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ABSTRACT: To avert the poor bioavailability of antibiotics during S. aureus
biofilm infections, a series of zwitterionic nanoparticles containing nucleic
acid nanostructures were fabricated for the delivery of vancomycin. The
nanoparticles were prepared with three main lipids: (i) neutral (soy
phosphatidylcholine; P), (ii) positively charged ionizable (1,2-dioleyloxy-3-
dimethylaminopropane; D), and (iii) anionic (1,2-dipalmitoyl-sn-glycero-3-
phospho((ethyl-1′,2′,3′-triazole) triethylene glycolmannose; M) or (choles-
teryl hemisuccinate; C) lipids. The ratio of the anionic lipid was tuned
between 0 and 10 mol %, and its impact on surface charge, size, stability,
toxicity, and biofilm sensitivity was evaluated. Under biofilm mimicking
conditions, the enzyme degradability (via dynamic light scattering (DLS)),
antitoxin (via DLS and spectrophotometry), and antibiotic release profile was
assessed. Additionally, biofilm penetration, prevention (in vitro), and
eradication (ex vivo) of the vancomycin loaded formulation was investigated. Compared with the unmodified nanoparticles
which exhibited the smallest size (188 nm), all three surface modified formulations showed significantly larger sizes (i.e., 222−277
nm). Under simulations of biofilm pH conditions, the mannose modified nanoparticle (PDM 90/5/5) displayed ideal charge
reversal from a neutral (+1.69 ± 1.83 mV) to a cationic surface potential (+17.18 ± 2.16 mV) to improve bacteria binding and
biofilm penetration. In the presence of relevant bacterial enzymes, the carrier rapidly released the DNA nanoparticles to function as
an antitoxin against α-hemolysin. Controlled release of vancomycin prevented biofilm attachment and significantly reduced early
stage biofilm formations within 24 h. Enhanced biocompatibility and significant ex vivo potency of the PDM 90/5/5 formulation was
also observed. Taken together, these results emphasize the benefit of these nanocarriers as potential therapies against biofilm
infections and fills the gap for multifunctional nanocarriers that prevent biofilm infections.

1. INTRODUCTION

Bacteria can colonize the surface of diseased tissues or medical
devices to form biofilms, which has significant medical, social,
and economic ramifications. Biofilms are described as
communities of bacteria embedded in a protective matrix of
extracellular polymeric substance (EPS), which comprise
biomolecules such as lipopolysaccharides, lipids, polysacchar-
ides, proteins, and deoxyribonucleic acid (DNA).1 The U.S.
National Institute of Health (NIH) reports that 65% to 80% of
all microbial and chronic wound infections are attributable to
biofilm communities.2 Compared with planktonic cells,
bacteria cells residing in biofilms are 100 to 1000× more
resistant to antimicrobial therapy and represent the greatest
obstacle to chronic wound healing.3,4 The poor performance of
antibiotics against biofilms has been attributed to limited drug
diffusion and deactivation of antibiotics (via matrix binding or
an increased production of degrading enzymes which inactivate
or neutralize the antibiotics).5−7 To avert the high mortality
associated with biofilm infections, engineered nanocarriers
increasingly constitute an advanced approach to improve the
efficacy of antibiotics and overcome biofilm resistance.

Within this context, DNA carriers (e.g., DNA tetrahedron
cages and DNA nanogels) are among the most promising
candidates for antimicrobial drug delivery.8,9 A vast majority of
DNA nanostructures have demonstrated reduced drug toxicity,
controlled drug release, and enhanced antimicrobial efficacy
against planktonic cells. Previous studies has also established
the excellent biocompatibility, low immunogenicity, and in vivo
stability of DNA nanoobjects.10,11 Because most pristine DNA
nanoparticles cannot interact with microbial cells, surface
functionalization is often required to achieve pathogen
targeting. In fact, Hui and colleagues exploited this caveat as
an antifouling strategy and demonstrated a significant
reduction in bacteria cell adhesion on DNA-patterned wafers
prepared with triangular DNA nanostructures.12 Conversely,
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aptamer functionalization on DNA origami nanoparticles
enabled high nanostructure affinity for bacterial targets
(Bacillus subtilis and Escherichia coli) compared with origami
structures without the aptamers.13 In parallel research efforts,
directed growth and assembly of silver nanoparticles was
achieved using polycytosine DNA.14 These hybrids demon-
strated antimicrobial activity because of the high affinity of
cationic silver to the negatively charged bacteria cell wall.
Along these lines, the surface chemistry of DNA-based
nanocarriers can be modified via complexation with lipids to
promote their interaction with the EPS components of
biofilms. Such modifications can also enhance the responsive-
ness of DNA nanoobjects to the biofilm milieu. However,
surface modification of nanocarriers with cationic lipids poses
toxicity challenges which must be addressed.
Therefore, we hypothesized that surface modification of

DNA nanoparticles with pH-responsive lipids is a promising
strategy to effectively deliver antimicrobials against microbial
biofilms. To enhance interaction with components of the
biofilm, we prepared lipid complexed DNA nanoparticles. To
promote penetration through the biofilm matrix, lipid
modification was achieved with positively charged ionizable
(1,2-dioleyloxy-3-dimethylaminopropane), anionic (1,2-dipal-
mitoyl-sn-glycero-3-phospho((ethyl-1′,2′,3′-triazole) triethy-
lene glycolmannose or cholesteryl hemisuccinate), and neutral
lipids (soy phosphatidylcholine) (Scheme 1). Under physio-
logical conditions, the carrier displays a neutral surface charge
while under stimulations of the acidic biofilm microenviron-
ment, protonation of the ionizable lipid leads to a positively
charged system. Against preformed biofilms, the cationic
nanoparticle facilely promotes rapid biofilm binding and
penetration. The sensitivity of the carrier to bacterial enzymes
inhibited biofilm formation at low antibiotic concentrations,
and the released nucleic acid nanoparticles neutralized bacteria
endotoxins. Compared with the cationic control, introduction
of the anionic lipid obscured the visibility of the nanocarrier to
dermal cells which significantly improved cellular viability. The
translational value of the formulation against cutaneous wound
infections was demonstrated in a porcine explant model where

a single application of the zwitterionic formulation led to a
potent reduction in the bacterial bioburden within 24 h.

2. EXPERIMENTAL SECTION
2.1. Materials. 1,2-Dioleyloxy-3-dimethylaminopropane

(DODMA), 1,2-dipalmitoyl-sn-glycero-3-phospho((ethyl-1′,2′,3′-
triazole)triethylene glycolmannose (PPM), cholesteryl hemisuccinate
(CHEMS), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-
(lissamine rhodamine B sulfonyl) were purchased from Avanti Polar
Lipids (Alabama, U.S.A.). Lipoid S100 (soy phosphatidylcholine
(SPC)) was a kind gift from Lipoid GmbH (Ludwigshafen,
Germany). Uranyless was purchased from Electron Microscopy
Sciences (U.S.A.). Methanol was purchased from VWR International
S.A.S. (Fontenay-sous- Bois, France). 3-(4,5-Dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT), crystal violet 1%, Dulbecco
Modified Eagle’s medium (DMEM) high glucose, components of
encapsulation buffer (EB) (5 mM Tris-HCL, 1 mM ethyl-
enediaminetetraacetic acid (EDTA), 10 mM MgCl2, 10 mM
NaCl), α-hemolysin, lipase (from wheat germ, ∼0.1 U/mL),
phosphate-buffered saline (PBS), fetal bovine serum (FBS),
penicillin-streptomycin, 5× trypsin, lipoteichoic acid (LTA), and
vancomycin were purchased from Sigma-Aldrich (Norway). Alexa-
Fluor-594 labeled lipopolysaccharide (LPS) and AlexaFluor-594
labeled dextran were purchased from Thermo Fisher Scientific.
Tryptic soy broth (TSB) and Luria broth agar (LA) were obtained
from University Hospital of North Norway (Tromsø, Norway). All
the DNA sequences were purchased from Integrated DNA
Technologies (Belgium).15

2.2. Bacterial Strains and Mammalian Cells. Staphylococcus
aureus (S. aureus) RN4220 containing the plasmid pCM29 encoding
green fluorescent protein GFP was a kind gift from Alexander
Horswhill.16 The plasmid was isolated and transformed into
chemically competent Escherichia coli (E. coli) Top10 cells
(Invitrogen) and plated out on LB agar containing 10 μg/mL
chloramphenicol. The pCM29 plasmid was isolated from trans-
formants and precipitated using pellet paint coprecipitant (Merck,
Germany) and electroporated into E. coli IM01 cells. Plasmid DNA
was isolated from transformants, precipitated, and electroporated into
S. aureus NCTC 8325-4. Transformants were selected on TSA plates
supplements with 10 μg/mL chloramphenicol. Human immortal
keratinocytes (HaCaT) were purchased from CLS Cell line service
GmbH (Germany) and maintained in DMEM supplemented with

Scheme 1. Schematic Representation of the Zwitterionic Nanoparticles and Their pH Responsiveness. Image Created by The
Micro Art Illustrations
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10% FBS, penicillin (100 units/ml), and 100 μg/mL streptomycin in
an incubator (5% CO2) at 37 °C.
2.3. Preparation of Zwitterionic Nanoparticles. The blank

and the vancomycin-loaded DNA nanoparticles were prepared with
slight modifications from previous reports.15 To prepare the lipid
matrix, pure soy phosphatidylcholine (SPC) (Lipoid S100), 1,2-
dioleyloxy-3-dimethylaminopropane (DODMA), and 1,2-dipalmitoyl-
sn-glycero-3-phospho((ethyl-1′,2′,3′-triazole)triethylene glycolman-
nose (PPM) or cholesteryl hemisuccinate (CHEMS) were dissolved
in a round-bottom flask with methanol. Lipid films were prepared
using the thin film hydration method and rehydrated with the DNA
nanoparticles to form the zwitterionic nanoparticles. The solutions
were extruded through polycarbonate membranes with pore sizes of
800, 400, and 200 nm. The formulations were then stored at 4 °C
until needed. Zwitterionic nanoparticles comprising different lipid
mole percentages were prepared as shown in Table 1.

2.4. Nanoparticle Characterization. The hydrodynamic diam-
eter (size), polydispersity index (PDI), and zeta potential of the
formulations were determined using the Zetasizer (Nano-z, Malvern
instruments) via dynamic light scattering (DLS) technique. For size
measurements, the nanoparticles were diluted 100× in 1× EB buffer
prior to use. However, zeta potential measurements were performed
on nanoparticles that were diluted 50× in tap water. The
measurements were performed at room temperature, and the average
reading was recorded as mean ± standard deviation (SD). The
morphology of the nanoparticles was investigated by transmission
electron microscopy (TEM). Briefly, dilutions of the formulation were
stained with UranyLess and dried for 20 min. The samples were
imaged using TEM (HT7800, Hitachi).
2.5. Biofilm Sensitivity and Binding. To study the interactions

between the formulation and components of the biofilm matrix,
AlexaFluor 594 labeled lipopolysaccharide (LPS), lipoteichoic acid
(LTA), and AlexaFluor 594 dextran were chosen as models of the
EPS. Changes in the fluorescence intensity of LPS in the presence of
the zwitterionic nanoparticles was assessed. Prior to experiments, a
reference fluorescence curve of the LPS (0.25, 0.5, 1, and 2 μg/mL)
was obtained using the microplate reader (Spark, Tecan). Thereafter,
50× dilution of the nanoparticle formulation was prepared and mixed
with the LPS (final concentration of 4 μg/mL). Then 50 μL of the
mixture was transferred into a costar black 96-well plate for
fluorescence measurements. For the negative and positive controls,
1× EB buffer or DNA nanogels were used, respectively. For
experiments with LTA, fluorescently labeled PDM 90/5/5 (PDMRho)
was prepared with the addition of 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl). PDMRho

90/5/5 was diluted 100× and mixed with 20 μg/mL LTA.
Subsequently, 70 μL of the mixture was transferred into a costar
black 96-well plate for fluorescence measurements. PDMRho 90/5/5
alone and LTA alone were used as controls. Similarly, the interaction
between dextran and the formulation was assessed by recording the
changes in fluorescence. A reference fluorescence peak curve of
dextran was also obtained between 0.25, 0.5, 1, and 2 μM. A final

concentration of 1 μM dextran was added to serial dilutions of the
formulation (25×−1600×), whereas 1× EB buffer serves as the
negative control. Triplicate volumes of the samples were added in a
costar black 96-well plate, and the fluorescence intensity was
measured in the plate reader (Spark, Tecan). All results are reported
as means.

To assess the sensitivity of the formulation to lipase, changes in the
size of the nanoparticles were analyzed using the Zetasizer (Nano-Z,
Malvern instruments) in the presence of varying concentrations of
lipase (0.3, 0.5, 1, 2, 4, and 8 mg/mL). The size of the samples were
measured at 0 h, 1 h, 2 h, 5 h and 24 h. Three replicates were obtained
for each measurement. To study the interactions with α-hemolysin,
changes in the absorbance peak of ssDNA and the size of the DNA
nanoparticles was studied. Briefly, varying concentrations of the toxin
was incubated with the vancomycin loaded DNA nanogels in 1× EB
buffer. After 10 min, the size of the nanoparticle was measured using
the Zetasizer (Nano-Z, Malvern instruments). Changes in the
absorbance of ssDNA (4 μM) in the presence of different
concentrations of the toxin (1, 2, 4, and 8 μg/mL) was evaluated.

2.6. Determination of Percentage Entrapment Efficiency.
The entrapment efficiency (EE %) was evaluated using the dialysis
bag method. 500 μL of the formulation was dialyzed (mw 12−14
kDa) in a beaker containing 50 mL of 1× EB buffer. After 4 h, the
nanoparticles were disrupted with methanol (10× dilution). Removal
of the DNA nanostructures was done using centrifugal filter units, and
the samples were centrifuged at 13 000 rpm for 2 min. The
absorbance of the flow-through solution containing vancomycin was
then measured using the UV-spectrophotometer. The entrapment
efficiency of vancomycin was then calculated on the basis of the
absorbance values using a pre- obtained calibration curve. The
following equation was used to calculate the entrapment efficiency
where Cencap refers to the drug concentration in the dialyzed
formulation and Ctotal refers to the drug concentration in the
undialyzed samples:

C

C
EE% 100%encap

total
= ×

2.7. In Vitro Drug Release. The in vitro release of vancomycin
was assessed using a multistation Franz diffusion cell system. Briefly,
the system was heated to 35 °C, and the 5 mL receptor chambers
were filled with PBS at pH 7.4 under constant stirring. Prior to use,
fitted cellophane membranes were cut out and submerged into
deionized water for 5−10 min, and then the membranes were
sandwiched between the receptor chamber and the donor chamber.
Thereafter, 700 μL of the formulation or free drug was loaded into the
donor cell. To examine the influence of bacteria enzymes on the drug
release profile of the formulation, lipase (final concentration of 1, 4, or
8 mg/mL) was added to the donor cell, and then the chamber was
sealed with rubber plug and parafilm.

Samples of the released antibiotic were taken, and the receptor
chambers were refilled with 500 μL of buffer to ensure a continuous
sink condition. The amount of drug released at each time point was
quantified via absorbance readings and reported as the percentage
mean ± SD from duplicate readings in reference to the total amount
of drug loaded in the formulation prior to the start of the experiment.
The following equation was used to calculate the cumulative drug
release percentage:

cumulative drug release%
weight of drug released ( g)

theoretical drug amount in formulation
100%

μ
= ×

2.8. Biofilm Studies. Biofilm Inhibition. To evaluate the ability of
the nanoparticles to inhibit biofilm formation, a S. aureus strain
containing a plasmid constitutively expressing green fluorescent
protein (GFP) (NCTC 8325 pCM29GFP) was grown in the
presence or absence of the nanoparticles. For the bacterial work, 10
mL of TSB (supplemented with chloramphenicol 10 μg/mL) was
inoculated with the bacteria and incubated overnight (37 °C, 100

Table 1. Lipid Composition of the Zwitterionic
Nanoparticlesa

formulation P(mol %) D (mol %) M (mol %) C(mol %)

PD (95/5) 95 5 - -
PDM (92.5/5/2.5) 92.5 5 2.5 -
PDM (90/5/5) 90 5 5 -
PDC (92.5/5/2.5) 92.5 5 - 2.5
PDC (90/5/5) 90 5 - 5
PDC (85/5/10) 85 5 - 10

aP: Soy phosphatidylcholine (SPC) ; D: 1.2-Dioleyloxy-3-dimethylami-
nopropane (DODMA) ;M: 1,2-dipalmitoyl-sn-glycero-3-phospho((ethyl-
1′,2′,3′-triazole)triethylene glycolmannose (PPM) ; C: Cholesteryl
hemisuccinate (CHEMS).
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rpm). The optical density (OD) of the overnight culture was then
adjusted to 0.07 (108 colony forming units (CFU)/mL). The exact
concentration of vancomycin in the formulation was determined via
absorbance readings obtained on the UV-spectrophotometer. Serial
dilutions of the formulation were prepared in TSB growth medium to
give a final desired concentration range of vancomycin from 0.5 to 32
μg/mL. To grow the biofilms, 12.5% w/v glucose stock and bacteria
was added to the growth media to give a final concentration of 1% w/
v glucose and 106 CFU respectively. Aliquots of 200 μL were
separately loaded in triplicates into the 96- well plate and incubated
for 24 h at 37 °C. As a control, 1× EB buffer was used. After 24 h, the
biofilm growth solution was replaced with fresh media, and the
fluorescence reading was taken using a microplate reader (Spark,
Tecan) at excitation and emission wavelengths of 480 and 530 nm,
respectively.
Biofilm Eradication Experiments. Biofilms were developed for 6 h,

and the growth media was gently discarded and replaced with 100 μL
of growth media with the formulations to give a concentration of 1, 5,
10, and 50 μg/mL. The 96-well plate was then incubated at 37 °C.
After 24 h, the biofilms were quantified via fluorescent changes. For
crystal violet staining, 125 μL of 0.1% w/v crystal violet was added to
the biofilms and stained for 10 min. The solutions were then
discarded, and the wells were washed with filtered tap water to
remove the excess dye. Photographic images were then taken using a
digital camera. To solubilize the dye, 200 μL of dimethyl sulfoxide
(DMSO) (Sigma) was added into each well. Absorbance readings
were obtained at 590 nm using a microplate reader (Spark, Tecan).
The experiment was carried out in triplicates.
Biofilm Penetration Assay. The ability of the zwitterionic

nanoparticles to bind and penetrate S. aureus biofilms was investigated
using confocal laser scanning microscopy (CLSM). GFP-expressing S.
aureus biofilms were grown as previously described, in 8-well
chambers for 24 h. Fluorescently labeled PDM 90/5/5 formulations
(PDMRho) was prepared as previously described. After growing the
biofilms for 24 h, the growth solution was discarded, and the biofilms
were treated with 300 μL of 50 μg/mL PDMRho 90/5/5 formulation
at pH 5.5 for a duration of 30 or 120 min. Prior to imaging, the

biofilms were washed with sterile water to remove unbound
nanoparticles on the biofilm surface. Thereafter, the biofilms were
observed under CLSM with excitation and emission wavelengths for
GFP (480 and 530 nm) and rhodamine B (560 and 583 nm)
respectively.

2.9. Cytotoxicity of Zwitterionic Nanoparticles. The cell
toxicity of the optimized formulation was assessed using human
immortal keratinocytes, HaCaT cells. The cells were cultured in cell
culture flasks with Dulbecco’s Modified Eagle’s Medium (DMEM)
high glucose (supplemented with 10% w/v fetal bovine serum (FBS)
and 1% penicillin-streptomycin). At 80% confluency, the cell
monolayer was washed twice with 10 mL of phosphate-buffered
saline (PBS). The PBS was discarded, then 3−4 mL of PBS + EDTA
(0.25 mM) was added to remove cell to cell adhesion, and the flask
was incubated for 10 min. Thereafter, 1 mL of 0.25% trypsin was
added and further incubated for 2 min to detach the cells. The cell
solution was then added to 7 mL of fresh DMEM, and the solution
pipetted to separate the cells. The cell density was measured using a
hand-held automated cell counter device. Afterward, 200 μL of the
cell solution was seeded at a cell density of 6000 cells per well in a 96-
well plate. The plates were incubated for 24 h at 37 °C. The
cytotoxicity of the formulation was determined at 1, 5, 10, and 50 μg/
mL final vancomycin concentrations. The exact concentration of
vancomycin in the formulation was determined using a UV-
spectrophotometer prior to cytotoxicity assays. Wells containing
only DMEM solution served as a negative control, and free
vancomycin served as a positive control. The cytotoxicity of the
formulation was determined by the 3-(4.5- dimethylthiazol-2-yl)-2.5-
diphenyltetrazolium bromide (MTT) assay. Briefly, 200 μL DMEM
containing MTT (0.5 mg/mL) was added to each well and incubated
for 2−4 h. After incubation, the MTT solution was removed, and 100
μL of DMSO was added into each well to dissolve the formazan
crystals. Quantification of formazan was done using the microplate
reader (Spark, Tecan).

2.10. Ex Vivo Pig Skin Biofilm Eradication Model. The efficacy
of the zwitterionic nanoparticles was further assessed using an ex vivo
pig skin model with slight modifications.17,18 Sections of pig ear (5

Figure 1. Characterization of the zwitterionic nanoparticles using DLS and TEM imaging. (A) Effect of PPM on zeta potential of the blank PDM
formulations at different pH conditions. (B) Effect of CHEMS on zeta potential of the blank PDC formulations at different pH conditions. (C)
Particle size and PDI measurements of the different antimicrobial nanoparticles. (D) Zeta potential measurements of the different antimicrobial
nanoparticles at pH 7.4 (all values based on mean ± SD; n = 3). (E) Morphology of the PD 95/5, PDC 90/5/5, and PDM 90/5/5 formulation
(scale bar = 500 nm).
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mm) were cut using a circular biopsy punch, transferred into a 24-well
plate, and thoroughly washed three times with sterile water. The skin
sections were disinfected using chloramphenicol (10 μg/mL for 1 h)
and 70% ethanol (for 20 min). After the samples were washed with
PBS and dried for 1 h, the skin sections were transferred with the skin
side up to a 96-well plate containing 150 μL of 0.5% solidified agar
(Sigma) to ensure hydration of the skin. The skins were allowed to
dry for 15 min prior to addition of 20 μL of GFP-expressing S. aureus
(equivalent to 106 CFU). The plate was incubated at 37 °C for 24 h
to establish the biofilms. Then, 50 μL of the formulation was added to
the skin sections, and the plate was again incubated for an additional
24 h. For the negative control, 1× EB buffer was applied to the skin
sections. Uninfected skin sections were also prepared to adjust the
fluorescence baseline. PBS was added to the empty wells to keep the
skins well hydrated. Postincubation, the sections were transferred to a
black 96-well plate, and the fluorescence changes were measured on
microplate reader (Spark, Tecan). The experiments were performed
in triplicate.
2.11. Statistical Analysis. All experimental data was analyzed

using the GraphPad Prism 8 (La Jolla, CA). To assess the statistical
significance of the experimental groups to the control, the two-sample
student t test and one-way ANOVA analysis were performed. For
multiple comparisons, the Dunnett’s test was used. The results were
reported as statistically significant for p <. 05.

3. RESULTS AND DISCUSSION

3.1. Effect of PPM and CHEMS on Zeta Potential. A
series of zwitterionic nanoparticles were prepared with varying
lipid compositions as illustrated in Table 1. The lipid matrix of
the formulations comprised DODMA (1.2-Dioleyloxy-3-
dimethylaminopropane), SPC (soy phosphatidylcholine),
PPM (1,2-dipalmitoyl-sn-glycero-3-phospho((ethyl-1′,2′,3′-
triazole)triethylene glycolmannose), and CHEMS (cholesteryl
hemisuccinate) (Scheme 1). First, the blank DNA nano-
particles were complexed with approximately 7.5−7.8 mg/mL
of the lipids, and the zeta potential was examined at different
pH conditions. The ratio of CHEMS or PPM was tuned
between 0 and 10 mol % to ascertain the optimal ratio of the
anionic lipids.
As shown in Figure 1A, the blank PD 95/5 formulation

demonstrated the most positive zeta potential (+23.13 ± 2.99
mV at pH 7.3 and +39.28 ± 1.17 mV at pH 4.2) due to the
highly cationic nature of the ionizable lipid, DODMA. In
keeping the mole percentage of DODMA constant, we reduced
the ratio of the neutral SPC lipid since it played a negligible
role on the surface charge and incorporated the anionic lipids
to prepare the PDM (PPM) or PDC (CHEMS) formulations.
At the lowest concentration tested (i.e., 2.5 mol %), the PDM
92.5/5/2.5 formulation presented a positive zeta potential of
+10.64 ± 1.67 mV at pH 7.3 and +29.32 ± 1.45 mV at acidic
pH (pH 4.2) (Figure 1A). Since this system was not optimal,
we increased the concentration of PPM to 5 mol %. Zeta
potential measurements of PDM 90/5/5 revealed a close to
neutral surface potential of −7.69 ± 0.79 mV at pH 7.3 with a
sharp reversal to a cationic value of +9.42 ± 2.64 mV at acidic
pH. This reduced zeta potential is attributed to the increased
concentration of the anionic PPM which neutralizes DODMA.
In reciprocating the above-mentioned mole percentages, the

PDC 92.5/5/2.5 and PDC 90/5/5 formulations presented a
positive zeta potential of +19.12 ± 2.92 mV and +13.39 ± 1.27
mV, respectively, at physiological pH (Figure 1B). At acidic
pH (4.2), a significant increase in the zeta potential to +40.76
± 1.83 mV (PDC 92.5/2.5/2.5) and +39.93 ± 2.01 mV (PDC
90/5/5) was observed. Compared to the PDM 90/5/5, the
PDC 90/5/5 formulation exhibited a more drastic switch in

charge at acidic pH (i.e., a change of ∼+ 27 mV was seen for
the PDC formulations compared with a change of ∼+ 17 mV
for the PDM formulations). This is attributable to the ionizable
cationic DODMA in corporation with CHEMS, whose surface
is highly affected by pH. Seeking to identify the concentration
of CHEMS needed to completely neutralize the zeta potential
of the PDC formulations, PDC 85/5/10 was prepared, which
showed a more negative zeta potential of −9.78 ± 0.69 mV at
pH 7.3. Despite the increment of the mole percentage of
CHEMS, the PDC 85/5/10 formulation also exhibited a highly
cationic zeta potential of +37.3 ± 1.81 mV at pH 4.5 (Figure
1B). This can be attributed to the pH-dependent reversal of
CHEMS from a lamellar phase to a hexagonal phase. Hafez
and Cullis described this polymorphism and demonstrated that
CHEMS adopts the hexagonal phase at pH values below the
PK of the succinate headgroup.19 Unlike the PDC formulation,
the PDM retains its lamellar phase wherein the exposed
anionic headgroup neutralizes DODMA even at acidic pH. In
both cases, however, we observed a strong correlation between
the mol % of the anionic lipid to the surface charge at
physiological pH. This direct relationship was also observed
when cationic protamine−DNA complexes were mixed at
different ratios with preformed CHEMS/DOPE liposomes.20

Thereafter, to compare the physicochemical properties of the
antimicrobial nanoparticles, formulations with similar mole
percentage were chosen (i.e., PDC 90/5/5 and PDM 90/5/5).
However, since the PDC 90/5/5 formulation presented
cationic values at both physiological and acidic pH, the
anionic PDC 85/5/10 formulation was incorporated as a
control.

3.2. Physicochemical Characterization of the Anti-
microbial Formulations. The vancomycin-loaded formula-
tions were prepared and characterized for their size, PDI, zeta
potential, and morphology. As shown in Figure 1C, in the
absence of CHEMS or PPM, the size of the PD 95/5
nanoparticles was 187.77 ± 13.10 nm. Following incorporation
of the anionic lipids, a significant increase in size to 221.67 ±
5.51 nm and 224.57 ± 3.69 nm was observed for the PDC 90/
5/5 and PDM 90/5/5 formulations, respectively. This
observation can be attributed to the electrostatic repulsion
between the polyanionic DNA and the anionic lipids in the
PDM and PDC formulations. In agreement with this, the PDC
85/5/10 formulation displayed an even larger size of 276.97 ±
20.80 nm. PDI analysis revealed a homogeneous and narrow
size distribution of 0.19 ± 0.06, 0.21 ± 0.01, and 0.21 ± 0.02
for the PD 95/5, PDC 90/5/5, and PDM 90/5/5
formulations, respectively (Figure 1C). However, the PDC
85/5/10 formulation presented a higher PDI of 0.50 ± 0.07.
Zeta potential measurements revealed a cationic charge of

+23.09 mV ± 3.46 mV for the PD 95/5 formulation. For the
PDC 90/5/5 formulation, a significant reduction to +14.39 ±
2.30 mV was observed (Figure 1D). A flip to a highly negative
surface potential was observed for the PDC 85/5/10 (−17.36
mV ± 4.13 mV) formulation. The negative surface charge of
the PDC 85/5/10 further corroborates the high PDI, which is
due to the enhanced electrostatic repulsion and lower
entrapment of the DNA nanoparticles. Major limitations of
DNA delivery via cationic lipid nanoparticles include
aggregation, toxicity, and low release. To address these
challenges, Fillion and colleagues defined conditions to
encapsulate antisense oligonucleotides in anionic liposomes
using encapsulation solutions with monovalent salts.21 In
another study, the effect of divalent ions (i.e., Ca2+) on the
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interactions between DNA and anionic multilamellar vesicles
was investigated.22 Because of the presence of electrostatic
repulsion, no interactions were observed in the absence of
calcium ions. The antimicrobial PDM 90/5/5 formulation
displayed an ideal neutral surface potential of −0.02 ± 1.89
mV because of neutralization of the charged head groups. To
further correlate the DLS measurements, the morphology of
the nanoparticles was investigated using transmission electron
microscopy (TEM). As indicated in Figure 1E, all three
formulations displayed a spherical shape. Visually, the PD 95/5
formulation revealed a smaller size than the PDM 90/5/5 and
the PDC 90/5/5 formulation and agrees with the DLS
analysis.
Nanoparticle aggregation is detrimental and can lead to the

leakage of entrapped nucleic acid nanoparticles and/or the
cargo.23 Because formulations with zeta potentials greater than
−30 mV or +30 mV have been shown to possess better
colloidal stability,24 changes in size and zeta potential of the
formulations were monitored to establish the absence of
aggregation. As shown in Figure 2A, no relevant increase in the
size of the nanoparticles was observed after 4 weeks, indicating
the absence of aggregates within this period. Zeta potential
measurements of the formulations revealed a drop in zeta
potential for the PDC 90/5/5 formulations (Figure 2B) from
+17.40 ± 0.17 mV to +13.03 ± 0.32 mV after 4 weeks.
Conversely, the PDM 90/5/5 formulations maintained a
neutral charge of +0.77 ± 0.26 mV while the PD 95/5
formulation remained highly cationic (+26.57 ± 0.25 mV).
However, formulations with high cationic charges have also
been reported to possess higher toxicity.25,26 Therefore, the
subtle positive charge of the PDM 90/5/5 observed at low pH
conditions can minimize the toxicity of the PD 95/5 and PDC
90/5/5 formulations. Given the absence of aggregation, a
stable neutral charge and reversible zwitterionic properties, the

PDM 90/5/5 formulation was deemed most suitable for our
application.

3.3. Surface-Adaptive Properties of the Antimicrobial
Formulations and Affinity to Bacteria. To ensure that
antibiotic-loading did not influence the surface-adaptive
properties, we compared the size and zeta potential of the
vancomycin-loaded formulations at pH 7.4 and 5.5. As shown
in Figure 2C, no significant changes in size were observed for
the PD 95/5. A slight reduction in size was seen for the PDM
90/5/5 formulations (from 218.82 ± 2.09 nm to 215.00 ±
5.80 nm).
However, the PDC 90/5/5 formulation showed significant

increment from 214.32 ± 8.15 nm at pH 7.4 nm to 222.37 ±
11.89 nm at pH 5.5. Correspondingly, an altered intensity and
size distribution at acidic pH after 24 h (Figure 2F) was
observed for the PDC 90/5/5, whereas the PDM 90/5/5
formulation exhibited no change in size distribution (Figure
2E). This observed change for the PDC formulation is
potentially due to the weakened interactions between the
CHEMS and DODMA, which can promote fusion and
destabilization of the nanocarrier to cause aggregation. Similar
findings were observed by Sudimack and colleagues, when
oleyl alcohol liposomes composed of CHEMS, egg phospha-
tidylcholine (PC), and Tween-80 were incubated at pH 5.0.27

The authors observed a time- and pH-dependent increase in
particle size up to 15-fold. The antimicrobial formulations
exhibited zeta potentials of +27.30 ± 2.70 mV (PD 95/5),
+15.53 ± 2.06 mV (PDC 90/5/5), and +1.69 ± 1.83 mV
(PDM 90/5/5) at physiological pH (Figure 2D). At acidic pH,
a switch to +40.68 ± 1.20 mV (PD 95/5), +29.47 ± 0.36 mV
(PDC 90/5/5), and +17.18 ± 2.16 mV (PDM 90/5/5) was
observed (Figure 2D), which demonstrates the pH responsive-
ness of the antimicrobial nanoparticles.

Figure 2. Effect of pH, time, and storage conditions on the nanoparticles. (A) Effect of storage on the size of the different formulations. (B) Effect
of storage on the zeta potential of the different formulations. (C) Effect of pH on the size of the different formulations (n = 2). (D) Effect of pH on
the zeta potential of the different formulations (n = 2). (E) Size distribution of the PDM 90/5/5 formulation at pH 5.2 over 24 h. (F) Size
distribution of the PDC 90/5/5 formulation at pH 5.2 over 24 h.
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3.4. Effect of Biofilm-Mimicking Conditions on
Formulation Properties. Next, to demonstrate the sensi-
tivity of the antimicrobial PDM 90/5/5 formulation to the
biofilm microenvironment, we investigated its interaction with
two components of the matrix i.e., glycolipids and poly-
saccharides. We first studied the interaction between PDM 90/
5/5 and LTA or LPS, bacterial glycolipids relevant in the
establishment of microbial biofilms. Several bacterial species
rely on LPS to alter their surface attachment, transition to
sessile growth and colony morphology.28 Sorroche and
coauthors reported this phenomenon by using mutants with
defective LPS and showed that these mutants exhibited
reduced biofilm formation and an altered biofilm architecture
compared with the wild-type strain.29 Additionally, Coulon
and colleagues provided evidence of LPS-like materials present
in the biofilm matrix of Pseudomonas aeruginosa (P.
aeruginosa).30 In the context of biofilm formation, membrane
vesicles that bleb from the outer membrane of Gram-negative
bacteria have been proposed to provide large portions of LPS
in the biofilm matrix.31 Similarly, extracellular teichoic acids
(TAs) have been described as an important and permanent
component of the biofilm matrix in S. aureus.32 Using clinical
isolates, TAs were always found in the extracellular matrix of S.
aureus biofilm.33 Kogan and colleagues attributed this to the
release of TAs from the cell surface into the extracellular space
to become a part of the matrix.34

Given the relevance of LPS and TAs in biofilm communities,
we studied the binding affinity of the optimized PDM 90/5/5
to both bacterial components. First, changes in the
fluorescence intensity of rhodamine labeled PDM 90/5/5
(PDMRho 90/5/5) was monitored in the presence of
lipoteichoic acid (LTA) using fluorescence spectroscopy.

PDMRho 90/5/5 was prepared by adding 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B
sulfonyl) lipid to the formulation. The intensity of the
formulation was then measured in a black 96-well plate as
the baseline fluorescence reading. After adding an equal
volume of LTA, the percentage change in intensity was
calculated. As shown in Figure 3A, a significant reduction in
the fluorescence intensity (17.21 ± 3.11%) of PDMRho 90/5/5
was observed which confirms the binding affinity of LTA to the
formulation. Because 1,2-dioleoyl-sn-glycero-3-phosphoetha-
nolamine-N-(lissamine rhodamine B sulfonyl) is a headgroup
labeled phospholipid, binding of LTA to the surface shields the
exposed fluorophore and accounts for the reduction in the
fluorescence intensity of the formulation.
Physicochemical similarities have been observed between

LTA and LPS, and both biopolymers display a net negative
charge.35 In fact, the phosphate rich molecules on LTA provide
a “continuum of negative” charge that drive their interactions
with cationic materials via electrostatic interactions.36,37

Therefore, we also studied the binding of the formulation to
AlexaFluor 594 labeled LPS. To understand the effect of the
surface chemistries on the observed binding affinity, PD 95/5
and PDC 90/5/5 formulations were included in the study as
controls. As shown in Figure S3A, the PD 95/5 formulation
showed the greatest fluorescence change 142.82 ± 3.35%. The
PDC 90/5/5 and the PDM 90/5/5 formulations recorded
fluorescence changes of 133.83 ± 1.68% (p < 0.05) and 103.94
± 2.18% (p < 0.0001), respectively, which were significantly
lower. We directly correlate this observation with the zeta
potential measurements (PD > PDC 90/5/5 > PDM 90/5/5)
at physiological pH and therefore postulate that the observed
variations are highly dependent on electrostatic interactions.

Figure 3. Effect of biofilm matrix components and extracellular enzymes. (A) Effect of LTA on fluorescence intensity of PDMRhod 90/5/5 at pH
5.5. (B) Effect of Alexa 594 dextran on fluorescence intensity of the PDM 90/5/5 formulation. (C) Effect of lipase on the size of the PDM 90/5/5
formulations. (D) Effect of α-hemolysin on the absorbance peak of ssDNA. (E) Effect of α-hemolysin on the size of vancomycin-loaded DNA
nanogel. (F) Effect of pH on S. aureus interaction with the PDM 90/5/5 formulation.
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To confirm this, changes in fluorescence intensity was
measured at acidic pH (pH 5.5). As shown in Figure S3B,
no significant difference was observed between the PD 95/5
(101.54 ± 1.85%) and PDC 90/5/5 (93.43 ± 1.92%)
formulation. This can be attributed to the highly cationic
surface potential of these two formulations at pH 5.5.
Conversely, the PDM 90/5/5 formulation showed a
fluorescence increase of 58.14 ± 5.05% which was significantly
lower that both the PD 95/5 and PDC 90/5/5 formulations
and confirms our assessment. The relatively lower interactions
of the formulation at acidic pH with LPS can be attributed to
structural modifications of LPS under mildly acidic conditions
due to hydrolysis as previously described in literature.38,39

Next, we investigated the binding affinity of the optimized
PDM 90/5/5 formulation to polysaccharide components of
the biofilm matrix using dextran as our model. Dextran is a
well-known polymer that can be found in the EPS matrix of
biofilms.40 It is believed that extracellular polysaccharides
found in dental plagues (from cariogenic bacteria) were
dextran-like polymers and contribute to the development of
dental plagues. Moreover, given its chemical simplicity, it is a
useful model41 to study nanoparticle interactions with the EPS
matrix. By monitoring changes in fluorescence intensity, the
interactions between Alexa 594 labeled dextran and the
optimized formulation was studied. As shown in Figure 3B,
in the absence of PDM 90/5/5, the measured fluorescence
intensity of dextran was 50534.67 arbitrary units (a.u.). In
presence of PDM 90/5/5, a concentration-dependent increase
in the fluorescence intensity of fluorescently labeled dextran
was observed. For instance, formulations diluted 1600×
showed a smaller (14.80 ± 6.45%) increase in the fluorescence
intensity compared with the 200× diluted formulation (46.41
± 7.19%). Overall, the observed changes in the fluorescence
intensity correlate the binding of the PDM 90/5/5
formulations to dextran.
Bacterial lipases are valuable extracellular enzymes produced

by several bacterial species (e.g., P. aeruginosa, Pseudomonas
f luorescens, Bacillus subtilis).42 These enzymes commonly
known as triacylglycerol acylhydrolase catalyze the hydrolysis
of lipids (e.g., triglycerides, acylglycerols, and carboxyles-
terases) by attacking ester bonds present on the lipid chain.43

Given the susceptibility of lipid-based carriers to lipolysis,
antimicrobial formulations with controlled carrier degradation
can be designed to stimulate drug release for the prevention
and eradication of biofilms. For instance, Chen and co-workers
recently developed lipase-sensitive micelles for the simulta-
neous release of azithromycin.44 Amphiphilic block copolymers
of octadecylamino-terminated polyaspartamide were conju-
gated with azithromycin for micelle fabrication. The authors
demonstrated that the grafted drug was released in response to
lipases to attack bacteria and destroy the biofilms. Thus, to
investigate the sensitivity of the optimized zwitterionic
formulation to lipolysis, changes in the size of the PDM 90/
5/5 formulation was monitored over 24 h in the presence of
varying concentrations of lipase. As shown in Figure 3C, a
dose- and time-dependent degradation of the carrier was
observed following exposure to lipase. For instance, after
exposure to 1 mg/mL lipase, a change in the size of the PDM
90/5/5 was observed from 224.27 ± 1.08 nm (at 1 h) to 193.5
± 2.7 nm (after 24 h). Upon exposure to higher concentrations
of lipase (8 mg/mL), a time-dependent degradation was
observed only up until 2 h. No change in the size of the carrier
was observed at 5 and 24 h. We attribute this observation to

the complete degradation of the lipids at lipase concentrations
of 8 mg/mL. These results further imply the sensitivity of the
formulation to degradative lipase enzyme.
An astounding array of toxins isolated from bacterial

pathogens assist bacteria colonization and ensure cell survival
by taking over vital processes.45 Among the toxins, α-
hemolysin (Hla) is a potent epithelial toxin that binds a
variety of cells (e.g., erythrocytes, monocytes, and endothelial
cells) and contributes to bacteria pathogenesis in skin
infections.46 For instance, isogenic Hla-negative strains
exhibited little or no dermo necrotic skin lesions in mice,
while the wild-type USA300 strains produced dermo necrotic
lesions.47 Conversely, in the same study, immunization with
Hla-specific antisera or the nontoxic form of Hla significantly
reduced the size of the skin lesions. Because the lethality of Hla
is associated with its pore forming action on cells, engineered
nanoparticles that function as decoys via their interactions with
the toxins offer new opportunities as antitoxin formulations.48

In addition to the membrane-damaging activity of the
hemolysins, other studies have hinted at alternative functions
for these virulent factors. For instance, β-hemolysin can
covalently oligomerize and precipitate DNA.49 Additionally,
Hla mediated channel formation has drawn immense interest
as a method for predominantly detecting DNA.50 To explore
the interactions between the released DNA nanoparticles and
Hla, changes in the absorbance spectra of DNA and the effect
on nanoparticle size was investigated. A dose-dependent
reduction in the absorbance peak of ssDNA was observed
with increasing concentration of Hla, as shown in Figure 3D.
For instance, the UV band at 260 nm gave an absorbance of
0.137 ± 0.005 a.u. in the presence of 8 μg/mL of the toxin
compared to the DNA alone (0.1623 ± 0.0015 a.u.) or the
toxin alone (0.054 ± 0.001 a.u.). Comparatively, at the lowest
concentration tested (1 μg/mL), an absorbance reading of
0.155 ± 0.008 a.u. was recorded. Next, we evaluated the effect
of the toxin on the size of the DNA nanoparticles using DLS.
As shown in Figure 3E, in the absence of the toxin, the size of
the nanoparticles was 58.08 ± 2.91 nm. A significant increase
in the size of the nanoparticles (165.47 ± 20.72 nm) was
observed in the presence of 8 μg/mL, confirming the strong
binding affinity between the toxin and the DNA nanoparticles.
These results demonstrate the potential capacity of the
entrapped nanoparticles to mediate Hla toxicity by interacting
with the toxin.
The pH-dependent binding of the PDM 90/5/5 formulation

to bacteria was evaluated by monitoring changes in zeta
potential. As shown in Figure 3F, the zeta potential of
planktonic S. aureus was highly anionic at both physiological
and acidic pH conditions (4.6−7.4). The zeta potential of the
PDM 90/5/5 formulation was increasingly cationic as the pH
reduced. Because of the binding of the formulation to the
bacteria, a drop in the surface potential of the formulation was
observed. This was more significant at lower pH conditions of
5.5 (p < 0.001) and 4.6 (p < 0.001) compared with pH 6.7 (p
< 0.01). No difference in the surface potential of the
formulation was seen at physiological pH due to the neutral
surface potential of the PDM 90/575 formulation.

3.5. Encapsulation Efficiency and In Vitro Release
Profile. High drug entrapment is advantageous to sustain
therapeutic concentrations of antimicrobials within the
infection site. While the surface chemistry of nanomaterials
can enhance the performance of antibacterial drugs, it is
prudent to ensure that surface modification does not hamper
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drug encapsulation or release negatively. Therefore, to probe
the effect of the surface modification on the drug entrapment,
the encapsulation efficiency of vancomycin was quantified via
dialysis. As shown in Figure 4A, we observed no significant
difference between the entrapment of vancomycin in the PD
formulation (67.8 ± 3.39%) and the PDM formulation (68.05
± 4.45%). The observed entrapment efficiency was lesser than
previous reports using neutral lipids (76.59 ± 3.44%).15 We
propose that the reduced entrapment can be attributed to
competition between DODMA and vancomycin and/or
repulsion between the anionic DNA nanoparticles and PPM
lipid. Nevertheless, the PDM formulation still retained a higher
loading of vancomycin than the vancomycin loaded liposomes
(64.64 ± 0.73%) from the study.15

DDS with stimuli-responsiveness can prevent premature
degradation, sustain the release, and increase the local
bioavailability of the drug at the desired target site.51

Therefore, the release behavior of vancomycin from the
PDM formulation at physiological pH and in the presence of
bacterial lipase was assessed using the Franz diffusion cell. As
shown in Figure 4B, PD 95/5 formulation released 40.58 ±
2.85% of vancomycin within 12 h. The total drug release at 24

h was approximately 50.21 ± 1.78%. No significant difference
was observed for the PDM 90/5/5 formulation (34.05 ±
5.43%) after 12 h. After 24 h, 49.57 ± 1.46% of vancomycin
was release from the PDM 90/5/5 formulation, which was like
the PD 95/5 formulation. Conversely, approximately 43.53 ±
4.45% and 91.06 ± 1.86% of free vancomycin was released
within 1 and 24 h, respectively (Figure 4B). These results
demonstrate that the zwitterionic formulations sustained the
released of vancomycin over 24 h. Additionally, they provide
an indication that the surface potential of the two formulations
did not play a significant role in the release kinetics of the
entrapped antibiotic. Toward eliminating premature drug
release from formulations, other saccharides such as alginate
and chitosan have been used to modify liposomal formula-
tions.43,44 For instance, liposomes coated with palmitoyl
dextran were fabricated for the release of hirudin. Although
the formulations sustained the release of hirudin over 600 h,
the authors reported a burst release of 30% within 5 h.
Comparatively, the PDM 90/5/5 formulation sustained the
release of vancomycin over 4 h (17.42 ± 1.91).
Next the release profile was assessed in the presence of

different concentrations of lipase. As shown in Figure 4C in the

Figure 4. Entrapment efficiency and drug release measurements. (A) Effect of surface modification on the entrapment efficiency of vancomycin (n
= 2). (B) In vitro drug release measurements of free vancomycin, PD 95/5 and PDM 90/5/5 at pH 7.4. (C) In vitro drug release measurements of
free vancomycin, PDM 90/5/5 in the presence of different concentrations of lipase. Values based on mean ± SD, n = 3.

Figure 5. In vitro antibiofilm efficacy of the PDM 90/5/5 formulations. (A) Effect of the PDM 90/5/5 formulation on biofilm inhibition and crystal
violet staining image. Values based on mean ± SD, n = 3. (B) Effect of the PDM 90/5/5 formulation on early stage biofilm eradication and crystal
violet staining image. Values based on mean ± SD, n = 3.
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presence of 1 mg/mL of the enzyme, we observed no
difference in the release behavior of the PDM 90/5/5
formulation. In contrast, rapid release profiles were seen at
higher lipase concentrations of 4 and 8 mg/mL. These results
clearly indicate the lipase-sensitive release of vancomycin from
PDM formulations in agreement with the size assessments
(Figure 3C).
3.6. In Vitro Antibiofilm Activity. Biofilm resistance is a

precursor to delayed healing of chronic wounds and imposes
extreme microbial tolerance to antibiotic therapy.52 Because of
the strongly adherent nature of biofilms to surrounding tissues,
physical strategies such a debridement are unable to
completely remove the entire bioburden.53 Antibiotics
represent the current choice of treatment to eradicate biofilms,
but their successful accumulation within biofilms is challenging
because of poor penetration, instability, and rapid degradation
in the wound environment.54 Additionally, the poor blood
circulation in chronic wounds warrants suitable delivery
approaches (e.g., local administration) to overcome the
limitations of systemic antibiotics.54 While zwitterionic lipid-
based systems with multifunctional features can enable self-
targeting of microbial biofilms and mediate toxicity, high
potency against biofilms is essential for their clinical trans-
lation. We first evaluated the ability of the optimized
formulation to prevent the attachment of bacteria by
performing biofilm inhibitory assays against S. aureus. Using

the GFP-expressing S. aureus ((NCTC 8325 pCM29-GFP),
changes in bacterial fluorescence was monitored over 24 h.
Following treatment with 0.5 μg/mL of vancomycin loaded
into the zwitterionic nanoparticles, no significant reduction in
biofilm formation was observed in comparison to the untreated
control group (100%) (Figure 5A).
Exposure to a higher concentration of 1 μg/mL led to a

significantly lower relative fluorescence intensity (0.32 ±
0.02%) of the bacteria, which demonstrates complete
inhibition of the biofilm growth. To correlate the fluorescence
readings to the biomass, the well-established crystal violet
(CV) staining method was performed. Correspondingly, a
significant reduction in the biofilm mass was observed at 1 μg/
mL of the vancomycin-loaded nanoparticles and at higher
concentrations (Figure 5A). For instance, at 1 μg/mL, the
measured biofilm mass was ∼26.1% (as compared with 100%
for untreated control group) (Figure S4A). At higher
concentrations (2−8 μg/mL), we observed ∼87% reduction
in the biomass following treatment with the formulations.
Next, we assessed the efficacy of the formulations against

early stage biofilms grown for 6 h. As shown in Figure 5B, at 1
μg/mL of vancomycin, a significantly reduced biofilm
bioburden was demonstrated with a relative fluorescence
intensity of 83.98 ± 11.92%. At higher concentrations of 5 μg/
mL, a further improved eradication profile with a relative
fluorescence intensity of 4.05 ± 2.77% was observed. CV

Figure 6. In vitro biofilm binding and penetration, biocompatibility, and ex vivo antibiofilm efficacy of the PDM 90/5/5 formulations. (A) CLSM
3D-images of GFP-labeled S. aureus biofilms after exposure PDMRho 90/5/5 (50 μg/mL) for 0, 30, and 120 min. (B) Cytotoxicity of free
vancomycin and formulations against HaCaT cells. Values based on mean ± SD, n = 3. (C) Effect of the PDM 90/5/5 formulation on an ex vivo
porcine biofilm model. Data presented as mean ± SD (n = 3).
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staining correlated the above-mentioned fluorescence findings.
A drastically reduced biofilm mass of 69.8 ± 8.05% was
observed when exposed to 5 μg/mL PDM 90/5/5 as shown in
Figure S4B. At 50 μg/mL PDM 90/5/5, we observed ∼80%
reduction in the biomass. These findings indicate that while
the zwitterionic nanoparticles sustained vancomycin release, it
preserved the antimicrobial activity of vancomycin when
present at the targeted bacterial site.
3.7. Biofilm Penetration, Biocompatibility, and Ex

Vivo Efficacy. Failed treatment of wound infections can often
be attributed to the restricted penetration of antimicrobials. To
enhance local drug accumulation within the infection site, DDS
that bind and penetrate the layers of the biofilm to deliver the
cargo are warranted. Thus, we investigated the penetration of
the zwitterionic nanoparticles through the biofilms via confocal
laser scanning microscopy. The time-dependent penetration of
the rhodamine labeled formulations (PDMRho 90/5/5) was
investigated within mature S. aureus biofilms. As shown in
Figure 6A, after 30 min of exposure to PDMRho 90/5/5 (50
μg/mL), a weak red fluorescence within mature S. aureus
biofilms and a dominant green fluorescence from the bacteria
was observed.
However, after 120 min of exposure to the formulations,

increased red fluorescence from rhodamine B was observed.
More importantly, the merged image of the two fluorophores
showed colocalization of the PDMRho 90/5/5 with the biofilm
which confirms EPS penetration and bacterial uptake (within
the biofilm). These results corroborate the binding affinity of
the formulation with the biofilm and demonstrate rapid
accumulation of the formulation in S. aureus biofilms within
2h.
Nonbiological pharmaceutical products can induce un-

wanted immune responses and/or other undesired side effects.
To ascertain the biocompatibility of the optimized formulation
and the effect of surface modification on toxicity, we compared
the effect of free vancomycin to the vancomycin loaded
formulations on keratinocyte cells (HaCaT) in vitro. Free
vancomycin at 1 μg/mL to 50 μg/mL demonstrated negligible
toxicity as shown in Figure 6B. Exposure to 50 μg/mL of the
cationic PD 95/5 for 24 h resulted in significantly lower
cellular viability (47,02 ± 4.03%) compared to the untreated
control group (i.e., 0 μg/mL of PD 95/5). Formulations that
cause reduced viability (<70%) in vitro indicate undesired
toxicity.55 This implies a concentration-dependent toxicity for
the PD 95/5 formulations. However, exposure to 50 μg/mL of
PDC 90/5/5 resulted in a slightly improved viability of 76,28
± 3.07%. Conversely, when the cells were exposed to PDM
90/5/5 at the same concentration, the viability exceeded 80%
(i.e., 86.57 ± 3.79%), which indicates a good degree of
biocompatibility toward HaCaT cells. We posit that this
observation can be attributed to the modulation of the surface
potential in the PDM zwitterionic (−0.02 ± 1.89 mV)
formulation, compared with the highly cationic formulations;
PD (+23.09 mV ± 3.46 mV) and PDC (+14.39 ± 2.30 mV)
formulations. Previous studies have shown that cationic lipid-
based nanoparticles exhibit greater toxicity compared with
neutral or anionic nanoparticles.25,26 In another study,
liposomes with highly cationic zeta potentials were more
toxic compared with liposomes with lower zeta potentials.56

To further assess the translational value of the zwitterionic
nanoparticles, the ability of PDM 90/5/5 formulations to
eradicate mature cutaneous biofilms was investigated using an
ex vivo porcine explant model. As shown in Figure 6C, a

fluorescence intensity of 39058.7 ± 3779.1 arbitrary units
(a.u.) was observed 24 h after biofilm establishment.
Conversely, a significant reduction in fluorescence intensity
(17124 ± 884.6) on the skin sections was observed after the
PDM 90/5/5 formulation was topically applied to the mature
biofilms. This resulted in a percentage fluorescence reduction
of 56.16 ± 2.26% and indicates the antibiofilm capacity of the
formulation within 24 h. These findings correlate with the in
vitro results and reveal the antimicrobial potency of the PDM
90/5/5 formulation as well as demonstrates their potential as
an effective delivery system in topical biofilm therapy.

4. CONCLUSION
A series of zwitterionic nanoparticles were fabricated to limit
the establishment of cutaneous biofilm infections. The
optimized nanocarrier (PDM 90/5/5) was loaded with
antimicrobial nucleic acid nanoparticles and complexed with
a neutral (90 mol % SPC), anionic (5 mol % PPM), and
ionizable (5 mol % DODMA) lipid. Upon exposure to
microbial pH conditions, the neutrally charged nanocarrier
displayed a cationic surface potential to enhance bacteria
interaction and biofilm penetration. Lipolysis of the PDM 90/
5/5 formulation in response to lipases sustained the release of
the carrier (to bind α-hemolysin) and vancomycin (to prevent
the establishment of S. aureus biofilms). By manipulating the
composition of the lipids, PDM 90/5/5 significantly reduced
the toxicity of the cationic control and showed significant ex
vivo potency against S. aureus skin infections. Altogether, this
multiresponsive nanosystem is an efficient carrier for nucleic
acid therapeutics and peptide drugs, and is potent against
biofilm infections.
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Natasǎ Škalko-Basnet − Drug Transport and Delivery
Research Group, Department of Pharmacy, UIT The Arctic
University of Norway, Tromsø 9037, Norway; orcid.org/
0000-0002-4301-2840

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.biomac.1c01274

Author Contributions
The manuscript was written through contributions of all
authors. All authors have given approval to the final version of
the manuscript.
Funding
The authors would like to acknowledge Marie Skłodowska-
Curie Individual Fellowship (grant agreement no. 834811)
awarded to S.O. and the Department of Pharmacy at UiT for
research funding.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors are thankful to Prof. Pal̊ J. Johnsen and Dr.
Elizabeth G. A. Fredheim for support with research equipment
and Lipoid GmbH (Germany) for providing Lipoid S100. The
authors are thankful to Tom-Ivar Eilertsen, Randi Olsen, and
Augusta Hlin Aspar Sundbø at Advanced Microscopy Core
Facility (AMCF) at UiT for valuable guidance on microscopy.

■ REFERENCES
(1) Karygianni, L.; Ren, Z.; Koo, H.; Thurnheer, T. Biofilm
Matrixome: Extracellular Components in Structured Microbial
Communities. Trends Microbiol. 2020, 28 (8), 668−681.
(2) Jamal, M.; Ahmad, W.; Andleeb, S.; Jalil, F.; Imran, M.; Nawaz,
M. A.; Hussain, T.; Ali, M.; Rafiq, M.; Kamil, M. A. Bacterial biofilm
and associated infections. J. Chin. Med. Assoc. 2018, 81 (1), 7−11.
(3) Sharma, D.; Misba, L.; Khan, A. U. Antibiotics versus biofilm: an
emerging battleground in microbial communities. Antimicrob Resist
Infect Control 2019, 8, 76.
(4) Duan, Y.; He, K.; Zhang, G.; Hu, J. Photoresponsive Micelles
Enabling Codelivery of Nitric Oxide and Formaldehyde for
Combinatorial Antibacterial Applications. Biomacromolecules 2021,
22 (5), 2160−2170.
(5) Koo, H.; Allan, R. N.; Howlin, R. P.; Stoodley, P.; Hall-Stoodley,
L. Targeting microbial biofilms: current and prospective therapeutic
strategies. Nat. Rev. Microbiol. 2017, 15 (12), 740−755.
(6) Khan, J.; Tarar, S. M.; Gul, I.; Nawaz, U.; Arshad, M. Challenges
of antibiotic resistance biofilms and potential combating strategies: a
review. 3 Biotech 2021, 11 (4), 169.
(7) Le, H.; Arnoult, C.; De, E.; Schapman, D.; Galas, L.; Le Cerf, D.;
Karakasyan, C. Antibody-Conjugated Nanocarriers for Targeted
Antibiotic Delivery: Application in the Treatment of Bacterial
Biofilms. Biomacromolecules 2021, 22 (4), 1639−1653.
(8) Sun, Y.; Liu, Y.; Zhang, B.; Shi, S.; Zhang, T.; Zhao, D.; Tian, T.;
Li, Q.; Lin, Y. Erythromycin loaded by tetrahedral framework nucleic
acids are more antimicrobial sensitive against Escherichia coli (E.
coli). Bioact Mater. 2021, 6 (8), 2281−2290.
(9) Obuobi, S.; Mayandi, V.; Nor, N. A. M.; Lee, B. J.;
Lakshminarayanan, R.; Ee, P. L. R. Nucleic acid peptide nanogels
for the treatment of bacterial keratitis. Nanoscale 2020, 12 (33),
17411−17425.
(10) Chi, Q. J.; Yang, Z. C.; Xu, K.; Wang, C. L.; Liang, H. P. DNA
Nanostructure as an Efficient Drug Delivery Platform for
Immunotherapy. Front. Pharmacol. 2020, 10, 1−17.
(11) Nicolson, F.; Ali, A.; Kircher, M. F.; Pal, S. DNA
Nanostructures and DNA-Functionalized Nanoparticles for Cancer
Theranostics. Adv. Sci. (Weinh) 2020, 7 (23), 2001669.

(12) Hui, L.; Xu, A.; Liu, H. DNA-Based Nanofabrication for
Antifouling Applications. Langmuir 2019, 35 (38), 12543−12549.
(13) Mela, I.; Vallejo-Ramirez, P. P.; Makarchuk, S.; Christie, G.;
Bailey, D.; Henderson, R. M.; Sugiyama, H.; Endo, M.; Kaminski, C.
F. DNA Nanostructures for Targeted Antimicrobial Delivery. Angew.
Chem., Int. Ed. 2020, 59 (31), 12698−12702.
(14) Hu, S. Q.; Yi, T. T.; Huang, Z. C.; Liu, B. W.; Wang, J. X.; Yi,
X. Y.; Liu, J. W. Etching silver nanoparticles using DNA. Mater. Horiz.
2019, 6 (1), 155−159.
(15) Obuobi, S.; Julin, K.; Fredheim, E. G. A.; Johannessen, M.;
Skalko-Basnet, N. Liposomal delivery of antibiotic loaded nucleic acid
nanogels with enhanced drug loading and synergistic anti-inflamma-
tory activity against S. aureus intracellular infections. J. Controlled
Release 2020, 324, 620−632.
(16) Pang, Y. Y.; Schwartz, J.; Thoendel, M.; Ackermann, L. W.;
Horswill, A. R.; Nauseef, W. M. agr-Dependent interactions of
Staphylococcus aureus USA300 with human polymorphonuclear
neutrophils. J. Innate Immun. 2010, 2 (6), 546−59.
(17) Obuobi, S.; Tay, H. K.; Tram, N. D. T.; Selvarajan, V.; Khara, J.
S.; Wang, Y.; Ee, P. L. R. Facile and efficient encapsulation of
antimicrobial peptides via crosslinked DNA nanostructures and their
application in wound therapy. J. Controlled Release 2019, 313, 120−
130.
(18) Singh, N.; Romero, M.; Travanut, A.; Monteiro, P. F.; Jordana-
Lluch, E.; Hardie, K. R.; Williams, P.; Alexander, M. R.; Alexander, C.
Dual bioresponsive antibiotic and quorum sensing inhibitor
combination nanoparticles for treatment of Pseudomonas aeruginosa
biofilms in vitro and ex vivo. Biomater. Sci. 2019, 7 (10), 4099−4111.
(19) Hafez, I. M.; Cullis, P. R. Cholesteryl hemisuccinate exhibits
pH sensitive polymorphic phase behavior. Biochim. Biophys. Acta,
Biomembr. 2000, 1463 (1), 107−14.
(20) Sun, X.; Zhang, Z. Optimizing the novel formulation of
liposome-polycation-DNA complexes (LPD) by central composite
design. Arch. Pharmacal Res. 2004, 27 (7), 797−805.
(21) Fillion, P.; Desjardins, A.; Sayasith, K.; Lagace, J. Encapsulation
of DNA in negatively charged liposomes and inhibition of bacterial
gene expression with fluid liposome-encapsulated antisense oligonu-
cleotides. Biochim. Biophys. Acta, Biomembr. 2001, 1515 (1), 44−54.
(22) Mozafari, M. R.; Hasirci, V. Mechanism of calcium ion induced
multilamellar vesicle-DNA interaction. J. Microencapsulation 1998, 15
(1), 55−65.
(23) Grit, M.; Crommelin, J. A. Chemical-Stability of Liposomes -
Implications for Their Physical Stability. Chem. Phys. Lipids 1993, 64
(1−3), 3−18.
(24) Bhattacharjee, S. DLS and zeta potential - What they are and
what they are not? J. Controlled Release 2016, 235, 337−351.
(25) Smistad, G.; Jacobsen, J.; Sande, S. A. Multivariate toxicity
screening of liposomal formulations on a human buccal cell line. Int. J.
Pharm. 2007, 330 (1−2), 14−22.
(26) Dokka, S.; Toledo, D.; Shi, X. G.; Castranova, V.; Rojanasakul,
Y. Oxygen radical-mediated pulmonary toxicity induced by some
cationic liposomes. Pharm. Res. 2000, 17 (5), 521−525.
(27) Sudimack, J. J.; Guo, W.; Tjarks, W.; Lee, R. J. A novel pH-
sensitive liposome formulation containing oleyl alcohol. Biochim.
Biophys. Acta, Biomembr. 2002, 1564 (1), 31−7.
(28) Mann, E. E.; Wozniak, D. J. Pseudomonas biofilm matrix
composition and niche biology. FEMS Microbiol Rev. 2012, 36 (4),
893−916.
(29) Sorroche, F.; Bogino, P.; Russo, D. M.; Zorreguieta, A.; Nievas,
F.; Morales, G. M.; Hirsch, A. M.; Giordano, W. Cell Autoag-
gregation, Biofilm Formation, and Plant Attachment in a Sinorhi-
zobium meliloti lpsB Mutant. Mol. Plant-Microbe Interact. 2018, 31
(10), 1075−1082.
(30) Coulon, C.; Vinogradov, E.; Filloux, A.; Sadovskaya, I.
Chemical analysis of cellular and extracellular carbohydrates of a
biofilm-forming strain Pseudomonas aeruginosa PA14. PLoS One
2010, 5 (12), e14220.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c01274
Biomacromolecules XXXX, XXX, XXX−XXX

L

https://orcid.org/0000-0002-4301-2840
https://orcid.org/0000-0002-4301-2840
https://pubs.acs.org/doi/10.1021/acs.biomac.1c01274?ref=pdf
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1016/j.jcma.2017.07.012
https://doi.org/10.1016/j.jcma.2017.07.012
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.1021/acs.biomac.1c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00251?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1007/s13205-021-02707-w
https://doi.org/10.1007/s13205-021-02707-w
https://doi.org/10.1007/s13205-021-02707-w
https://doi.org/10.1021/acs.biomac.1c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.1c00082?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bioactmat.2020.12.027
https://doi.org/10.1016/j.bioactmat.2020.12.027
https://doi.org/10.1016/j.bioactmat.2020.12.027
https://doi.org/10.1039/D0NR03095C
https://doi.org/10.1039/D0NR03095C
https://doi.org/10.3389/fphar.2019.01585
https://doi.org/10.3389/fphar.2019.01585
https://doi.org/10.3389/fphar.2019.01585
https://doi.org/10.1002/advs.202001669
https://doi.org/10.1002/advs.202001669
https://doi.org/10.1002/advs.202001669
https://doi.org/10.1021/acs.langmuir.9b01569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.9b01569?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202002740
https://doi.org/10.1039/C8MH01126E
https://doi.org/10.1016/j.jconrel.2020.06.002
https://doi.org/10.1016/j.jconrel.2020.06.002
https://doi.org/10.1016/j.jconrel.2020.06.002
https://doi.org/10.1159/000319855
https://doi.org/10.1159/000319855
https://doi.org/10.1159/000319855
https://doi.org/10.1016/j.jconrel.2019.10.013
https://doi.org/10.1016/j.jconrel.2019.10.013
https://doi.org/10.1016/j.jconrel.2019.10.013
https://doi.org/10.1039/C9BM00773C
https://doi.org/10.1039/C9BM00773C
https://doi.org/10.1039/C9BM00773C
https://doi.org/10.1016/S0005-2736(99)00186-8
https://doi.org/10.1016/S0005-2736(99)00186-8
https://doi.org/10.1007/BF02980151
https://doi.org/10.1007/BF02980151
https://doi.org/10.1007/BF02980151
https://doi.org/10.1016/S0005-2736(01)00392-3
https://doi.org/10.1016/S0005-2736(01)00392-3
https://doi.org/10.1016/S0005-2736(01)00392-3
https://doi.org/10.1016/S0005-2736(01)00392-3
https://doi.org/10.3109/02652049809006835
https://doi.org/10.3109/02652049809006835
https://doi.org/10.1016/0009-3084(93)90053-6
https://doi.org/10.1016/0009-3084(93)90053-6
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.jconrel.2016.06.017
https://doi.org/10.1016/j.ijpharm.2006.08.044
https://doi.org/10.1016/j.ijpharm.2006.08.044
https://doi.org/10.1023/A:1007504613351
https://doi.org/10.1023/A:1007504613351
https://doi.org/10.1016/S0005-2736(02)00399-1
https://doi.org/10.1016/S0005-2736(02)00399-1
https://doi.org/10.1111/j.1574-6976.2011.00322.x
https://doi.org/10.1111/j.1574-6976.2011.00322.x
https://doi.org/10.1094/MPMI-01-18-0004-R
https://doi.org/10.1094/MPMI-01-18-0004-R
https://doi.org/10.1094/MPMI-01-18-0004-R
https://doi.org/10.1371/journal.pone.0014220
https://doi.org/10.1371/journal.pone.0014220
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(31) Schooling, S. R.; Beveridge, T. J. Membrane vesicles: an
overlooked component of the matrices of biofilms. J. Bacteriol. 2006,
188 (16), 5945−57.
(32) Jabbouri, S.; Sadovskaya, I. Characteristics of the biofilm matrix
and its role as a possible target for the detection and eradication of
Staphylococcus epidermidis associated with medical implant
infections. FEMS Immunol. Med. Microbiol. 2010, 59 (3), 280−91.
(33) Sadovskaya, I.; Chaignon, P.; Kogan, G.; Chokr, A.;
Vinogradov, E.; Jabbouri, S. Carbohydrate-containing components
of biofilms produced in vitro by some staphylococcal strains related to
orthopaedic prosthesis infections. FEMS Immunol. Med. Microbiol.
2006, 47 (1), 75−82.
(34) Kogan, G.; Sadovskaya, I.; Chaignon, P.; Chokr, A.; Jabbouri, S.
Biofilms of clinical strains of Staphylococcus that do not contain
polysaccharide intercellular adhesin. FEMS Microbiol. Lett. 2006, 255
(1), 11−6.
(35) Warshakoon, H. J.; Burns, M. R.; David, S. A. Structure-activity
relationships of antimicrobial and lipoteichoic acid-sequestering
properties in polyamine sulfonamides. Antimicrob. Agents Chemother.
2009, 53 (1), 57−62.
(36) Swoboda, J. G.; Campbell, J.; Meredith, T. C.; Walker, S. Wall
teichoic acid function, biosynthesis, and inhibition. ChemBioChem
2010, 11 (1), 35−45.
(37) Neuhaus, F. C.; Baddiley, J. A continuum of anionic charge:
structures and functions of D-alanyl-teichoic acids in gram-positive
bacteria. Microbiol. Mol. Biol. Rev. 2003, 67 (4), 686−723.
(38) Martinic, M.; Hoare, A.; Contreras, I.; Alvarez, S. A.
Contribution of the lipopolysaccharide to resistance of Shigella
flexneri 2a to extreme acidity. PLoS One 2011, 6 (10), e25557.
(39) Brade, H.; Galanos, C. Isolation, purification, and chemical
analysis of the lipopolysaccharide and lipid A of Acinetobacter
calcoaceticus NCTC 10305. Eur. J. Biochem. 1982, 122 (2), 233−7.
(40) Sutherland, I. Biofilm exopolysaccharides: a strong and sticky
framework. Microbiology (London, U. K.) 2001, 147 (1), 3−9.
(41) Duanis-Assaf, D.; Duanis-Assaf, T.; Zeng, G.; Meyer, R. L.;
Reches, M.; Steinberg, D.; Shemesh, M. Cell wall associated protein
TasA provides an initial binding component to extracellular
polysaccharides in dual-species biofilm. Sci. Rep. 2018, 8 (1), 9350.
(42) Chandra, P.; Enespa; Singh, R.; Arora, P. K. Microbial lipases
and their industrial applications: a comprehensive review. Microb. Cell
Fact. 2020, 19, 169.
(43) Dully, M.; Brasnett, C.; Djeghader, A.; Seddon, A.; Neilan, J.;
Murray, D.; Butler, J.; Soulimane, T.; Hudson, S. P. Modulating the
release of pharmaceuticals from lipid cubic phases using a lipase
inhibitor. J. Colloid Interface Sci. 2020, 573, 176−192.
(44) Chen, M.; Wei, J.; Xie, S.; Tao, X.; Zhang, Z.; Ran, P.; Li, X.
Bacterial biofilm destruction by size/surface charge-adaptive micelles.
Nanoscale 2019, 11 (3), 1410−1422.
(45) do Vale, A.; Cabanes, D.; Sousa, S. Bacterial Toxins as
Pathogen Weapons Against Phagocytes. Front. Microbiol. 2016, 7, 42.
(46) Seilie, E. S.; Bubeck Wardenburg, J. Staphylococcus aureus
pore-forming toxins: The interface of pathogen and host complexity.
Semin. Cell Dev. Biol. 2017, 72, 101−116.
(47) Kennedy, A. D.; Wardenburg, J. B.; Gardner, D. J.; Long, D.;
Whitney, A. R.; Braughton, K. R.; Schneewind, O.; DeLeo, F. R.
Targeting of alpha-hemolysin by active or passive immunization
decreases severity of USA300 skin infection in a mouse model. J.
Infect. Dis. 2010, 202 (7), 1050−1058.
(48) Fang, R. H.; Luk, B. T.; Hu, C. M.; Zhang, L. Engineered
nanoparticles mimicking cell membranes for toxin neutralization. Adv.
Drug Delivery Rev. 2015, 90, 69−80.
(49) Vandenesch, F.; Lina, G.; Henry, T. Staphylococcus aureus
hemolysins, bi-component leukocidins, and cytolytic peptides: a
redundant arsenal of membrane-damaging virulence factors? Front.
Cell. Infect. Microbiol. 2012, 2, 12.
(50) Perera, R. T.; Fleming, A. M.; Peterson, A. M.; Heemstra, J. M.;
Burrows, C. J.; White, H. S. Unzipping of A-Form DNA-RNA, A-
Form DNA-PNA, and B-Form DNA-DNA in the alpha-Hemolysin
Nanopore. Biophys. J. 2016, 110 (2), 306−314.

(51) Sanjay, S. T.; Zhou, W.; Dou, M.; Tavakoli, H.; Ma, L.; Xu, F.;
Li, X. Recent advances of controlled drug delivery using microfluidic
platforms. Adv. Drug Delivery Rev. 2018, 128, 3−28.
(52) Hurlow, J.; Couch, K.; Laforet, K.; Bolton, L.; Metcalf, D.;
Bowler, P. Clinical Biofilms: A Challenging Frontier in Wound Care.
Adv. Wound Care (New Rochelle) 2015, 4 (5), 295−301.
(53) Schwartz, J. A.; Goss, S. G.; Facchin, F.; Avdagic, E.; Lantis, J.
C. Surgical debridement alone does not adequately reduce planktonic
bioburden in chronic lower extremity wounds. J. Wound Care 2014,
23 (Sup9), S4−S13.
(54) Kaiser, P.; Wachter, J.; Windbergs, M. Therapy of infected
wounds: overcoming clinical challenges by advanced drug delivery
systems. Drug Delivery Transl. Res. 2021, 11 (4), 1545−1567.
(55) Srivastava, G. K.; Alonso-Alonso, M. L.; Fernandez-Bueno, I.;
Garcia-Gutierrez, M. T.; Rull, F.; Medina, J.; Coco, R. M.; Pastor, J. C.
Comparison between direct contact and extract exposure methods for
PFO cytotoxicity evaluation. Sci. Rep. 2018, 8, 1425.
(56) Ternullo, S.; Basnet, P.; Holsaeter, A. M.; Flaten, G. E.; de
Weerd, L.; Skalko-Basnet, N. Deformable liposomes for skin therapy
with human epidermal growth factor: The effect of liposomal surface
charge. Eur. J. Pharm. Sci. 2018, 125, 163−171.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c01274
Biomacromolecules XXXX, XXX, XXX−XXX

M

https://doi.org/10.1128/JB.00257-06
https://doi.org/10.1128/JB.00257-06
https://doi.org/10.1111/j.1574-695X.2010.00695.x
https://doi.org/10.1111/j.1574-695X.2010.00695.x
https://doi.org/10.1111/j.1574-695X.2010.00695.x
https://doi.org/10.1111/j.1574-695X.2010.00695.x
https://doi.org/10.1111/j.1574-695X.2006.00068.x
https://doi.org/10.1111/j.1574-695X.2006.00068.x
https://doi.org/10.1111/j.1574-695X.2006.00068.x
https://doi.org/10.1111/j.1574-6968.2005.00043.x
https://doi.org/10.1111/j.1574-6968.2005.00043.x
https://doi.org/10.1128/AAC.00812-08
https://doi.org/10.1128/AAC.00812-08
https://doi.org/10.1128/AAC.00812-08
https://doi.org/10.1002/cbic.200900557
https://doi.org/10.1002/cbic.200900557
https://doi.org/10.1128/MMBR.67.4.686-723.2003
https://doi.org/10.1128/MMBR.67.4.686-723.2003
https://doi.org/10.1128/MMBR.67.4.686-723.2003
https://doi.org/10.1371/journal.pone.0025557
https://doi.org/10.1371/journal.pone.0025557
https://doi.org/10.1111/j.1432-1033.1982.tb05871.x
https://doi.org/10.1111/j.1432-1033.1982.tb05871.x
https://doi.org/10.1111/j.1432-1033.1982.tb05871.x
https://doi.org/10.1099/00221287-147-1-3
https://doi.org/10.1099/00221287-147-1-3
https://doi.org/10.1038/s41598-018-27548-1
https://doi.org/10.1038/s41598-018-27548-1
https://doi.org/10.1038/s41598-018-27548-1
https://doi.org/10.1186/s12934-020-01428-8
https://doi.org/10.1186/s12934-020-01428-8
https://doi.org/10.1016/j.jcis.2020.04.015
https://doi.org/10.1016/j.jcis.2020.04.015
https://doi.org/10.1016/j.jcis.2020.04.015
https://doi.org/10.1039/C8NR05575K
https://doi.org/10.3389/fmicb.2016.00042
https://doi.org/10.3389/fmicb.2016.00042
https://doi.org/10.1016/j.semcdb.2017.04.003
https://doi.org/10.1016/j.semcdb.2017.04.003
https://doi.org/10.1086/656043
https://doi.org/10.1086/656043
https://doi.org/10.1016/j.addr.2015.04.001
https://doi.org/10.1016/j.addr.2015.04.001
https://doi.org/10.3389/fcimb.2012.00012
https://doi.org/10.3389/fcimb.2012.00012
https://doi.org/10.3389/fcimb.2012.00012
https://doi.org/10.1016/j.bpj.2015.11.020
https://doi.org/10.1016/j.bpj.2015.11.020
https://doi.org/10.1016/j.bpj.2015.11.020
https://doi.org/10.1016/j.addr.2017.09.013
https://doi.org/10.1016/j.addr.2017.09.013
https://doi.org/10.1089/wound.2014.0567
https://doi.org/10.12968/jowc.2014.23.Sup9.S4
https://doi.org/10.12968/jowc.2014.23.Sup9.S4
https://doi.org/10.1007/s13346-021-00932-7
https://doi.org/10.1007/s13346-021-00932-7
https://doi.org/10.1007/s13346-021-00932-7
https://doi.org/10.1038/s41598-018-19428-5
https://doi.org/10.1038/s41598-018-19428-5
https://doi.org/10.1016/j.ejps.2018.10.005
https://doi.org/10.1016/j.ejps.2018.10.005
https://doi.org/10.1016/j.ejps.2018.10.005
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c01274?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/series/infocus?utm_source=pdf_stamp&utm_medium=digital_ads&utm_campaign=PUBS_1221_MCF_EB_InFocus_Jrnl_PDFs&ref=pdf

