryl peptide DP7-C 

(Figure S1). Then, DP7-C was used to modify antibiotic-

loaded liposomes (LPs) for achieving antibiotic and antibac-

terial peptide incorporated, better antibacterial efficacy, and 

sustained release of the antibacterial drugs. Among various 

antibiotics, azithromycin (AZT) has a broader Gram-negative 

antibacterial spectrum and a lower allergic rate. AZT works 

as a bacteriostatic, is able to bind the 50S ribosomal subunit 

of bacteria, and inhibits the bacterial protein synthesis.32–35 

In addition, our recent study has demonstrated that DP7 

synergizes with AZT in bactericidal and therapeutic activity 

against multidrug-resistant bacteria. 

In this study, DP7-C was inserted into the lipid bilayer of 

LPs, with the additional incorporation of AZT to enhance its 

antibacterial activity. To our knowledge, this is the first report 

showing the incorporation of antibiotic and AMP into nano-

formulations to prevent certain bacterial infections. Interest-

ingly, the function of DP7-C in the LP was twofold: first, it 

served as a material to formulate cationic LPs to encapsulate 

drugs and caused the drugs to be released in a sustained 

manner; second, it activated the host immune responses and 

synergized with AZT against bacterial infections. The phar-

maceutical properties of prepared LPs were characterized by 

size, morphology, zeta potential, encapsulation efficiency 

(EE), and in vitro cytotoxicity. In addition, the in vitro sus-

ceptibility to bacterial and in vivo antimicrobial of LPs in an 

MRSA-infectious murine model was assessed. Moreover, the 

molecular mechanisms of DP7-C formulation in human and 

mouse peripheral blood mononuclear cells (PBMCs) were 

investigated. Finally, the safety and toxicity evaluation was 

carried out by a histological examination of main organs 

and blood test for the animals. Our data demonstrated that 

the newly developed DP7-C modified AZT-loaded LPs 

(AZT-D-LPs) possessed excellent antibacterial efficacy and 

did not exhibit obvious side effects, suggesting that it is an 

excellent candidate that can be developed for the treatment 

of MRSA infections.

Materials and methods
Materials and animals
Soybean phosphatidylcholine (stored at −20°C) was pur-

chased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). 

AZT (purity .99%) was purchased from Hubei Pharmaceuti-

cal Co. Ltd. (Hubei, People’s Republic of China). Choles-

terol, chloroform, acetonitrile, and potassium monobasic 

(KH
2
PO

4
) were purchased from KeLong Chemical (Chengdu, 

People’s Republic of China). All the reagents and chemicals 

used for the analysis were of high-performance liquid chro-

matography (HPLC) grade and passed through a 0.22-μm 

filter. Mueller–Hinton broth (MHB) and Mueller–Hinton agar 

(MHA) were purchased from Qingdao Hope Bio-Technology 

Co. Ltd. (Shandong, People’s Republic of China). 

Methicillin-susceptible S. aureus (MSSA, American Type 

Culture Collection [ATCC] 25923), MRSA (ATCC 33591), 

and Escherichia coli (ATCC 25922) were obtained from the 

www.dovepress.com
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ATCC (Manassas, VA, USA); clinical isolates (Sau2, Sau5, 

Sau7, Sau9, S3487, and E. coli) were obtained from the Burn 

Unit, Southwest Hospital of China (Sichuan, People’s Repub-

lic of China). All bacteria were cultured in MHB (25 mg/L) 

or MHA (12.5 mg/L) in a humidified environment at 37°C. 

Human PBMCs were isolated from healthy voluntaries, 

and mouse PBMCs were isolated from BALB/c mice. 

Briefly, venous blood samples from voluntaries or mice 

were collected into heparin-containing Vacutainer® tubes 

(Jiangsu Yuli Medical Instrument Co., Ltd, Jiangsu, People’s 

Republic of China). Each sample was then diluted with an 

equal volume of Roswell Park Memorial Institute 1640 

medium (Thermo Fisher Scientific, Waltham, MA, USA) 

supplemented with 10% (v/v) heat-inactivated fetal bovine 

serum and 1% penicillin–streptomycin and separated by 

density-gradient centrifugation, to harvest PBMCs. Finally, 

PBMCs (1×106 cells/mL) were added in six-well tissue cul-

ture plates and treated with different LPs formulations.

Human embryo kidney cell line HEK293 and human 

hepatocyte cell line LO2 were obtained from the American 

Type Culture Collection. All cells were cultured in Dulbecco’s 

Modified Eagle’s Medium (Gibco®; Invitrogen Corp., Carlsbad, 

CA, USA) supplemented with 10% fetal bovine serum and 

maintained in a humidified atmosphere of 5% CO
2
 at 37°C.

Female BALB/c mice (specific pathogen-free conditions) 

were purchased from Chengdu Dossy Experimental Animals 

Co. Ltd. (Sichuan, People’s Republic of China). The mice 

were housed and maintained under specific pathogen-free 

conditions in facilities and treated humanely throughout 

the studies. All animal experiments were performed according 

to the protocols approved by the Ethics Review Committee 

of Animal Experimentation of Sichuan University. All our 

animal-handling procedures were performed according to the 

Guide for the Care and Use of Laboratory Animals of the 

National Institutes of Health and followed the guidelines of 

the Animal Welfare Act.

Peptide synthesis
DP7-C (Chol-suc-VQWRIRVAVIRK-NH2) was synthesized 

by standard solid-phase peptide synthesis method at Shanghai 

Science Peptide Biological Technology Co. Ltd. (Shanghai, 

People’s Republic of China).22 The hydrophobic monocho-

lesterol ester of succinate was conjugated at the Rink-4-Meth-

ylbenzhydrylamine resin-linked DP7 peptide. Synthesized 

peptides were purified to 95% by HPLC, and their molecular 

weights were determined by mass spectrometry. The peptide 

was dissolved in water to a concentration of 5 mg/mL, stored 

at −20°C, and then diluted to the indicated concentrations with 

phosphate-buffered saline (PBS; pH 7.4) before use.

Preparation of LPs
The AZT-loaded LPs (AZT-LPs), DP7-C modified blank LPs 

(D-LPs), and AZT-D-LPs were prepared by a film dispersion 

method,31,36 and DP7-C was inserted into the lipid bilayers 

of LPs in the process of hydration (Figure 1). The resultant 

cholesterol peptide DP7-C was an amphiphilic peptide 

containing both hydrophobic and hydrophilic residues. The 

hydrophobicity of cholesterol transferred the cholesterol 

peptide DP7-C into the bilayers of LPs in the process of 

hydration. In brief, AZT, soybean phosphatidylcholine, 

and cholesterol in a mass ratio of 3:1 (lipid to cholesterol) 

were dissolved in chloroform, and the organic solvent was 

evaporated on a rotary evaporator to form a thin film; then, 

the thin film was hydrated in PBS for 40 minutes to prepare 

AZT-LPs or hydrated in DP7-C solution at a concentration of 

125−500 μg/mL to prepare AZT-D-LPs. Then, the suspension 

of lipids was sonicated for 3 minutes (cycles of 3 seconds on 

and 3 seconds off) in an ultrasonic water bath with an ampli-

tude of 85 Hz. Finally, LPs were stored at 4°C until use.

Characterization of LPs
The particle size and zeta potential of LPs were measured by 

a Zetasizer Nano ZS90 laser particle size analyzer (Malvern 

Figure 1 Preparation scheme of DP7-C-modified AZT-loaded liposomes (AZT-D-LPs) using the thin-film hydration method.
Abbreviations: AZT, azithromycin; AZT-D-LPs, DP7-C-modified AZT-loaded liposomes; Chol, cholesterol; PBS, phosphate-buffered saline; SPC, soybean phosphatidylcholine.
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Instruments Ltd., Malvern, Worcestershire, UK). All data 

were the mean of three test runs and were expressed as 

mean ± standard deviation.

The morphological characteristics of D-LPs, AZT-

LPs, and AZT-D-LPs were observed under a transmission 

electron microscope (TEM; H-6009IV, Hitachi, Japan) as 

described earlier.37 The drug content and the EE were deter-

mined by HPLC (Shimadzu, Kyoto, Japan), and a Shimadzu 

SPD-10A UV-VIS detector was used for detection. Briefly, 

400 μL AZT-encapsulated LPs were dissolved in 1.6 mL 

CH
3
CN and vortexed. The solution was filtered through 

a 0.22-μm filter to remove polymer debris, and then, the 

AZT was separated chromatographically and quantified on 

a reversed-phase C18 column (4.6×150 mm, 5 μm, Sunfire 

Columns [Shimadzu, Kyoto, Japan]), with a mobile phase 

of 55:45 (v/v) CH
3
CN: 0.05 M KH

2
PO

4
 (adjusted to pH 7.2 

with 20% H
3
PO

4
 before mixing with CH

3
CN). Sample was 

eluted at a flow rate of 1.0 mL/min with ultraviolet detec-

tion at 210 nm.

The EE of the AZT-encapsulated LPs was determined 

by HPLC as described earlier and calculated using the fol-

lowing equation:

	
EE

Experimental drug loading

Theoretical drug loading
100% = ×

�
(1)

In vitro release of the AZT
The release profile of AZT-LPs and AZT-D-LPs was inves-

tigated by a dialysis method. Briefly, 1.5 mL of free AZT, 

AZT-LPs, or AZT-D-LPs was placed in a dialysis bag 

(molecular mass cutoff: 3.0 kDa). The dialysis bags were 

suspended in 10 mL of PBS (pH 7.4) and shaken at 80 rpm 

at 37°C. At designated time points (ie, 1, 2, 4, 12, 24, 48, 72, 

and 96 hours), 1.5 mL of the release medium was withdrawn 

and replaced with fresh PBS. The released amount of AZT 

was determined by HPLC as described earlier. The mean 

of three test runs was calculated and expressed as mean ± 

standard deviation.

Cytotoxicity study of mammalian cells
In vitro cytotoxicity of the LPs toward HEK293 cells and 

LO2 cells was investigated using an MTT assay. Briefly, 

cells were seeded in 96-well plates at a density of 5×103 

cells/well in 100 μL of medium and incubated for 24 hours 

at 37°C. The next day, cells were treated with free AZT, dif-

ferent AZT, and/or DP7-C formulations or an equal volume 

of PBS as a control. After an incubation of 24 hours, the 

medium used was removed from each well, replaced with 

200 μL of 1:10 MTT reagent/media mixture, and incubated 

for another 4 hours. Then, the medium was removed, and 

150 μL of dimethyl sulfoxide was added. Finally, the 

absorbance at 570 nm was recorded using a microplate reader 

(Multiskan™ MK3; Thermo Fisher Scientific) to calculate 

the cell viability.

In vitro antibacterial study
The minimum inhibitory concentrations (MICs) of free AZT, 

AZT, and/or DP7-C LP formulations were measured using 

an agar dilution method in MHB medium from the National 

Committee for Clinical Laboratory Standards M7-A7, as 

described earlier.22 Briefly, the free AZT, AZT, and/or DP7-C 

LP formulations were serially diluted in MHB, and 100 μL 

of each concentration was added to 96-well plates. Bacteria 

were grown on an MHA plate overnight and were added 

to the 96-well plate at a number of 5×106 colony-forming 

units (CFUs)/well in 100 μL of the medium. Then, the 

concentrations of AZT and/or DP7-C were in the range of 

0.25–256 μg/mL (final concentrations). Following incubation 

at 37°C for 20 hours, the absorbance at 595 nm was measured 

using a microplate reader (Multiskan MK3; Thermo Fisher 

Scientific) to calculate the MIC. The MIC of LPs was the 

concentration at which 80% growth inhibition relative to the 

growth control occurred.22

In vivo antibacterial effect study
MRSA-infectious murine model was established using 

BALB/c mice, which were widely used to assess antibiotic 

efficacy.22,23 Briefly, MRSA ATCC 33591 (~1×108 CFUs/ 

0.5 mL PBS) was inoculated to each mouse by intraperitoneal 

injection. PBS, AZT, and/or DP7-C formulations were IV 

injected into these bacterial infection-bearing mice via the tail 

vein at 1 hour after an MRSA infection (DP7-C dosage of 0.1 

or 2.5 mg/kg; AZT dosage of 0.625, 1.25, or 2.5 mg/kg). Mice 

were sacrificed 24 hours later, and the number of bacteria in 

the peritoneal lavage fluid was counted. Briefly, the peritoneal 

lavage fluid was serially diluted in normal saline and seeded 

on MHA plates. After incubation at 37°C overnight, the CFUs 

of the bacteria were counted. In vivo drug combination stud-

ies were analyzed by CalcuSyn 2.0 (BIOSOFT, Cambridge, 

UK), as previously described.38

Detection of cytokines and chemokines 
by quantitative real-time polymerase 
chain reaction
PBMCs were seeded in six-well tissue culture plates at 

1×106 cells/mL in Roswell Park Memorial Institute 1640 

medium and treated with D-LPs (DP7-C dosage of 120 μg/mL) 

in the presence or absence of lipopolysaccharide (LPS, 
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10 ng/mL) for 6 hours. Of note, for LPS experiments, 

PBMCs were pretreated for 1 hour with D-LPs before 

adding LPS. Following stimulation, the cells were centri-

fuged at 3,000 rpm for 5 minutes, and RNA was isolated from 

PBMCs for quantitative real-time polymerase chain reaction 

(qPCR) analysis. Briefly, RNA was isolated with RNA easy 

mini kit, treated with RNase-free DNase (AXYGEN, Union 

City, CA, USA), eluted in RNase-free water, and reverse-

transcribed with the AccuRT Genomic DNA Removal Kit 

(ABM, Richmond, BC, Canada), according to the manu-

facturers’ instructions. Gene expression was quantified by 

qPCR according to the manufacturer’s instructions. Fold 

changes for each gene were calculated using the compara-

tive Ct method and were normalized to endogenous β-actin 

or glyceraldehyde 3-phosphate dehydrogenase expression 

and relative to the gene expression in unstimulated cells 

(normalized to 1).23,39 The primers used for qPCR are listed 

in Tables S1 and S2. 

Safety and toxicity evaluations of LPs 
in mice
To evaluate the potential toxicity and side effects of drug-

loaded LPs, all mice were continuously observed for 

relevant indices such as appearance, independent activity, 

and mortality. After the mice were sacrificed, the main 

organs (ie, heart, lung, liver, spleen, and kidney) were 

harvested and fixed in 4% paraformaldehyde. These tissues 

were sectioned and stained with hematoxylin and eosin for 

histopathological examination.

A total of 20 healthy BALB/c mice were randomly 

divided into four groups (n=5) and were IV injected with 

PBS, AZT-LPs (AZT dosage of 1.25 mg/kg), D-LPs 

(DP7-C dosage of 2.5 mg/kg), AZT-D-LPs (dosage of 

1.25 mg AZT/kg and 2.5 mg DP7-C/kg). They were sacrificed 

24 hours after the injections, and the whole blood samples 

were obtained for hematological analysis by a Celltac α 

MEK-6318K fully automatic hematology analyzer (Nihon 

Kohden Corp., Shinjuku, Tokyo, Japan), and the serum 

was obtained for serological and biochemical analyses by 

an automatic analyzer (Hitachi High-Technologies Corp., 

Minato, Tokyo, Japan). 

Statistical analysis
All the data were presented as mean ± standard deviation. 

Statistical comparisons were evaluated by one-way analysis 

of variance or paired t-tests. The bacterial colony counts 

from the animal studies were transformed in Log,10 and the 

significance between groups was determined by one-way 

analysis of variance. All the analyses were performed on 

Statistical Package for Software Analysis software, Version 

19.0 (IBM, Armonk, NY, USA), and P-values ,0.05 were 

statistically significant.

Results
Preparation and characterization of 
D-LPs
The biodegradable DP7-C was successfully synthesized 

by standard solid-phase peptide synthesis method. The 

N-terminus of DP7-C was conjugated with one molecule of 

cholesterol for anchoring in the lipid bilayer of the LPs, and 

the mass spectrum and the peptide sequence of DP7-C are 

shown in Figure S1.

A series of D-LPs were prepared by fabricating soy-

bean phosphatidylcholine, cholesterol, DP7-C, and/or 

AZT. Figure 1 presents a schematic diagram of the prepa-

ration of AZT-D-LPs. It was found that DP7-C mass ratio 

in the feed affected the properties of the developed LPs; 

when the DP7-C mass ratio in the feed was $10%, the 

particle size of AZT-D-LPs would significantly increase 

and the dry lipid film would be difficult to be hydrated in 

PBS. In addition, when 5% DP7-C was used to modify 

different drug loading of AZT-D-LPs, there would be no 

obvious difference in particle size, polydispersity index, 

and EE compared with nonmodified AZT-LPs (Table S3), 

suggesting that membrane-incorporated DP7-C did not 

interfere with the formation of LPs or drug encapsula-

tion. Thus, 5% DP7-C was chosen in the feed for future 

application.

The EE of D-LPs or nonmodified AZT-LPs was .97%, 

indicating that AZT was well encapsulated into the LPs and 

not affected by the presence of DP7-C. Based on the dynamic 

light scattering measurement, the particle size of AZT-D-LPs 

was ~100 nm, which resulted in a narrow particle size distri-

bution (Figure 2A). As observed by TEM (Figure 2B), LPs 

developed in this study displayed uniform and near spheri-

cal shapes. The diameters of LPs observed by TEM were in 

good agreement with the results of dynamic light scattering 

measurement. The AZT-D-LPs had a zeta value of ~5 mV 

(Figure 2C), whereas the unmodified AZT-LPs were slightly 

negatively charged and nearly neutral. The zeta-potential 

values of DP7-C modified liposomes were slightly higher 

than that of nonmodified liposomes (Table S3). Because 

DP7-C is a cationic AMP with positive charges, when 

DP7-C was inserted into the LPs, the LPs became positively 

charged. The weak positive charge property could avoid the 

interaction of LPs with plasma proteins and hemolysis and 

would be beneficial to the behavior of LPs in vivo to some 

degree.40,41 These electrostatic interactions may contribute to 
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the stability of AZT-D-LPs. These cationic AZT-D-LPs were 

more stable than the neutral AZT-LPs, AZT-LPs tended to 

aggregate and form precipitates in 7 days at 4°C, but DP7-C 

modified LPs remained unchanged and transparent (data not 

shown). This was consistent with a previous report that the 

peptide-modified LPs showed increased stability.41,42

One of the major purposes of the encapsulation of AZT 

in LPs was to make AZT completely dispersible in aque-

ous media. It was also expected that DP7-C should have no 

influence on the property of LPs while inserted into the lipid 

bilayer of LPs. Figure 2D shows the appearance of the pre-

pared LP aqueous solution. AZT itself could not be dissolved 

in water, as turbid white precipitates appeared (Figure 2D-a). 

In contrast, AZT-encapsulated LPs were fully dispersible in 

aqueous media. As shown in Figure 2D-b, AZT-LPs was 

opalescent and without precipitates. Like AZT-LPs, both 

D-LPs and AZT-D-LPs were also opalescent (Figure 2D-c 

and d), and there is no significant difference with AZT-LPs. 

Opalescence is one of the characteristics of LP and is mainly 

influenced by materials, concentration, and size of LPs, and 

D-LPs and nonmodified LPs developed in this study with 

similar opalescence and size (~100 nm) indicate that DP7-C 

had no influence on the appearance of LPs (Figure  2E-c 

and d). However, it was noticed that when AZT powder 

was mixed with D-LPs, turbid white precipitates were still 

observed (Figure 2D-e). Thus, the incorporation of AZT 

and DP7-C into the LPs (to form AZT-D-LPs) made AZT 

completely dispersible in aqueous media.

In vitro release profile of AZT
To confirm whether AZT-encapsulated LPs could be released, 

the drug release was examined by a dialysis method in vitro. 

Figure 2 Characterization of AZT-D-LPs. 
Notes: (A) Particle size distribution spectrum of AZT-D-LPs. (B) TEM image of AZT-D-LPs. (C) Zeta potential distribution of AZT-LPs. (D) Photographs of free AZT 
in water (a), nonmodified AZT-LPs (b), D-LPs (c), AZT-D-LPs (d), D-LPs + free AZT (e). (E) In vitro release profile of AZT from free AZT, nonmodified AZT-LPs, and 
AZT-D-LPs. 
Abbreviations: AZT, azithromycin; AZT-D-LPs, DP7-C-modified AZT-loaded LPs; AZT-LPs, AZT-modified liposomes; D-LPs, DP7-C-modified blank LPs; TEM, transmission 
electron microscope.
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AZT released from free AZT, AZT-LPs, and AZT-D-LPs 

was continuously monitored for up to 96 hours. As shown 

in Figure 2E, compared with the fast release behavior of 

free AZT, both AZT-LPs and AZT-D-LPs released AZT 

very slowly and did not have obvious burst release. For the 

first 24 hours, the cumulative release rate of AZT from free 

AZT was ~90.75%±2.89%, whereas the cumulative release 

rates of AZT-LPs and AZT-D-LPs are 65.76%±1.26% and 

50.87%±2.72%, respectively. In addition, the release of 

AZT from AZT-D-LPs was slightly slower than that from 

AZT-LPs, indicating that DP7-C might slow down the drug 

release of LPs. Probably, the slightly positively charged 

AZT-D-LPs were more stable than the neutral AZT-LPs. 

Taken together, the sustained release profile of AZT-D-LPs 

may be exploited for the treatment of bacterial infections. 

In vitro antibacterial effect of LPs
The antibacterial activity of free AZT, AZT-LPs, D-LPs, and 

AZT-D-LPs was investigated by bacteria inhibition experi-

ments. Clinical isolates from both patients and laboratory 

reference strains were used in the current study. As shown in 

Table 1, the MIC values of AZT-LPs were slightly lower than 

that of free AZT. D-LPs had MIC values of .256 μg/mL for 

both Gram-positive and Gram-negative bacteria. AZT-D-LPs 

and AZT-LPs had similar MIC values, suggesting that the 

DP7-C might lack direct antibacterial activity in vitro.

In vivo cooperative antibacterial effect of 
DP7-C in combination with AZT
It was observed that DP7-C had no antibacterial activity 

in vitro, even in standard MHB media; however, whether 

DP7-C has antibacterial effect in vivo was not deter-

mined. In order to find this, a model using MRSA, a major 

cause of nosocomial infections, which is widely used to 

assess antibiotic efficacy, was established.23,43 PBS or 

D-LPs (DP7-C dosage of 0.1 or 2.5 mg/kg) was given by 

IV injection, 1 hour after MRSA challenge. Animals were 

sacrificed 20 hours later, and the number of the bacteria in 

the peritoneal lavage fluid was counted. It was observed 

that treatment with D-LPs at a dose of 2.5 mg/kg signifi-

cantly (P,0.05) decreased CFUs of S. aureus (Figure 3A). 

However, no significant difference was observed when the 

D-LPs were given at a dose of 0.1 mg/kg. This indicated that 

DP7-C possessed high antimicrobial activity in the murine 

infection model.

In addition, the combinatory antibacterial effects of 

DP7-C and AZT were evaluated. To identify an effective 

dosage of AZT for the combination with DP7-C, DP7-C at 

a dose of 2.5 mg/kg and different doses of AZT (from 0.625 

to 2.5 mg/kg) were incorporated into AZT-D-LPs. Equal 

doses of DP7-C or AZT were loaded in D-LPs or AZT-LPs 

as controls to treat the MRSA-infectious mice. As  shown 

in Figure S2A, AZT-LPs inhibited the bacterial growth in a 

dose-dependent manner; AZT-D-LPs showed a more posi-

tive therapeutic effect than either AZT-LPs or D-LPs alone 

(Figure S2A and B). The formulation of AZT-D-LPs with 

1.25 mg AZT/kg +2.5 mg DP7-C/kg showed a similar effect as 

that with 2.5 mg AZT/kg +2.5 mg DP7-C/kg. In particular, 

as shown in Figure 3B, treatment with a subeffective dose of 

AZT-LPs (AZT dosage of 1.25 mg/kg) did not significantly 

affect the bacterial burden (P.0.05), but treatment with 

AZT-D-LPs (dosage of 1.25 mg AZT/kg +2.5 mg DP7-C/kg) 

decreased the CFU of S. aureus very significantly (P,0.001). 

Also, treatment with AZT-D-LPs (dosage of 1.25 mg 

AZT/kg +2.5 mg DP7-C/kg) showed a more positive thera-

peutic effect than either AZT-LPs (AZT dosage of 1.25 or 

2.5 mg/kg) or D-LPs (DP7-C dosage of 2.5 mg/kg) alone 

(Figure 3B). DP7-C-loaded LPs synergized the antibacterial 

effect of AZT against MRSA (confidence interval =0.57). 

In detail, treatment with the AZT-D-LPs resulted in ~96% 

Table 1 In vitro antimicrobial activity of free AZT, AZT-LPs, D-LPs, and AZT-D-LPs against S. aureus and E. coli strains

Organism Strains MIC (μg/mL)

Free AZT AZT-LPs D-LPs AZT-D-LPs

S. aureus ATCC 25923 0.25 0.125 .256 0.125
ATCC 33591 0.5 0.25 .256 0.25
Clinically isolated Sau2 512 256 .256 256
Clinically isolated Sau5 512 256 .256 256
Clinically isolated Sau7 512 256 .256 256
Clinically isolated Sau9 256 256 .256 256
Clinically isolated Sau3497 4 4 .256 4

E. coli ATCC 25922 0.5 0.5 128 0.5
Clinically isolated E. coli 128 128 .256 128

Abbreviations: ATTC, American Type Culture Collection; AZT, azithromycin; AZT-LPs, AZT-modified liposomes; D-LPs, DP7-C-modified blank LPs; AZT-D-LPs, 
DP7-C-modified AZT-loaded LPs; S. aureus, Staphylococcus aureus; E. coli, Escherichia coli.
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reduction in CFU levels, compared with the control treatments 

(P,0.001 for AZT-D-LPs vs control; P=0.014 for AZT-D-

LPs vs AZT-LPs). Combinatory treatment of subeffective 

doses of both AZT and DP7-C enhanced the protection com-

pared to the treatment with either AZT-LPs or D-LPs alone, 

indicating the potential to use DP7-C formulations when the 

effect of antibiotic therapy alone is inadequate. 

Mechanism of D-LPs 
AMP displayed antimicrobial activities by disrupting the 

bacterial membrane functions or modulated the host immune 

response.44 According to Figure 3, DP7-C formulations 

displayed high antibacterial activities in vivo. However, the 

bacteria inhibition data (Table 1) indicated that DP7-C did not 

have a direct antibacterial effect. Thus, it was hypothesized 

that DP7-C may exert its potent antibacterial activity in vivo 

by activating the host immune function. To test this hypoth-

esis, PBMCs, which are widely used to test the immune mod-

ulatory activities of host-defense peptides,23,44 were treated 

with or without D-LPs (DP7-C dosage of 120 μg/mL) for 

6 hours. Gene expression was determined by qPCR. As shown 

in Figure 4A, mRNA levels of anti-inflammatory cytokine 

interleukin (IL)-10 were highly upregulated (135-fold) by the 

treatment with D-LPs, whereas the proinflammatory cytok-

ines IL-6, IL-8, and tumor necrosis factor-alpha (TNF-α) 

were downregulated significantly (P,0.001), consistent with 

its ability to induce the anti-inflammatory cytokine IL-10. The 

chemokine cytokine monocyte chemoattractant protein-1 was 

upregulated approximately twofold. In addition, treatment 

with D-LPs also dramatically upregulated the expression 

of the IL-1β (908-fold), granulocyte colony-stimulating 

factor (196-fold) and interferon-gamma (IFN-γ; 517-fold). 

Collectively, the results imply that DP7-C has the ability to 

modulate the immune function. 

LPS is a Gram-negative bacteria signature molecule, 

which can imitate the bacterial infection.44 To substantiate 

the aforementioned finding, whether DP7-C has a potential 

to modify innate immunity and cause harmful inflammation 

by analyzing its impact on LPS-induced chemokines and 

inflammatory cytokine production in PBMCs was deter-

mined. As shown in Figure 4B, LPS-induced gene expression 

of anti-inflammatory cytokine IL-10 was upregulated by 

D-LPs approximately threefold in human PBMCs. In con-

trast, LPS-induced gene expression of TNF-α, IL-6, IL-8, 

IL-1β, MCP-1, and IFN-γ was significantly downregulated 

(P,0.001) upon D-LPs treatment. The results indicated that 

DP7-C could balance LPS-induced inflammation, as the gene 

expression of IL-1β, MCP-1, and IFN-γ was highly upregu-

lated by DP7-C in the absence of LPS (Figure 4A). LPS-

induced gene expression of granulocyte colony-stimulating 

factor was also increased by D-LP treatment (Figure 4B). 

In addition, DP7-C reduced (P,0.001) LPS-induced gene 

expression of TNF-α, IL-1β, IL-2, and MCP-1 in mouse 

PBMCs (Figure 4C), in line with its ability to reduce the 

expression of proinflammatory cytokines in human cells.

Toxicity evaluations of LPs
The cytotoxicity of LPs in mammalian cells was assessed 

using two normal human cell lines (HEK293 and LO2). Cells 

were treated with different AZT-LPs and/or DP7-C-loaded 

Figure 3 Efficacy of DP7-C and/or AZT formulations in S. aureus infectious mouse model. 
Notes: BALB/c mice were infected with 1×108 CFU/500 μL S. aureus strain 33591 by intraperitoneal injection; antimicrobial drug was administered 1 hour after bacterial 
challenge. Mice were sacrificed 24 hours later and the number of bacteria in the peritoneal lavage fluid was counted. (A) Different doses of DP7-C formulation (DP7-C dosage 
of 0.1 or 2.5 mg/kg) were administered by intravenous injection. (B) Efficacy of the treatment of DP7-C formulations in combination with AZT. AZT-LPs (AZT dosage of 
1.25 mg/kg), D-LPs (DP7-C dosage of 2.5 mg/kg), and AZT-D-LPs (dosage of 1.25 mg AZT/kg and 2.5 mg DP7-C/kg) were administered by intravenous injection. *P,0.05 
and ***P,0.001 vs the untreated group, respectively. 
Abbreviations: AZT, azithromycin; AZT-D-LPs, DP7-C-modified AZT-loaded LPs; AZT-LPs, AZT-modified liposomes; CFU, colony-forming unit; D-LPs, DP7-C-modified 
blank LPs; S. aureus, Staphylococcus aureus.
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LPs, and cell viability was measured by an MTT assay. 

As  shown in Figure S3, all the LPs exhibited negligible 

cytotoxicity, even at a high concentration of 250 μg/mL 

D-LPs or AZT-LPs. Of interest, the cytotoxicity of AZT-

LPs, D-LPs, or AZT-D-LPs was slightly lower than that of 

free AZT.

The systemic toxicity of AZT and/or DP7-C formulations 

was further investigated in mice. During the experiment, no 

death, no significant appearance change, and no gross side 

effects were observed in any group after IV administration 

of the LPs. Histological examination did not find obvious 

pathological lesions or necrosis in the heart, liver, spleen, 

α β γ

α β γ

α β

Figure 4 The mechanism of DP7-C formulations. 
Notes: (A) Gene expression of cytokines/chemokines in human PBMCs after DP7-C formulations administration. Human PBMCs were incubated with or without DP7-C 
formulations (DP7-C dosage of 120 μg/mL) for 6 hours, and RNA from subsequently isolated PBMCs was used for qPCR analysis. (B and C) DP7-C formulations modulate 
the LPS-induced cytokines/chemokines effects in human (B) and mouse (C) PBMCs. The cells were pretreated with or without DP7-C formulations for 60 minutes before 
stimulated with LPS (10 ng/mL) for 5 hours, and the gene expression of LPS-induced cytokines/chemokines were measured by qPCR. n=3, mean ± standard error; *P,0.05, 
**P,0.01, and ***P,0.001 vs the untreated group, respectively.
Abbreviations: G-CSF, granulocyte colony-stimulating factor; IFN-γ, interferon gamma; IL, interleukin; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant 
protein-1; PBMCs, peripheral blood mononuclear cells; qPCR, quantitative real-time polymerase chain reaction; TNF-α, tumor necrosis factor-alpha. 
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lung, and kidney of the mice treated with AZT-LPs, D-LPs, 

AZT-D-LPs, or PBS, as well as in the untreated animals 

(Figures 5 and S4). To further study the side effects of 

LPs on the physiological function of mice, blood test and 

serum biochemical profile test were carried out. As shown 

in Table S4, white blood cells, red blood cells, hemoglobin, 

platelet, and mean corpuscular hemoglobin counts were all 

in normal ranges after treatment with the LPs, although the 

levels of white blood cells and platelet increased slightly, 

compared with control (PBS). For the biomarkers (Table S5), 

aspartate transaminase, alanine aminotransaminase, and 

lactate dehydrogenase were used as an indicator for the liver 

functions;45 creatine kinase was used for the diagnosis of 

cardiac diseases;46 the change in creatinine and blood urea 

nitrogen indicated kidney injury;47 and glucose, total choles-

terol, triglyceride, low-density lipoprotein cholesterol, and 

high-density lipoprotein cholesterol were used for the evalua-

tion of glucose and lipid metabolism. As shown in Table S5, 

all the biochemical indices were found at the normal levels 

upon treatment with the LPs, and there were no differences 

compared with control (PBS). The data indicated that the 

hepatic function, renal function, and blood system were not 

affected by the treatments with AZT and/or DP7-C formula-

tions. Thus, AZT-LPs, D-LPs, and AZT-D-LPs were all safe 

formulations by IV administration.

Discussion
Developing antibacterial drugs with high antibacterial effect 

and low toxicity is critical for clinical applications. In order 

to achieve this, in this study, the cationic antibacterial pep-

tide DP7-C was designed and synthesized, which was then 

inserted into LP lipid bilayer as a carrier to encapsulate 

the antibiotic AZT, and AZT-D-LPs were successfully 

developed. The pharmaceutical properties including size, 

surface charge, and EE are important factors that determine 

the pharmacokinetics of nanoparticles.48 The dynamic light 

scattering and TEM analyses indicated that LPs developed 

in this study were monodisperse and spherical in shape 

(Figure 2B). All the D-LPs were slightly positively charged 

(Table  S3), probably because DP7-C is a cationic AMP 

(positively charged). The positive charge characteristic 

would help stabilize the LPs, as the electrostatic interaction 

Figure 5 Histological analysis of the main organs of BALB/c mice after treatment with AZT and/or DP7-C liposomes (DP7-C dosage of 2.5 mg/kg and AZT dosage of 1.25 mg/kg).
Abbreviations: AZT, azithromycin; AZT-D-LPs, DP7-C-modified AZT-loaded LPs; AZT-LPs, AZT-modified liposomes; D-LPs, DP7-C-modified blank LPs.
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or the stereo-specific blockade can make positively charged 

LPs more stable.49,50 Using HPLC, it was found that AZT 

was well encapsulated into AZT-D-LPs, with EE of .97% 

(Table S3), and the membrane-incorporated DP7-C did 

not interfere with the formation of LPs or drug encapsula-

tion (Table S3). Confirmed by the appearance of AZT-LP 

aqueous solution, encapsulation of AZT in both D-LPs and 

non-modified LPs made AZT completely dispersible in water 

(Figure 2D). The release of AZT from AZT-D-LPs was slow 

but sustained (Figure 2E). Unlike free AZT, AZT-D-LPs had 

a much lower initial burst release (Figure 2E). However, 

like the well-studied human LL-3719,51 and IDR-1,23 DP7-C 

did not have direct antimicrobial activity, even in standard 

MHB media (Table 1).

S. aureus is a major cause of nosocomial infections, 

which is widely used to assess the antibiotic efficacy.23,43 

In vivo antibacterial experiments showed that D-LPs had 

potent antibacterial effect and showed significant synergistic 

effects with AZT, which markedly potentiate the antibacte-

rial activity of AZT. Treatment with AZT-D-LPs showed 

a more positive therapeutic effect in mice than treatment 

with AZT-LPs or D-LPs alone (Figure 3). Previous studies 

have shown that AZT can synergize with cationic AMPs 

to enhance bactericidal and therapeutic activities.52–55 Most 

importantly, the synergistic action of DP7-C with AZT can 

reduce the need for high dosages of AZT and minimize 

adverse drug effects, both of which are beneficial attributes 

for therapeutic strategies to fight against multidrug-resistant 

bacteria.23,53 Moreover, our in vitro and in vivo studies also 

showed that AZT-D-LPs exhibited negligible cytotoxicity in 

mammal cells and no side effects on the blood system and 

metabolic enzymes and did not exhibit any obvious patho-

logical effect on the main organs of mice. These results sug-

gest the AZT-D-LPs are a safe formulation and have a great 

potential for the clinical treatment of MRSA infections. 

It is interesting that D-LPs did not show any in vitro 

antimicrobial activity, but they displayed a potent thera-

peutic effect in the systemic infectious mouse models. The 

molecular mechanism studies indicated that D-LPs possessed 

the ability to neutralize the harmful inflammation caused by 

LPS-induced gene expression of TNF-α, IL-6, IL-8, IL-1β, 

MCP-1, and IFN-γ, consistent with the ability to upregulate 

the expression of anti-inflammatory IL-10 and granulocyte 

colony-stimulating factor (Figure 4B). The basis of this anti-

inflammatory effect may be due to the  anti-inflammatory 

mechanisms of IL-10. In addition, the gene expression of 

IL-1β, MCP-1, and IFN-γ was highly upregulated by D-LPs 

in the absence of LPS, suggesting that DP7-C could balance 

the immune response, rather than merely stimulating or sup-

pressing it. The antibacterial potential of AZT-D-LPs was 

achieved by the immunomodulatory activities of DP7-C 

formulation and collaboration with the antimicrobial effect 

of AZT; DP7-C selectively modulated the innate immune 

response and collaborated with AZT, which resulted in more 

effective clearance of the bacterial debris (Figure 6). In detail, 

after IV injection, both AZT and DP7-C were released from 

AZT-D-LPs. The released AZT could bind the 50S ribo-

somal subunit of bacteria and inhibit the bacterial protein 

synthesis,32–35 causing bacterial death. The DP7-C effectively 

modulated the innate immune response and neutralized the 

harmful inflammation, which may transmit effector cells and 

proteins to the infection sites. AZT-D-LPs, which contained 

both the antibiotic AZT and antibacterial peptide DP7-C, 

combined the immunomodulatory activities of DP7-C and 

antimicrobial effect of AZT, thereby providing prophylaxis 

and efficient treatment for bacterial infections.

In clinical applications, AZT-D-LPs may have several 

advantages because of its higher antibacterial effect and 

a sustained drug release. First, DP7-C developed in this 

study was inserted into the lipid bilayer of LPs as a carrier 

of the antibiotic drug and also modulated the innate immu-

nity to prevent the bacterial infection in vivo, which may 

overcome the resistance of conventional antibiotic, as the 

peptides lacked direct antimicrobial activity.23,51 Second, 

AZT encapsulated in D-LPs was released in a sustained 

manner and synergized with DP7-C, which could markedly 

potentiate the bactericidal activity of AZT in vivo. Third, 

in vitro cytotoxicity in normal human cells and in vivo 

blood test, serological and biochemical analyses, as well as 

histological examinations showed that AZT-D-LPs were a 

safe formulation. Finally, our method to make AZT-D-LPs 

was simple and inexpensive. All of these indicate that the 

novel AZT-D-LPs could serve as a potential candidate for 

the clinical treatment of MRSA infection.

Conclusion
In this study, for the first time, novel antimicrobial AZT-

D-LPs were successfully developed, by incorporating a 

newly cationic antibacterial peptide DP7-C into AZT-LPs. 

Results of pharmaceutical properties, in vitro release profile, 

and cytotoxicity studies demonstrated that AZT-D-LP had 

a small-size, controlled release profile and satisfied safety. 

Moreover, our results showed that AZT-D-LPs possessed 

a high antibacterial activity against MRSA infection, and 

DP7-C formulations showed high antimicrobial activities and 

significant synergistic effects with AZT in vivo. Molecular 
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mechanisms of DP7-C formulations were achieved by the 

promotion of chemokine and anti-inflammatory cytokine 

induction and suppression of inflammatory cytokine pro-

duction, suggesting that DP7-C could balance the immune 

response. The D-LPs not only acted as a carrier of AZT but 

also was an immunomodulator of innate immune response. 

Most importantly, DP7-C formulation lacked direct anti-

microbial activity; therefore, the bacterial resistance may 

be avoided. In summary, antibacterial drug AZT-D-LPs 

developed in this study showed high antibacterial activity, 

immunoregulation effect, and satisfied safety. Therefore, 

AZT-D-LP is an ideal candidate for the treatment of MRSA 

infections, which may alleviate bacterial resistance crisis. The 

strategy of incorporating antibacterial peptide and antibiotic 

into LP provides a new platform for the development of new 

interventions against bacterial infections. In addition, D-LPs 

can serve as promising carriers of antibiotics or anticancer 

drugs and may benefit patients after tumor surgery.
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