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ABSTRACT: Despite the great promise of antibiotic therapy in wound infections,
antibiotic resistance stemming from frequent dosing diminishes drug efficacy and
contributes to recurrent infection. To identify improvements in antibiotic
therapies, new antibiotic delivery systems that maximize pharmacological activity
and minimize side effects are needed. In this study, we developed elastin-like
peptide and collagen-like peptide nanovesicles (ECnVs) tethered to collagen-
containing matrices to control vancomycin delivery and provide extended
antibacterial effects against methicillin-resistant Staphylococcus aureus (MRSA).
We observed that ECnVs showed enhanced entrapment efficacy of vancomycin by
3-fold as compared to liposome formulations. Additionally, ECnVs enabled the controlled release of vancomycin at a constant rate
with zero-order kinetics, whereas liposomes exhibited first-order release kinetics. Moreover, ECnVs could be retained on both
collagen-fibrin (co-gel) matrices and collagen-only matrices, with differential retention on the two biomaterials resulting in different
local concentrations of released vancomycin. Overall, the biphasic release profiles of vancomycin from ECnVs/co-gel and ECnVs/
collagen more effectively inhibited the growth of MRSA for 18 and 24 h, respectively, even after repeated bacterial inoculation, as
compared to matrices containing free vancomycin, which just delayed the growth of MRSA. Thus, this newly developed antibiotic
delivery system exhibited distinct advantages for controlled vancomycin delivery and prolonged antibacterial activity relevant to the
treatment of wound infections.
KEYWORDS: methicillin-resistant Staphylococcus aureus (MRSA), vancomycin, collagen, hydrogel, wound dressing,
elastin-like peptide (ELP), collagen-like peptide (CLP)

1. INTRODUCTION
Wound infection is a major impediment in the healing of
chronic wounds, leading to serious life-threatening complica-
tions such as tissue necrosis, hemorrhage, and low-extremity
amputations.1−3 Wound infection is usually characterized by
an excessive inflammatory response involving immune cells,
which are recruited by the release of toxins from bacteria
colonizing the wound.4,5 Further, colonies of pathogenic
bacteria, including the Gram-negative bacterium Pseudomonas
aeruginosa and the Gram-positive bacteriumStaphylococcus
aureus, form fibrous biofilms, which make it more challenging
for the host’s clearance mechanisms to eradicate bacterial
colonies from the wound and stimulate wound repair.6−8 Thus,
approaches to inhibit the growth of the bacterial populations in
wound beds have been a target of drug delivery therapies for
the treatment and prevention of wound infection while
promoting wound healing.
Numerous topical formulations for wounds have been

developed to manage and prevent wound infection.9−11

Synthetic and natural materials-based wound dressings in the
form of hydrogels and films have been applied on the wound
site to provide a moist environment, maintain the tissue
temperature, and aid the wound healing process.12−14 Wound
dressings containing antimicrobial/antibacterial agents enable

control over local infections in situations where high
concentrations of antibiotics are required, although the use
of high antibiotic concentrations can lead to adverse effects
such as renal toxicity and antibiotic resistance.15,16 In addition,
the presence of multidrug-resistant microorganisms in the
wound (e.g., methicillin-resistantS. aureus, or MRSA) dimin-
ishes the efficacy of common antibiotics, leading to infection
recurrence and antibiotic resistance.17 Thus, the sustained local
delivery of the minimum inhibitory concentrations (MIC) of
antibiotics against MRSA is necessary to actively eradicate
bacterial populations while minimizing adverse effects.
Nanoscale particles have been widely employed to

encapsulate small-molecule therapeutics and control the
release of these molecules over extended time periods. For
example, liposomes have shown effectiveness in antibiotic
delivery and bacterial growth inhibition for a number of
decades,18−22 owing to their ability to increase the local
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concentration of antibiotics within bacterial cells,23−25 with
improved pharmacokinetics and biodistribution. Indeed, anti-
biotics delivered by liposomes have exhibited efficacy against
antibiotic-resistant microorganisms;26,27 for example, liposomal
delivery has been shown to increase the amount of intracellular
methicillin accumulation and reduce bacterial populations by
96%, as compared to 40% for free methicillin.28 Likewise,
liposomal delivery also has been shown to reduce the MIC of
vancomycin against MRSA to two- to four-fold lower than that
of free vancomycin.29,30 Moreover, vancomycin-loaded lip-
osomes have been shown to significantly reduce MRSA
populations in a mouse surgical wound model relative to
that of free vancomycin at the end of the 9th and 14th days of
treatment.31

Owing to the effectiveness of liposomes for antibiotic
delivery, our group previously demonstrated the potential
utility of employing collagen-like peptide (CLP; also known as
a collagen-mimetic peptide or CMP)-modified vancomycin-
liposomes, tethered to collagen/fibrin hydrogels (co-gels), for
the treatment of MRSA-infected wounds in vivo.32 CLPs,
composed of (GXY)n units, can fold into triple-helix structures
at temperatures below their melting temperature, Tm, but
disassemble into single strands above their Tm;

33,34 this
behavior enables CLPs to hybridize with native collagen
molecules through strand invasion at temperatures below the
CLP Tm.

35 We demonstrated that CLP modification of
liposomes improved liposome retention on the co-gels,
enhancing the sustained release of vancomycin and providing
robust antibacterial effects against MRSA, as compared to
liposome-containing co-gels without CLP modification.32 At
the same time, the bioactivity of the co-gels stimulated cellular
healing responses and improved wound repair in an in vivo
murine wound model.36 Although these results are promising,
liposomal antibiotic delivery systems suffer limitations such as
a short shelf-life and low encapsulation efficiency (EE) (ca.
2.7−5.7%) for hydrophilic antibiotics,19,37,38 which motivated
our evaluation of alternative collagen-binding carriers.
In this study, we employed the thermoresponsive assembly/

disassembly of extracellular-matrix (ECM)-inspired elastin-like
peptide and collagen-like peptide (ELP−CLP) nanovesicles
(ECnVs) to improve the EE of hydrophilic drugs and to
leverage the ability of ECnVs to tether to collagen-based
matrices to extend the controlled delivery of vancomycin for
prolonged antibacterial effects. Our group developed ELP−
CLP conjugates whose design facilitated the triple helical
assembly of CLPs, as well as corresponding reductions in the
inverse transition temperature (Tt) of the short ELP. This
design approach resulted in the assembly of stable vesicle-like
nanostructures above the Tt of the ELP domain and
disassembly above the Tm of the CLP domain.39−45 Our
previous studies demonstrated that the ECnVs induce a
minimal inflammatory response from macrophages, exhibit
high cytocompatibility with murine fibroblasts, offer the ability
to hybridize with collagen, and thermally control the delivery
of a model drug.40 Thus, ECnVs offer significant potential
owing to their high biocompatibility, tunable properties, and
bioactivity of the peptide building blocks.
The overall goal of this study was to evaluate potential

improvements in the efficacy of vancomycin delivery from
ECnVs tethered to collagen-containing matrices (collagen and
co-gel) and to evaluate the system’s antibacterial activity
against MRSA. ECnVs controlled vancomycin release at a
constant rate to maintain drug concentration for an extended

period. Moreover, the different retention of ECnVs on collagen
versus co-gel affected the rates of ECnVs release from the
matrices, leading to variations in the rate of biphasic
vancomycin release depending on the matrix. The sustained
release of vancomycin from the matrix-bound ECnVs extended
the duration of the antibacterial activity of vancomycin against
MRSA, even with reinoculation. Our finding suggests the
potential for ECnVs in collagen-containing matrices as an
option for preventing the recurrence of infection and aiding
wound repair.

2. MATERIALS AND METHODS
2.1. Materials. Low-loading (LL) Rink Amide ProTide

Resin, ethyl cyanohydroxyiminoacetate (Oxyma), and diiso-
propylcarbodiimide (DIC) were procured from CEM Corpo-
ration (Matthews, NC). Fmoc-protected amino acids including
4-azidobutyric acid and Fmoc-propargylglycine-OH, as well as
O-benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-
phosphate (HBTU) were purchased from ChemPep Inc.
(Wellington, FL). Trifluoroacetic acid (TFA), N,N-dimethyl
formamide (DMF), acetonitrile, methanol, and anhydrous
ethyl ether were acquired from Fisher Scientific (Fairlawn, NJ).
Piperidine, N,N-diisopropylethylamine (DIPEA), ethanethiol,
triisopropylsilane, tris-hydroxypropyltriazolylmethylamine
(THPTA), (+)-sodium L-ascorbate, and copper(II) sulfate
were procured from Sigma-Aldrich (St. Louis, MO). Cy3-
maleimide was obtained from Click Chemistry Tools LLC
(Scottsdale, AZ). 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000-maleimide] (DSPE-PEG-
Mal), and cholesterol were procured from Avanti Polar Lipids,
Inc. (Alabama, USA), Sigma-Aldrich (St. Louis, MO, USA),
and Nanocs Inc. (New York, USA), respectively. Type I bovine
collagen (10 mg/mL) was obtained from Advanced BioMatrix
(San Diego, CA). Fibrinogen from bovine plasma (Type I-S,
65−85% protein) and thrombin from bovine plasma (40−300
NIH units/mg protein) were purchased from Sigma-Aldrich
(St. Louis MO, USA). A luminescent strain of S. aureus
(SAP231, luminescent version of USA300 MRSA strain
NRS384) was a kind gift from Dr. Roger Plaut.46 Vancomycin,
tryptic soy broth, tryptic soy agar, and chloramphenicol were
purchased from Sigma-Aldrich (St. Louis MO, USA).

2.2. Synthesis of ELP−CLP Conjugates. The peptides
[CLP (G8): (GPO)8GG or (GPO)8GC and ELP (F6):
(VPGFG)6G′ (where G′ = propargyl glycine)] were
synthesized via standard Fmoc solid-phase peptide synthesis
using a Liberty Blue Automated Microwave Peptide Synthe-
sizer (CEM Corporation, Charlotte, NC) as described in our
previous reports.45 Briefly, each amino acid (4 molar
equivalents) was added to the peptide chain by double
coupling at 90 °C for 10 min with Oxyma (4 molar
equivalents) and DIC (12 molar equivalents). For azido
functionalization of the CLP, 4-azidobutyric acid (6 molar
equivalents) was coupled to the N-terminus of the CLP on
resin via a 2 h reaction with HBTU (6 molar equivalents) and
DIPEA (12 molar equivalents). The peptides were cleaved
from the resin after 2 h by incubation in 95:2.5:2.5 TFA/TIS/
water (v/v/v). The crude peptides were purified via reverse-
phase HPLC (Waters Inc., Milford, MA) on a Waters XBridge
BEH130 Prep C-18 column using a linear gradient mixture of
water (0.1% TFA) and acetonitrile (0.1% TFA) with
ultraviolet detection at 214 nm. The molecular weights and
purities of each of the purified peptides were confirmed
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(Figures S1−S4) via ultra-performance liquid chromatography,
in line with electrospray ionization mass spectrometry (Xevo
G2-S QTof mass spectrometer; Waters Inc., Milford, MA).
The purified CLP (6 μmol) and ELP (3 μmol) were
conjugated via the copper(I)-mediated azide−alkyne cyclo-
addition reaction as described in our previous papers.43 Briefly,
ELP, CLP, Cu(II) sulfate (6 μmol), THPTA ligand (35.1
μmol), and (+)-sodium L-ascorbate (400 μmol) in 70:30
water/DMSO (v/v) were incubated for 1 h with stirring at 70
°C. Then, the ELP−CLP conjugate (F6-G8GG) was purified
via HPLC at 70 °C, and its purity and mass were confirmed by
UPLC-MS (Figures S5 and S6).
2.3. Characterization of ELP−CLP Conjugates. The

melting temperature (Tm) of the ELP−CLP F6-G8GG (Tm =
57.9 °C; Figure S7A) and the transition temperature (Tt) of
the same ELP−CLP (Tt = 21.2 °C) were identified in a
previous study.45 The ELP−CLP conjugate was dissolved in
water (1 mg/mL) and incubated at 37 °C overnight after 30
min of heating at 80 °C to completely dissociate the ELP−
CLP conjugate in solution (Figure S7B). The resulting ECnV
diameters were analyzed via dynamic light scattering (DLS) on
a ZetaSizer Nano Series (Nano ZS, Malvern Instruments, UK)
with 173° as a scattering angle. The cumulant method was
used for data fitting. The cross-sectional morphology of the
ECnVs was evaluated via imaging on a Thermo Scientific
Talos-TEM (Thermo Fisher Scientific, Waltham, MA)
operated at 200 kV. The ECnV samples (5 μL) were drop-
cast onto carbon-coated copper grids (CF300-Cu, Electron
Microscopy Sciences Inc.) and blotted after 1 min. Samples
were stained with 1% PTA at pH 7 (3 μL) for 10 s and blotted.
Then, samples were air-dried for at least 2 h prior to
transmission electron microscopy (TEM) imaging.
2.4. Vancomycin Encapsulation in ECnVs. The solution

of ECnVs (dissolved in water) was heated at 80 °C for 30 min
to completely disassemble the ELP−CLP conjugate. Vanco-
mycin (1 molar ratio to ELP−CLP conjugate) in PBS at pH 7
was added to the solution of ELP−CLP conjugate.
Vancomycin and the ELP−CLP conjugate were then mixed
with a vortex mixer and incubated at 37 °C overnight to enable
the loading of vancomycin into the ECnVs during nanovesicle
formation. Then, 10× PBS (Corning, Corning, NY) was added
to yield a final 1× PBS solution. For determining the EE and
loading capacity (LC) of vancomycin in the ECnVs, each
nanovesicle sample was centrifuged at 15 K rpm for 10 min to
separate the vancomycin-loaded ECnVs from any unencapsu-
lated vancomycin in the supernatant; subsequently, the ECnVs
were resuspended in PBS. We note that the ECnVs are stable
against aggregation during centrifugation (see DLS and TEM
data below). The concentration of unloaded vancomycin in the
collected supernatant was determined using absorbance
measurements on the collected supernatant. Comparison of
the concentration of vancomycin in the supernatant to the
initial concentration of vancomycin in solution yielded an
assessment of the concentration of vancomycin encapsulated in
the ECnVs. The EE of vancomycin in ECnVs was calculated
using the following formula

= ×M
M

EE 100van loaded in ECnVs

van initial (1)

where Mvan loaded in ECnVs = mass of vancomycin-loaded in
ECnVs, and Mvan initial = initial mass of vancomycin added to
the ELP−CLP solution for encapsulation.

The LC of vancomycin in ECnVs was calculated using the
following formula

= ×M
LC

M
100van loaded in ECnVs

ECnvs (2)

where Mvan loaded in ECnVs = mass of vancomycin-loaded in
ECnVs, and MECnvs = mass of ECnVs.

2.5. Vancomycin Encapsulation in Liposomes. The
liposomes were prepared by a traditional thin-film dehydra-
tion-rehydration protocol, followed by sequential extrusion
through membrane filters with pore sizes of 200 and 100 nm,
respectively.47 Lipids with a molar ratio of 73:24:3 (DPPC/
Cholesterol/DSPE-PEG-Mal) were mixed in 4:1 chloroform
and methanol (v/v) and added to a round-bottom flask. The
lipid film was formed after evaporation of the organic solvent
for at least 2 h via rotary evaporation at 40 °C and 400 psi. The
vancomycin in PBS at pH 7 was added to the flask at a 3-fold
excess of vancomycin/total mass of lipids, and the flask was
rotated for 15 min at 60 °C for rehydration. The samples were
then sonicated for 2 min before extrusion. The lipid and
vancomycin suspension was first extruded through a
polycarbonate membrane with a pore size of 200 nm (15
times), and subsequently, through a membrane with a pore size
of 100 nm (10 times). The diameters of the vancomycin-
loaded liposomes were evaluated via DLS with a ZetaSizer
Nano Series (Nano ZS, Malvern Instruments, UK) with a
scattering angle of 173° (Figure S8). In order to determine the
EE and LC of vancomycin in the liposomes, the sample was
centrifuged at 15 K rpm for 10 min for precipitation of
vancomycin-loaded liposomes to remove any unencapsulated
vancomycin, and the concentration of the unencapsulated
vancomycin was determined via evaluation of the absorbance
of the supernatant. The EE and LC of vancomycin in the
liposomes were calculated using formulas 1 and 2 mentioned
above. The vancomycin-loaded liposomes were re-suspended
in PBS and lyophilized with 20 mM sucrose prior to
incorporation into collagen-containing matrices.

2.6. Vancomycin Release Kinetics from Nanocarriers.
Vancomycin release rates from vancomycin-loaded liposomes
and vancomycin-loaded ECnVs were evaluated in a Slide-A-
Lyzer Mini dialysis device with a 10 K molecular weight cutoff
(Thermo Scientific, Waltham, MA), using the rate of free
vancomycin transport across the dialysis membrane as a
control. 100 μL aliquots of each formulation (free vancomycin,
vancomycin-loaded liposomes, and vancomycin-loaded
ECnVs) were placed in the dialysis cup and immersed in 2
mL of PBS buffer in a glass vial. The samples were incubated at
37 °C with shaking at 225 rpm. The PBS, containing released
vancomycin (400 μL), was collected and replaced with fresh
PBS at 2, 4, 8, 24, 48, 72, 96, 120, 144, and 168 h. At 168 h, the
samples were incubated at 80 °C for 30 min to recover the
vancomycin from the disassembled ELP−CLP (Figure S7B)
(or liposome) and collected at the 169 h time point. The
concentrations of released vancomycin in PBS were
determined using an absorbance measurement at 280 nm on
a Nanodrop spectrometer (Thermo Scientific, Waltham, MA),
and the cumulative percentage release of vancomycin per
sample was calculated using the following equation48

=
+

×P
V C V C

M
100%

n
i ne 1

1
0

van loaded (3)
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where Mvan‑loaded represents the amount of vancomycin
encapsulated in the ECnVs or liposomes, V0 is the total
volume of the release media, Ve is the volume of each sample
that was collected at each time point, Ci is the concentration of
vancomycin measured by UV absorbance in the ith sample,
and Cn represents the concentration of vancomycin in the nth
sample.
In order to account for diffusion across the dialysis

membrane of any free vancomycin remaining in the
encapsulated samples, free vancomycin controls were formu-
lated based on the calculation of the EE for the liposomes and
ECnVs. Because the EE for the liposomes was 15.2% of the
initial vancomycin employed during formulation, free
vancomycin samples with 84.8% of the initial vancomycin
were employed as controls for the liposomes. Meanwhile, free
vancomycin samples with 51.8% of the initial vancomycin were
employed as controls for the ECnVs since the EE for the
ECnVs was 48.2% of the initial vancomycin employed during
formulation. Then, the release profiles of the relevant free
vancomycin control samples were subtracted from the data in
Figure 2A to acquire the data presented in Figure 2B.
2.7. Collagen and Co-gel Matrix Retention and

Release of Nanovesicles. First, ECnVs were labeled with
Cy3-maleimide using a Michael-type addition reaction (Figure
S9). Briefly, a 1:9 (VPGFG)6-(GPO)8GC/(VPGFG)6-
(GPO)8GG mass ratio in PBS was heated at 80 °C to
completely dissociate any CLP triple helices that anchor ECnV
assembly and the heated samples were subsequently mixed
thoroughly. Then, the ECnVs were allowed to form by
incubation at 37 °C overnight. Cy3-maleimide (10 molar
equivalents as compared to (VPGFG)6-(GPO)8GC) was
added into the ECnV solution, and the mixture was rotated
at 50 rpm for 2 h at 37 °C. The unreacted Cy3-malemide was
removed by centrifugation at 15 K rpm for 10 min, and the
labeled EcnVs were suspended in PBS. The Cy3-labeled EcnVs
was lyophilized with 20 mM sucrose. For the control
experiment, fluorescently labeled liposomes were prepared
(DPPC/Cholesterol/DSPE-PEG-maleimide/NBD-PC
(72.6:24:3:0.4)), as described in our previous work.49

Additionally, CLP-functionalized, fluorescently labeled lip-
osomes were prepared through one of two methods: post-
surface modification with CLP or pre-surface modification with
CLP. For post-surface modification, CLP was added to the
fluorescently labeled liposome using a Michael-type addition
reaction between the DSPE-PEG-maleimide of the fluores-
cently labeled liposome and thiol groups on the cysteine
residue of the CLP ((GPO)8GC). For pre-surface modifica-
tion, prior to liposome formulation, CLP ((GPO)8GC)) was
conjugated with DSPE-PEG-maleimide lipid to prepare DSPE-
PEG-CLP lipid, which was confirmed by MALDI-ToF (Figure
S10), as described in the literature.50,51 CLP-functionalized,
fluorescently labeled liposomes were prepared (DPPC/
Cholesterol/DSPE-PEG-CLP/NBD-PC (72.6:24:3:0.4)) fol-
lowing the same protocol used to prepare fluorescently labeled
liposomes.
The pre-gel mixtures of collagen or co-gel were prepared

separately. The pre-gel collagen was composed of 4 mg/mL
neutralized bovine collagen type I (Fibricol) with 10× PBS and
0.1 N NaOH, and the pre-gel co-gel was composed of 4 mg/
mL neutralized bovine collagen type I in PBS, 1.25 mg/mL
fibrinogen in 20 mM HEPES pH 6, and 0.156 IU/mL
thrombin in 20 mM HEPES pH 6. The lyophilized Cy3-
labeled ECnVs or fluorescent-labeled liposomes were sus-

pended in the pre-gel mixtures of collagen or co-gel. Then,
samples were added to a microscope slide for gelation
overnight. The Cy3-labeled ECnVs (λex 532 nm and λem 568
nm) or fluorescently labeled liposomes (λex 564 nm and λem
531 nm) and autofluorescence of collagen fibers (reflected
light at 405 nm) within the matrices were visualized both
before and after washing (with PBS overnight at 37 °C) using a
Zeiss LSM 880 confocal microscope with a C-Apochromat
40× water objective. The 3D image plot and image analysis
were performed using Volocity Imaging software (Quorum
Tech. Inc., Canada). In addition, in vitro Cy3-labeled ECnV
release from the matrices (collagen vs co-gel) was measured for
matrix samples containing Cy3-labeled ECnVs. Lyophilized
Cy3-labeled ECnVs were suspended and mixed well into the
pre-gel mixture, and 100 μL samples were transferred into non-
coated 48-well plate wells for gelation at 37 °C overnight.
Then, 500 μL of PBS was added to visually turbid hydrogel
samples in each well to initiate the release experiments with the
(unloaded) ECnV-loaded matrices. The release samples (100
μL) were collected at 0.5, 1, 2, 4, 8, 24, 48, 72, and 96 h at 37
°C. The cumulative release of ECnVs was determined via
fluorescence measurements at λex 532 nm and λem 568 nm on a
SpectraMax i3x multimode microplate reader (Molecular
Devices, LLC. San Jose, CA) and using eq 3.

2.8. Vancomycin Release from Matrices. Similar to the
study of Cy3-labeled ECnVs release from matrices, in vitro
vancomycin release from the matrices (collagen vs co-gel) was
measured for matrix samples containing either free vancomy-
cin, vancomycin-loaded liposomes, or vancomycin-loaded
ECnVs. Collagen matrices were prepared with a neutralized
4 mg/mL bovine type I collagen, and co-gels were prepared by
mixing 4 mg/mL neutralized bovine type I collagen, 1.25 mg/
mL fibrinogen in 20 mM HEPES at pH 6, and 0.156 IU/mL
thrombin in 20 mM HEPES at pH 6. In these pre-gel mixtures
of collagen or co-gel, the lyophilized free vancomycin,
vancomycin-loaded liposomes, or vancomycin-loaded ECnVs
were suspended and mixed well. Then, 100 μL samples were
transferred into non-coated 48-well plate wells before gelation
by incubation at 37 °C overnight. After overnight gelation, 500
μL of PBS at 37 °C was added to visually turbid hydrogel
samples in each well, which represented t = 0 for the
vancomycin release. The released samples were collected at
0.5, 1, 2, 4, 8, 24, 48, 72, and 96 h at 37 °C after the addition of
PBS. After the last time point of release, samples were heated
at 80 °C for 30 min to completely dissolve the matrices for the
recovery of remaining vancomycin, and these samples were
collected at the 96.5 h time point. The cumulative vancomycin
release was determined using absorbance measurements at 280
nm using a Nanodrop spectrophotometer (Thermo Scientific,
Waltham, MA) and using eq 3.

2.9. Antibacterial Activity of Vancomycin-loaded in
ECnVs in Matrices. Similar to the reinoculation protocols
employed in our previous study,32 collagen gel or co-gel (100
μL) was loaded with free vancomycin or vancomycin-loaded
ECnVs at concentrations of 4, 7, or 10 μg/mL vancomycin per
gel. Gels were added to the wells of black 96-well plates. The
plates were incubated at 37 °C overnight for gelation. After
gelation, samples of the luminescent MRSA strain (SAP231,
the luminescent version of the USA300 MRSA strain NRS384)
were diluted in tryptic soy broth with chloramphenicol (10 μg/
mL) to prepare solutions of 5 × 105 cfu/mL of MRSA. 200 μL
of MRSA (5 × 105 cfu/mL) were added to each well of a 96-
well plate; the final concentrations of vancomycin in the MRSA
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cultures were 1, 2, and 3 μg/mL. The plate was incubated at 37
°C, with shaking at 150 rpm, for 16 h, and the optical density
(O.D.) at 600 nm and luminescence of luminescent MRSA was
measured using the absorbance module and the photo-
multiplier tube detector of the luminescence module of a
SpectraMax i3x multi-mode microplate reader (Molecular
Devices, LLC, San Jose, CA) every 2 h. Sixteen hours after the
first inoculation, the bacterial cultures were removed from the
wells and the wells were rinsed with the culture broth. Then, a
fresh aliquot of 200 μL of MRSA (5 × 105 cfu/mL) was added
to each well of the 96-well plate for reinoculation. The
bacterial growth was evaluated using O.D. and luminescence
measurements every 2 h for an additional 16 h.

2.10. Mathematical Model Fitting and Statistical
Analysis. The vancomycin or ECnV release profiles were
analyzed using the fitting functions BoxLucas1 for first-order
release and Allometric2 for Korsmeyer−Peppas kinetics with
the max number of iterations set to 500 and the tolerance set
to 1−6 in OriginLab (Northampton, MA). Unless indicated, all
experimental data are presented as the mean ± standard
deviation of the mean. The statistical significance was analyzed
using OriginLab software (Northampton, MA). Sample groups
were compared using a Student’s t-test with a significance level
of 0.05.

Figure 1. Characterization of vancomycin-loaded ECnVs. (A) Hydrodynamic diameters of ECnVs assessed via DLS before and after vancomycin
loading and after lyophilization. (B) Representative TEM images of ELP−CLP before and after vancomycin loading. The scale bar is 500 nm.

Figure 2. Vancomycin release from nanocarriers (A) without removal of or (B) by mathematical subtraction of diffusion of free, unloaded
vancomycin at 37 °C. The release profiles were fit with the Korsmeyer−Peppas model. (C) Table for EE and LC of vancomycin in liposome and
ECnVs and constants for Korsmeyer−Peppas model fitting. Kkp indicates the Korsmeyer release rate constant and n indicates the diffusional
exponent. Each data point represents the mean ± standard deviation for n = 6.
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3. RESULTS
3.1. Characterization of Vancomycin-loaded ECnVs.

To evaluate whether the loading of vancomycin in ECnVs
influenced the physical properties of the ECnVs, the diameters
and morphology of ECnVs before and after vancomycin
encapsulation were examined using DLS and TEM imaging,
respectively. The ECnVs (Dh = 157.0 ± 5.0 nm) exhibited a
decreased diameter (Dh = 122.3 ± 6.2 nm) after the loading of
vancomycin (Figure 1A), which was similar behavior to that of
liposomes after vancomycin loading,32 and also similar
behavior to that of ECnVs after loading of the hydrophobic
dye fluorescein.40 Furthermore, the morphology of the ECnVs
was similar before and after the loading of vancomycin (Figure
1B), indicating that the encapsulation of vancomycin in the
nanovesicles did not disrupt ELP−CLP assembly.
3.2. Vancomycin Release Kinetics from Nanocarriers.

To determine the release kinetics of vancomycin from ECnVs,
in vitro vancomycin release studies were conducted using a
dialysis method under physiologically relevant conditions. The
release kinetics of vancomycin from ECnVs was calculated as
the cumulative release percentage over a period of 7 days. As a
control, vancomycin-loaded liposomes (Dh = 136.6 ± 1.0 nm)
of similar diameter as the vancomycin-loaded ECnVs (Figure
S8) were used. The vancomycin release data from the
liposomes and ECnVs is presented in Figure 2A. It is clear
from the data that the release of vancomycin from ECnVs was
much slower than the release of vancomycin from the
liposomes. The data were fit to a Korsmeyer−Peppas model,
and the numeric coefficient (n) from this model (which
describes the mechanism of release), was less than 0.45 for
both nanocarriers, indicating a similar mechanism of release of
vancomycin from the ECnVs and liposomes (Figure 2A). The
release kinetics of free vancomycin were also determined and
mathematically subtracted from the overall release profiles to

account for contributions of the diffusion of unencapsulated
vancomycin across the dialysis membrane and to allow a more
direct comparison of the rates and mechanisms of release of
vancomycin from the carriers (Figure 2B,C); the Korsmeyer−
Peppas model was utilized to characterize the release kinetics
of these corrected release profiles (Figure 2B). Based on the
data in Figure 2B, the vancomycin was released from liposomes
largely via diffusion (n < 0.45), whereas the release of
vancomycin from ECnVs occurred mainly via both diffusion
and dissolution mechanisms (0.45 < n < 0.8) (Figure 2C),
indicating that the vancomycin release kinetics and mechanism
are influenced by the type of nanocarrier.

3.3. ECnV Retention On and Release from Matrices.
In order to characterize the retention of ECnVs on collagen-
containing matrices, fluorescent-labeled ECnVs in collagen
versus co-gel matrices were detected using confocal micros-
copy via comparison of the fluorescence before and after
rinsing the ECnV-loaded matrices with PBS at 37 °C. Prior to
conducting these experiments, we confirmed via TEM imaging
that the addition of the fluorescent label, Cy3, did not disturb
the assembly of the ECnVs (Figure S11). Additionally, we
prepared liposomes and CLP-liposomes to evaluate the effect
of the CLP on hybridization/matrix retention; these experi-
ments were conducted with liposomes instead of ECnVs as
ECnVs cannot be prepared in the absence of CLP. The
diameters of the lyophilized liposomes and CLP-liposomes
were assessed after resuspension in PBS using dynamic light
scattering, which confirmed that the liposomes and CLP-
liposomes were not aggregated before incorporation in the
matrices (Figure S12). The fluorescence retained after washing
the ECnV in co-gel samples (36.0 ± 4.0%) was significantly
greater than the fluorescence observed for collagen hydrogels
(14.2 ± 3.3%) (Figure 3), which agrees with the observation
that CLP-liposomes show greater retention in co-gels than in
collagen gels (Figure S13). Since the shear storage moduli of

Figure 3. ECnV retention on matrices at 37 °C. (A) Representative 3D plotted confocal images of ECnVs-Cy3 (red) and collagen (grey) in
collagen matrix or co-gel matrix before and after wash. 1 unit is 25 μm. (B) Image quantification for the fluorescent intensity of ECnVs after wash
normalized to the intensity before wash. Each data point represents the mean ± standard deviation for n = 6. An unpaired Student’s t-test with
equal variance was used to evaluate statistical significance. *p < 0.0001 for co-gel relative to collagen.
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the two hydrogel matrices were similar (GCollagen+ECnVs′ = 40.5
± 5.8 Pa and GCo‑gel+ECnVs′ = 47.3 ± 2.4 Pa), as determined via
oscillatory rheology (Figure S14), the difference in retention of
ECnVs in collagen versus co-gel most likely resulted from
differences in the interactions of the ECnVs with the collagen
in these substrates. Additionally, the low retention of
liposomes within and on the surfaces of the matrices, as
compared with CLP-liposomes (Figures S13 and S15),
confirmed that the retention of both ECnVs and CLP-
liposomes likely occurred via triple helix formation of CLPs
with collagen molecules of the matrices. Thus, these results
suggest that triple helix formation of the CLPs with collagen is
more facile in the co-gel than the collagen.
Moreover, to understand how ECnV release from the

matrices influenced vancomycin release from the ECnV-
containing matrices, the cumulative release profiles of Cy3-
labeled ECnVs from collagen versus co-gel were determined
via fluorescence measurements (Figure 4). Mathematical

fitting of the cumulative release over 96 h with the
Korsmeyer−Peppas model suggested that the overall rate of
release of ECnVs from the co-gel (Kkp = 29000) was 1.6-fold
slower than the rate of release from collagen (Kkp = 46500),
indicating that ECnV sequestration in the co-gel was
significantly greater than in collagen gels. Given the similarities
in the physical properties of these hydrogels and the 10-fold
greater pore size of the hydrogels versus the ECnV diameter,
these observed differences in sequestration and release are
likely due to a different extent of CLP hybridization based on
the different micro-morphological structure of collagen fibers,
such as fiber diameters differences in the co-gels versus
collagen gels.52,53

3.4. Vancomycin Release from ECnVs Tethered in
Collagen-containing Matrices. The cumulative release of
vancomycin from vancomycin-loaded ECnVs tethered in the
matrices was determined. Mathematical fitting of the
cumulative release with either the Korsmeyer−Peppas (fitting
failed) or first-order release models (Figure S16) alone yielded
poor fits to the data, suggesting that there could be multiple
behaviors mediating vancomycin release. The initial burst
release of vancomycin from ECnVs in the matrices was fit with

high fidelity to the first-order release model up to 8 h (Figure
5); subsequently, data were fit to the Korsmeyer−Peppas
model from 8 h to day 4, with the expectation that release in
this window would be dominated by the vancomycin release
from the ECnVs tethered in the matrices. The cumulative
release of free vancomycin from the matrices was close to 70−
80% at the initial 8 h time point, similar to previous reports of
vancomycin release from collagen-based scaffolds.32,54,55 In
contrast, the vancomycin release from ECnVs, over the initial 8
h, from both collagen (Ki = 0.61) and co-gel (Ki = 0.57)
matrices, was significantly slower (p < 0.05) than free
vancomycin release from the matrices (collagen (Ki = 0.80)
and co-gel (Ki = 0.68)). These data suggest that the early
release of the vancomycin from the loaded ECnVs likely
resulted from nontethered vancomycin-loaded carriers on
matrices rather than from the presence of free vancomycin.
In addition, after the initial burst release of vancomycin from
the released ECnVs from the matrices, the cumulative release
of vancomycin from the vancomycin-loaded ECnVs in the co-
gel (63%) at the 8 h time point was significantly less (p < 0.05)
than that observed from the collagen gel (83%). However, we
have observed that the release rates of vancomycin at the 8 h
time point from non-tethered liposomes loaded in the collagen
gel (67%) and co-gel (69%) were nearly identical (Figure
S17). Thus, the results indicate slower vancomycin release
from the vancomycin-loaded ECnVs in the co-gel matrices
relative to that from collagen gels, likely due to greater
retention and slower release of ECnVs in the co-gel (Figures 3
and 4).
After the initial 8 h release, the data from 8 h to day 4 were

fit to the Korsmeyer−Peppas model with the expectation that
release in this time period was mainly from the vancomycin
release from the ECnVs tethered in the matrices. The
diffusional exponent (n) of the Korsmeyer−Peppas model
fitting revealed differences in the release mechanism, with n <
0.45 indicating diffusion-controlled release, 0.45 < n < 0.8
indicating both diffusion- and dissolution-controlled release,
and 0.8 < n, indicating dissolution-controlled release.
Vancomycin release from ECnVs in collagen gels (n =
0.679) was classified as both diffusion- and dissolution-
controlled, and vancomycin release from co-gels (n = 0.387)
was classified as diffusion controlled. Altogether, the data
indicate that ECnVs enable the delay of vancomycin release,
while the different retention of ECnVs on different collagen-
containing matrices can also be leveraged to tune release
profiles.

3.5. Antibacterial Effects of Vancomycin-loaded
ECnV-tethered Matrices against MRSA. To evaluate
possible improvements in the antibacterial activity of
vancomycin when delivered from ECnVs tethered to collagen
or co-gel matrices, the growth of luminescent MRSA cultured
on vancomycin-loaded ECnV-tethered matrices was monitored
for 16 h post-inoculation. To simulate a recurrent bacterial
infection,1,56 an additional inoculation of MRSA was made at
the 16 h timepoint, and bacterial growth was monitored after
an additional 16 h of culture. Vancomycin-loaded ECnVs were
tethered in the collagen or co-gel matrices at a final
vancomycin concentration of 2 μg/mL, which is the MIC for
MRSA (5 × 105 cfu/mL).32 The vancomycin-loaded ECnV-
containing matrices inhibited the growth of MRSA for 14 h
(collagen) and 10 h (co-gel) after the first inoculation, while
free vancomycin in either matrix failed to inhibit MRSA
(Figures S18 and S19). Increasing the concentration of

Figure 4. ECnV release from matrices at 37 °C for 96 h. Release
profiles were fit to the Kormeyer−Peppas model. Each data point
represents the mean ± standard deviation for n = 3. The statistical
difference of Kkp is indicated at *p < 0.05.
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tethered, vancomycin-loaded ECnVs (in collagen and in the
co-gel) to 3 μg/mL extended the inhibition of the growth of
MRSA (Figure 6), although free vancomycin at this
concentration also delayed (but did not halt) MRSA growth.
The vancomycin-loaded ECnVs in the collagen matrix
completely inhibited the growth of MRSA for 16 h with the
first inoculation and an additional 8 h after the second
inoculation (for a total time of 24 h). Vancomycin-loaded
ECnVs in the co-gel matrix also completely inhibited the
growth of MRSA for 16 h with the first inoculation and delayed
the growth of MRSA an additional 2 h after the second
inoculation (for a total of 18 h). This study indicated that the
ECnVs, both released and tethered in matrices, maintained a
sufficiently high local concentration of vancomycin to inhibit
the growth of MRSA, as compared to the release of free
vancomycin from matrices. In addition, the different release
kinetics of vancomycin from ECnVs in collagen versus co-gel
controlled the duration of the antibacterial effect.

4. DISCUSSION
The difficulty in eradicating MRSA populations from wounds
using commercially available antibiotics is a persistent
challenge, leading to incomplete wound healing and potential
risks of further antibiotic resistance. As a potential approach to
improve antibiotic efficacy, we developed a peptide-based
nanocarrier, ECnVs, and demonstrated for the first time that
the stability and specific interactions of these nanoparticles

with native collagen offered a means to control the delivery of
vancomycin for the inhibition of MRSA growth.
The peptide-based nanocarrier enabled improved EE and

controlled delivery of vancomycin in solution when compared
with liposome nanocarriers, consistent with the expectation
that the physical chemistry between drugs and nanocarriers is a
key factor in determining EE and release kinetics. ECnVs
encapsulated a greater amount of vancomycin (EE = 48.2%
and LC = 144.6%) and facilitated both the dissolution- and
diffusion-mediated sustained delivery of vancomycin; in
contrast, the liposome nanocarrier encapsulated significantly
less cargo (EE = 15.2% and LC = 45.6%) and delivered
vancomycin with more rapid, diffusion-controlled first-order
kinetics. Generally speaking, encapsulation of drugs in
nanocarriers protects the drug against degradation and
enhances sustained drug release, resulting in improved
pharmacokinetics.57,58 However, the high water solubility of
hydrophilic drugs makes it difficult to encapsulate/sequester
hydrophilic drugs in liposomes, hydrogels, nanoparticles, and/
or fiber-based carriers, thus resulting in undesired and rapid
burst release.59−62 In addition, the steric hindrance from the
inclusion of cholesterol in liposomal carriers (which is
necessary to improve liposome stability for use in vivo), can
result in the low EE of hydrophilic cargo. These general
difficulties are reproduced in our control studies, in which a
low EE of vancomycin in the liposome is observed (EE =
15.2% and LC = 45.6%) along with the rapid first-order

Figure 5. Vancomycin release from ECnVs tethered in (A) collagen or (B) co-gel matrix. (C) Release profiles were fit by first-order kinetics from 0
to 8 h (solid line) and the Kormeyer−Peppas model from 8 to 96 h (dotted line). Ki = first-order constant, Kkp = Korsmeyer release rate constant,
and n = diffusional exponent. Each data point represents the mean ± standard deviation for n = 4. The statistical difference of Ki is indicated at *p <
0.05.
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diffusive release of the vancomycin cargo (n = 0.015 in the
Korsmeyer−Peppas model) (Figure 2).19,37,38,63

The use of our peptide-based ECnV carriers, in contrast,
enabled more efficient encapsulation of vancomycin by
exploiting the thermal responsiveness of these carriers as a
mechanism for loading. Vancomycin can be solubilized at
elevated concentrations along with the monomeric ELP−CLP,
at temperatures above its Tm; thermally induced assembly of
ELP−CLP into vesicles upon cooling leads to the high
efficiency of drug loading, which is one of the advantages of
peptide self-assembled nanocarriers.64,65 For example, elastin-
based protein diblock copolymer nanoparticles achieved
approximately 50% EE for the antiproliferative hydrophobic
drug, rapamycin, for cancer treatment.66 In addition, nano-
particles formed by the conjugation of low molecular weight
polylactide and self-assembled lipid-like V6K2 peptides
enabled efficient encapsulation of both hydrophilic doxor-
ubicin (44 ± 9%) and hydrophobic paclitaxel (>90%) in the
nanoparticles.67 The additional barrier from the attractive
interactions between the V6K2 peptide and drugs delayed the
release of doxorubicin and paclitaxel from the V6K2 peptide
assembled polylactide nanoparticles, as compared with the
release from ethylene glycol polylactide nanoparticles.
Similarly, the hydrophobic coacervation of ELP block in the
ECnVs could behave as an additional barrier for vancomycin
release. Due to hydrophobic interactions with the addition of
π−π stacking, hydrogen bonding, and the charge−charge
interaction from the side chains of the ELP sequence, the ELP
block has been shown to collapse tightly, resulting in small
pore sizes when these polypeptides coacervate.68−70 On the
other hand, only hydrophobic interactions of alkyl chains and
cholesterol form the hydrophobic barriers in liposome bilayers

to reduce water penetration.71,72 Thus, the coacervation of the
ELP in the vesicle bilayer likely provides a more stable barrier
to diffusion relative to the liposome bilayer, supporting
sustained vancomycin release with both diffusion and
dissolution mechanisms as compared to the mainly diffusion-
based mechanism for vancomycin release from the liposome.
Such sustained release behavior of drugs from ECnVs could
expand the performance of therapeutics by minimizing adverse
off-target effects and the toxicity with burst release of high
concentrations of cargo.73

Next, we observed different levels of ECnV retention on the
collagen and co-gel matrices, which would additionally
influence the release of vancomycin from ECnV-loaded
matrices. The pore sizes of highly similar collagen and co-gel
hydrogels reported in previous literature are typically >1 μm,
which is at least 10 times larger than the measured diameters of
ECnVs (∼Dh = 130 nm).74−76 This large difference in pore
size versus ECnV diameter suggests that the retention of
ECnVs in the collagen and co-gel hydrogels in this work is
almost certainly a result of the interaction of the CLPs on the
ECnVs with the collagen molecules of the hydrogels through a
strand invasion process, rather than physical entrapment of
ECnVs within the collagen and co-gel networks. Thus, we
believe that the levels of ECnVs retention in collagen and co-
gel matrices are minimally influenced by the physical features
of matrices but maximally influenced by molecular interactions
between CLPs on ECnVs and collagen molecules within the
collagen and co-gel matrices. ECnVs tended to be retained to a
greater extent on the co-gel compared to the collagen matrix
(Figures 3 and 4), suggesting that the collagen in the co-gel
may be more accessible for triple helix formation with the
CLPs that are on the exterior of the ECnVs. Both collagen and

Figure 6. Antibacterial activity of vancomycin loaded ECnVs tethered collagen/co-gel matrices against MRSA. O.D. measurement of MRSA
cultures grown in blank collagen/co-gel (black circle), vancomycin (3 μg/mL)-loaded collagen/co-gel (grey square), and vancomycin (3 μg/mL)-
loaded ECnVs tethered collagen/co-gel (white triangle) with a total of two bacterial inoculations (16 h per inoculation). Each data point represents
the mean ± standard deviation for n = 3.
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fibrin contribute to hydrogel formation via fibrillogenesis
driven by physicochemical interactions between peptide chains
that can be triggered with stimuli such as pH, temperature, and
ionic strength.77 The Barocas group reported a related
collagen-fibrin co-gel with high concentrations of collagen
(68−83%) that comprised two interpenetrating but non-
interacting networks (e.g., “parallel networks”); the reported
conditions in those studies are similar to those of our co-gels in
this report (76% collagen in our co-gel).53 The mechanical
properties of the parallel co-gel networks were driven by the
competition between the extensibility of fibrin and the stiffness
of collagen. For example, although the tangent modulus of
fibrin gel alone was much smaller than that of the co-gel, the
tangent moduli of co-gel and collagen with the same collagen
concentration were similar, consistent with our observation of
similar shear storage moduli for the co-gel and collagen
matrices (Figure S14).52 SEM and confocal imaging analysis
revealed that the morphological structure of collagen fibrin
networks was altered to have the average collagen fiber
diameters smaller in the co-gel than pure collagen gels, and this
physical feature alone would be expected to provide more sites
for interaction, on a surface area-per-volume basis, with the
collagen in the co-gel formulations (Figures S13 and S15),32,36

consistent with our observations of significantly greater ECnV
retention on the co-gel than collagen gel (Figures 3 and 4).
In addition, the retention of ECnVs in matrices would be

necessary to support the controlled release of vancomycin from
either matrix, and enhanced retention on the co-gel would be
expected to reduce vancomycin release from the co-gel versus
that from the collagen matrix (Figure 5). The pore sizes of
both collagen and fibrin gels have been reported to be on the
micron length scale, which is much larger than the nanometer
scale of ECnVs.75,78 Thus, the initial burst release of
vancomycin likely results from the rapid release of non-
tethered ECnVs from the matrices (Figure 4). Moreover, our
previous studies showed that the CLP modification of
liposomes, and their incorporation into co-gel matrices,
enhanced the sustained release of vancomycin, as compared
to non-CLP liposomes in the same matrices.32 After the initial
burst release of vancomycin, the release of vancomycin from
ECnVs in collagen and co-gel matrices was sustained, although
via different release mechanisms (Figure 5). These different
mechanisms could result from differences in release kinetics
between the tethered and untethered (but encapsulated) van-
loaded ECnVs in collagen and in the co-gel over the incubation
time.
The release kinetics of vancomycin from ECnVs in the

matrices regulated the duration of the antibacterial effects
against MRSA. Vancomycin is one of the most effective
options for the treatment of MRSA infections, which is one of
the major Gram-positive microorganisms found in chronic
wounds.79 However, wound infections caused by MRSA are
often recurring, leading to the critical need for better antibiotic
delivery systems to enhance the prolonged duration of their
antibacterial effect against MRSA.80,81 A biphasic drug−release
profile has been reported to have significant practical
advantages in managing MRSA infections, including implant-
associated infections,82,83 bone infection,84 and wound
infection.85 The previously reported biphasic drug-release
profiles exhibit an initial 10 h burst release of vancomycin at
least above its MIC to completely eradicate bacterial colonies,
followed by a sustained release of 0.36% per h for 24 h, a
prolonged period to eliminate any remaining bacteria.86,87 In

agreement with this observation, we demonstrated that
vancomycin release from ECnV-tethered onto both collagen
and co-gel followed biphasic drug release; an initial 8 h burst
release phase was followed by sustained release. The
vancomycin-loaded ECnVs released during the initial burst
release would result in a localized high concentration of
vancomycin, entrapped in the released ECnV, potentially
leading to more efficient inhibition of MRSA than vancomycin
that freely diffuses from matrices.
We observed that the duration of MRSA inhibition was

different depending on the vancomycin release from ECnV-
tethered collagen versus co-gel. In fact, the maintenance at the
infection site of the antibiotic above its MIC (2 μg/mL for
MRSA (5 × 105 cfu/mL)) is a key factor in mediating
antibacterial effects. Due to the slower release of ECnVs from
the co-gel than collagen, the local concentration of vancomycin
was not maintained above the MIC (∼60% cumulative release
at 8 h = 3 μg/mL × 0.6 = ∼1.8 μg/mL, which is less than the
reported MIC), resulting in the incomplete eradication of
MRSA at the initial time and a shorter duration of MRSA
growth inhibition than for the vancomycin-loaded ECnVs
released from the collagen matrix (∼81% cumulative release at
8 h = 3 μg/mL × 0.83 = ∼2.43 μg/mL, which is greater than
the reported MIC) (Figures 5 and 6). In addition, the
sustained release of vancomycin (0.0024 μg/mL release per h
for collagen and 0.006 μg/mL release per h for co-gel from 8 to
32 h) further extended the duration of antibacterial effects
even after a MRSA re-inoculation.
Moreover, we have demonstrated that antibiotic delivery

using ECnVs offered prolonged antibacterial effects that were
as effective as the liposomal delivery system. As compared to
freely applied antibiotics, antibiotic delivery using liposomes
has been reported to better inhibit MRSA growth;28−31

moreover, the effectiveness of the liposomes was further
enhanced by CMP (=CLP)−collagen tethering. For example,
our prior work showed that vancomycin-loaded CMP-modified
liposomes tethered into co-gels facilitated the inhibition of
MRSA growth for at least 36 h, even after three inoculations,
whereas vancomycin-loaded liposome/co-gels lacking CMP
only inhibited the MRSA growth for ∼26 h.32 Similarly, we
have observed a prolonged duration of antibacterial activities
against MRSA for at least 18 h using vancomycin-loaded
ECnVs tethered into co-gels, as compared to the antibacterial
duration of ∼8 h using a free-vancomycin-loaded co-gel.
However, the duration of antibacterial activities from
vancomycin-loaded ECnV-tethered co-gels (at least 18h) was
shorter than the duration of effects from vancomycin-loaded,
CMP-modified liposome (tethered) co-gels (at least 36 h).32

This may be due to the different levels of retention of CMP-
liposomes (95% after 24 h) versus ECnVs (60% after 24 h) on
co-gels because of differences in the accessibility of the CMP
sequences in the CMP-liposome versus the ECnV. Never-
theless, similar to the liposomal delivery systems, ECnVs
improved antibacterial activity, and the duration of effects
could be tuned by the level of CLP-collagen tethers.
Altogether, our results demonstrate as a proof of concept

that the combination of peptide-based nanocarriers and their
interaction with collagen-containing matrices can be used to
manipulate the delivery of vancomycin for its extended efficacy
in inhibiting MRSA growth. Non-cytotoxic ECnVs (Figure
S20) improved not only the entrapment efficiency of
vancomycin but also resulted in release kinetics via both
diffusion and dissolution mechanisms. The ability of ECnVs to
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be retained on collagen-containing matrices facilitates the
sustained release of vancomycin and its antibacterial effects
against MRSA for a prolonged period. Thus, the delivery of
vancomycin with an optimal concentration using ECnV-
modified, collagen-based matrices may have the potential for
the effective treatment of wound infections.

5. CONCLUSIONS
To evaluate possible new carriers that could inhibit MRSA-
based infections in wounds, we developed a novel antibiotic
delivery system using the combination of ECnVs and collagen-
containing matrices for the topical delivery of antibiotics with
controlled release. This ECM-based material system exploited
synergies in peptide nanocarriers and their interactions with
collagen-based scaffolds to improve the efficacy of the
commercially available antibiotic, vancomycin, and to extend
the duration of its antibacterial effects against MRSA after
repeated bacterial inoculations. Our system may offer benefits
for managing chronic wound infections while stimulating
wound-healing potency.
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