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Abstract: Antimicrobial peptides (AMPs) are antibiotic candidates; however, their instability and
protease susceptibility limit clinical applications. In this study, the polylactic acid–glycolic acid
(PLGA)–polyvinyl alcohol (PVA) drug delivery system was screened by orthogonal design using
the double emulsion–solvent evaporation method. NZ2114 nanoparticles (NZ2114-NPs) displayed
favorable physicochemical properties with a particle size of 178.11 ± 5.23 nm, polydispersity index
(PDI) of 0.108 ± 0.10, ζ potential of 4.78 ± 0.67 mV, actual drug-loading rate of 4.07 ± 0.37%,
encapsulation rate of 81.46 ± 7.42% and cumulative release rate of 67.75% (120 h) in PBS. The
results showed that PLGA encapsulation increased HaCaT cell viability by 20%, peptide retention in
50% serum by 24.12%, and trypsin tolerance by 4.24-fold. Meanwhile, in vitro antimicrobial assays
showed that NZ2114-NPs had high inhibitory activity against Staphylococcus epidermidis (S. epidermidis)
(4–8 µg/mL). Colony counting and confocal laser scanning microscopy (CLSM) confirmed that
NZ2114-NPs were effective in reducing the biofilm thickness and bacterial population of S. epidermidis
G4 with a 99% bactericidal rate of persister bacteria, which was significantly better than that of free
NZ2114. In conclusion, the results demonstrated that PLGA nanoparticles can be used as a reliable
NZ2114 delivery system for the treatment of biofilm infections caused by S. epidermidis.

Keywords: antimicrobial peptide NZ2114; drug delivery system; nanoparticles; PLGA; Staphylococcus
epidermidis; biofilms

1. Introduction

The misuse of antibiotics has greatly exacerbated the development of bacterial resis-
tance, and the formation of bacterial biofilms, which allow bacteria to evade the effects
of antibiotics on the bacteria within the biofilm, has further exacerbated the resistance
situation, posing a major threat to public health safety [1–3]. It has been reported that
the antibiotic resistance will directly lead to 1.27 million deaths in 2019, and more unfor-
tunately, this number will increase to 10 million if more effective options do not emerge,
resulting in USD 100 trillion in economic losses [4]. Although this estimate is still being
debated, there is no doubt that the development of novel antimicrobial drugs to combat the
antibiotic resistance crisis, especially as published by the World Health Organization for
multi-resistant bacterial infections, is a top priority [5,6].

Antimicrobial peptides (AMPs), as a promising new class of antimicrobial drugs,
widely exist in various organisms, and they constitute the first line of defense of the or-
ganism against exogenous infection [7,8]. More importantly, unlike traditional antibiotics
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that target receptor genes/ligands to kill bacteria, most AMPs rely on their hydrophobicity
and cationic properties to act on bacterial cell membranes to kill bacteria, which means
that microorganisms need to redesign their membrane structure to resist AMPs, which is
undoubtedly costly. Therefore, it is more difficult to induce bacterial resistance to AMPs
than to traditional antibiotics, making AMPs a hotspot for antimicrobial drug develop-
ment [7–10]. However, the cytotoxicity and protease susceptibility of AMPs have limited
their clinical application [11]. In detail, they have been facing challenges as pharmacokinet-
ics, T1/2, and Cmax cannot be well assayed [12,13]. In particular, the failure of pexiganan
and iseganan in phase III clinical trials has raised concerns about the prospects of AMP
conversion [14]. NZ2114 (Table 1), a derivative of Plectasin, showed an excellent antibacte-
rial activity against Gram-positive bacteria, especially Staphylococcus aureus (S. aureus) and
Staphylococcus epidermidis (S. epidermidis), with the minimum inhibitory concentration (MIC)
as low as 4 µg/mL. However, it is not resistant to trypsin and has a low druggability in
mature biofilm [15,16]. Therefore, it is urgent to design a reasonable drug delivery system
(DDS) to improve the stability of AMP and the accessibility of delivery in biofilm in order
to improve the bioavailability of AMP [17,18].

Table 1. Structure and properties of NZ2114.

Antimicrobial Peptide NZ2114

Sequence (amino acid) GFGCNGPWNEDDLRCHNHCKSIKGYKGGYCAKGGFVCKCY
Cyclic site Cys4-Cys30, Cys15-Cys37, Cys19-Cys39
Structure type CSαβ
Molecular weight (Da) 4417.03
Number of amino acids 40
Charge number +3
Theoretical PI 8.62
Hydrophobicity 0.35
Grand average of hydropathicity (GRAVY) −0.672

Among various drug delivery systems, polylactic acid–glycolic acid (PLGA), as a
biodegradable aliphatic polyester copolymer [19], has been approved by the U.S. Food
and Drug Administration (FDA) and the European Medicines Agency (EMA). At the
same time, its excellent biocompatibility and sound mechanical strength have made it a
highly sought-after macromolecule in the field of drug delivery (especially in proteins and
peptides) [20,21]. Numerous studies have shown that PLGA as an AMP delivery system has
the following advantages: (i) it can achieve long-lasting release of AMPs at the target site,
(ii) it can alleviate the degradation by hydrolytic enzymes and proteases, and (iii) it reduces
cytotoxicity in mammals [22,23]. For example, PLGA-encapsulated colistin can eradicate
Pseudomonas aeruginosa biofilm [24]. The PLGA-constructed ESC nanodelivery system
achieved controlled re-release in the lung environment and improved the therapeutic
efficacy of ESC for the treatment of lung infections caused by Pseudomonas aeruginosa [25].
The PLGA delivery system of SAAP-148 achieved a prolonged release of SAAP-148 in
biofilm, improved the selectivity index, and effectively reduced the cytotoxicity of SAAP-
148 [26], so it is reasonable to speculate that the use of PLGA as a delivery system for
NZ2114 could improve stability and delivery downstream efficiency in biofilms. However,
the ratio of polylactic acid to polyglycolic acid (L/G) as well as the molecular weight affect
the specific properties and degradation rate of the PLGA matrix and thus the release rate
of the PLGA drug product [21], and so far, the properties of the optimal PLGA for AMP
encapsulation have been less studied.

In this study, different types of PLGA as carrier materials and surfactant PVA as
stabilizers were used to prepare NZ2114 nanoparticles with different drug-loading rates.
The formulation was optimized by an orthogonal test, its physical and chemical properties
and release rate were investigated to screen out the optimum formulation, and its safety,
stability, and antimicrobial activity were systematically studied.
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2. Results
2.1. NZ2114-NP Characterization
2.1.1. Size and Zeta Potential of NZ2114-NP

PLGA nanoparticles loaded with NZ2114 were developed by the double emulsion
solvent evaporation method [23]. Based on the fact that ratio of L:G in polylactic acid–
glycolic acid (PLGA), polyvinyl alcohol (PVA) viscosity, and drug concentration play
important roles in regulating particle formation size, drug loading, and drug release ki-
netics, orthogonal experiments were carried out with this condition to screen the optimal
NZ2114-NP formulation. The results are shown in Table 1: the size distribution of nanopar-
ticles (theoretical drug loading: 0.625%, formulations 1–4) was 165.05–378.50 nm, with
PDI ranging from 0.045 to 0.225 and the ζ potential ranging from −22.3 to −12.6 mV;
the size distribution of nanoparticles (theoretical drug loading: 1.25%, formulations 5–8)
was 186.69–365.45 nm, the PDI range was 0.083–0.325, the ζ potential range was −12.13 to
−9.56 mV; the size distribution of nanoparticles (theoretical drug loading: 2.5%, formula-
tions 9–12) was 169.67–487.67 nm, the PDI range was 0.125–0.240, the ζ potential range was
−5.93–2.56 mV; the size distribution of nanoparticles (theoretical drug loading: 5% formu-
lations 13–16) was 178.11–412.40 nm, the PDI range was 0.108–0.250, and the ζ potential
range was 4.78–8.24 mV; the results showed that the ζ potential increased with the increase
in drug loading, which is in agreement with the previous studies [23].

2.1.2. NZ2114-NP Drug-Loading and Encapsulation Rate

As shown in Table 2, the actual loading rate of nanoparticle formulations 1–4 was
0.57–0.60%, and the encapsulation rate was 91.5–96.18%; the actual loading rate of nanopar-
ticle formulations 5–8 was 1.12–1.18%, and the encapsulation rate was 89.91–94.48%; the
actual drug loading of nanoparticle formulations 9–12 was 2.01–2.19%, and the encapsula-
tion rate was 91.5–96.18%; the actual drug loading of nanoparticle formulations 13–16 was
3.79–4.08%, and the encapsulation rate was 75.87–81.63%. The results showed that encap-
sulation efficiency decreased as the theoretical drug loading increased.

Table 2. Physicochemical characterization of NZ2114-loaded PLGA nanoparticles (mean ± SD, n = 3).

Formulation Theoretical
Loading (%)

PLGA Type
(L/G, dL/g) PVA Type Size (nm) PDI (Polydis-

persity Index)
ζ-Potential (Zeta

Potential, mV)
Encapsulation

Rate (EE %)
Actual Loading

Rate (%)

1 0.625 75:25 (0.16) 224 378.50 ± 6.08 0.182 ± 0.01 −12.6 ± 0.21 91.5 ± 1.44 0.57 ± 0.01
2 0.625 75:25 (0.30) 117 224.29 ± 3.10 0.225 ± 0.03 −18.2 ± 0.96 92.48 ± 1.72 0.58 ± 0.01
3 0.625 50:50 (0.30) 1788 243.67 ± 2.12 0.096 ± 0.01 −22.3 ± 0.52 96.18 ± 3.01 0.60 ± 0.02
4 0.625 50:50 (0.14) 205 165.05 ± 2.21 0.045 ± 0.01 −17.6 ± 0.52 94.50 ± 3.77 0.59 ± 0.02
5 1.25 75:25 (0.16) 117 365.45 ± 10.05 0.325 ± 0.02 −9.56 ± 0.25 89.91 ± 1.95 1.12 ± 0.02
6 1.25 75:25 (0.30) 224 226.94 ± 3.02 0.115 ± 0.01 −12.13 ± 0.56 90.00 ± 2.38 1.13 ± 0.03
7 1.25 50:50 (0.30) 205 186.69 ± 1.05 0.156 ± 0.02 −11.56 ± 0.62 94.48 ± 3.72 1.18 ± 0.05
8 1.25 50:50 (0.14) 1788 281.81 ± 2.05 0.083 ± 0.01 −10.28 ± 0.91 92.06 ± 3.95 1.15 ± 0.05
9 2.5 75:25 (0.16) 1788 487.67 ± 6.02 0.232 ± 0.02 −3.56 ± 0.52 80.30 ± 3.64 2.01 ± 0.09

10 2.5 75:25 (0.30) 205 169.67 ± 3.56 0.125 ± 0.01 −5.93 ± 0.24 83.70 ± 2.18 2.09 ± 0.05
11 2.5 50:50 (0.30) 224 321.77 ± 2.31 0.240 ± 0.05 2.56 ± 0.12 87.65 ± 5.70 2.19 ± 0.14
12 2.5 50:50 (0.14) 117 346.67 ± 7.32 0.135 ± 0.01 1.32 ± 0.36 82.26 ± 3.57 2.06 ± 0.09
13 5.0 75:25 (0.16) 205 178.11 ± 5.23 0.108 ± 0.10 4.78 ± 0.67 81.46 ± 7.42 4.07 ± 0.37
14 5.0 75:25 (0.30) 1788 244.72 ± 1.65 0.250 ± 0.01 7.56 ± 0.24 75.87 ± 1.15 3.79 ± 0.06
15 5.0 50:50 (0.30) 117 412.40 ± 16.58 0.241 ± 0.01 4.32 ± 0.57 76.36 ± 7.42 3.82 ± 0.37
16 5.0 50:50 (0.14) 224 237.19 ± 7.54 0.185 ± 0.01 8.24 ± 0.45 81.63 ± 10.38 4.08 ± 0.52

2.1.3. NZ2114-NP Release Rate

The initial release of most PLGA formulations is high, typically consuming one-quarter
of the total drug on the first day. As shown in Figure 1, the cumulative release rates of
nanoparticles with a theoretical drug loading of 0.625% (formulations 1–4) at 24 h and 120 h
ranged 69.79–88.20% and 78.33–93.55%; those of nanoparticle formulations 5–8 (loading:
1.25%) at 24 h and 120 h ranged 54.91–66.60% and 68.37–77.94%; the cumulative release
of nanoparticle formulations 9–12 at 24 h and 120 h was 43.50–58.43% and 52.11–68.27%;
and the cumulative release of nanoparticle formulations 13–16 at 24 h and 120 h was
33.69–54.95% and 47.62–67.75%. The release profiles of all formulations showed a biphasic
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pattern with an initial burst release phase and a sustained release phase, which is in
agreement with the results of the previous study [27].
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Figure 1. NP properties of PLGA-encapsulated NZ2114. (A–D) Cumulative release rates of NZ2114
from PLGA nanoparticles in phosphate buffer pH 7.4 ((A) loading: 0.625%; (B) loading: 1.25%;
(C) loading: 2.5%; (D) loading: 5.0%) (mean ± SD, n = 4). (E,F) NPs (13) in different SEM plots with a
magnification of 25 k and 60 k, respectively.

Combining the size distribution, drug loading, and drug release, the optimal formula-
tion was 13, which showed a theoretical drug loading of 5% and an actual loading of 4.07%,
a ζ potential of 4.78 mV, a particle size of 178.11 nm, and a PDI of 0.108. The size distribution
and uniformity were further verified by SEM (Figure 1E,F). The encapsulation efficiency
was 81.46%, and the drug release rate was 54.95–67.75% at 24 h and 120 h, respectively.
Formulation 13 will be used as the NZ2114-NP formulation in the subsequent studies.

2.2. Hemolysis Analysis

Subsequently, we assessed the hemolysis of NZ2114-NPs compared to the free pep-
tide NZ2114. The results are shown in Figure 2A: the hemolysis rates of NZ2114 and
NZ2114-NPs (128 µg/mL) were 0.67% and 1.87%, respectively, which were less than 5%,
which was consistent with previous study [28]. Meanwhile, the hemolysis rate of the blank
NPs was 1.27%, indicating that PLGA encapsulation did not increase the hemolytic load of
NZ2114, and PLGA can be safely used as a packaging material.

2.3. Cytotoxicity

We further evaluated the cytotoxicity of NZ2114 NPs and free peptide NZ2114 on
HaCaT cells. The results showed that the survival rate of HaCaT cells in the presence of
NZ2114 (256 µg/mL, 12 h) was 80.78%, indicating that high concentrations of NZ2114
were potentially toxic to HaCaT cells. It is worth noting that the survival rate of HaCaT
cells in the presence of NZ2114-NPs (256 µg/mL) was 96.03%. The PLGA encapsulation of
NZ2114 reduced the cytotoxicity by 20% against HaCaT cells, and the Blank NPs showed
no cytotoxicity (Figure 2B). These results showed that PLGA encapsulation significantly
reduced the cytotoxicity of NZ2114.
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Figure 2. Safety of NZ2114 and NZ2114-NPs. (A) Hemolytic effect of NZ2114 and NZ2114-NPs
against mouse erythrocytes; (B) Cytotoxicity of NZ2114 and NZ2114-NPs against HaCaT cells.
NZ2114-NPs: PLGA-encapsulated NZ2114 (formulation-13), Blank NPs: formulation-13 without
NZ2114. (A) Red line: 5% hemolysis rate; (B) red line: 90% cell viability. Results are mean ± SD
(n = 3).

2.4. Serum Stability

The stability of NZ2114 and NZ2114-NPs in different concentrations of serum was
assessed by RP-HPLC. The results showed that after incubation in 50% serum for 1–4 h,
the retention of NZ2114 and NZ2114-NPs was 90.59–59.83% and 93.06–74.26%, respec-
tively (Figure 3A). After incubation in 25% serum for 1–4 h, the retention of NZ2114 and
NZ2114-NPs was 96.85–65.69% and 97.54–84.83%, respectively (Figure 3B). After incuba-
tion in 12.5% serum for 1–4 h, the retention rates were 97.64–84.34% and 96.33–91.47%,
respectively (Figure 3C). Compared with the free peptide NZ2114, PLGA encapsulation
increased the retention of NZ2114 in 50%, 25% and 12.5% serum by 24.12%, 20.01%, and
8.45%, respectively.
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Figure 3. The stability of NZ2114 and NZ2114-NPs under different physiological conditions.
(A–C) Peptide retention of NZ2114 and NZ2114-NPs at serum concentrations of 50%, 25% and
12.5%, respectively. (D) Effects of pepsin and trypsin on the antimicrobial activity of NZ2114 and
NZ2114-NPs against S. epidermidis G4. NZ2114-NPs: PLGA-encapsulated NZ2114 (formulation-13).
Results are given as mean ± SD (n = 3).
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2.5. Enzymatic Resistance of NZ2114-NPs

The ability of PLGA encapsulation to protect NZ2114 against enzymatic degradation
was determined by zone inhibition assay. As shown in Figure 3D, after incubation with
pepsin for 2 h, NZ2114 and NZ2114-NPs retained 93% and 97% antimicrobial activity
against S. epidermidis G4, respectively, indicating that NZ2114-NPs exhibited better pepsin
resistance. While after incubation with trypsin for 2 h, the retention of antibacterial activity
of NZ2114-NPs against S. epidermidis G4 was 92%, which was 4.24-fold higher than that of
NZ2114 (18%), indicating that the encapsulation of PLGA could effectively protect NZ2114
from degradation by trypsin.

2.6. MIC and MBC Determination

The MIC and MBC of NZ2114 and NZ2114-NPs against S. epidermidis are shown in
Table 3. The MIC of NZ2114 against S. epidermidis ranges from 2 to 8 µg/mL, and that
of NZ2114-NPs ranges from 4 to 8 µg/mL, and the unloaded NPs had no antimicrobial
activity. There was essentially no difference in the MIC of NZ2114 and NZ2114-NPs against
S. epidermidis, indicating that the encapsulation process (organic solvent, shear, surfactant)
had little effect on the bioactivity of NZ2114 and PLGA preparation retained the bioactivity
of the peptide. Meanwhile, the MBC results showed that the MBC of NZ2114 against
S. epidermidis was two to eight times higher than the MIC, and that of NZ2114-NPs was
two to four times higher than the MIC; especially, the MBC of them against S. epidermidis
ATCC 35984 and S. epidermidis G11 was relatively higher, which may be due to the strong
ability of these two strains to form biofilms.

Table 3. Antimicrobial activity of NZ2114 and NZ2114-NPs against Staphylococcus epidermidis.

Strains
MIC (µg/mL) MBC (µg/mL)

Blank-NP NZ2114 NZ2114-NP NZ2114 NZ2114-NP

Staphylococcus epidermidis
ATCC 35984 >512 8 8 16 16

S. epidermidis ATCC 12228 >512 2 4 4 8
S. epidermidis G4 >512 2 4 16 8
S. epidermidis G11 >512 4 8 32 32

2.7. Effect of NZ2114-NPs on Bacteria in Biofilms

As shown in Figure 4A, both NZ2114 and NZ2114-NPs reduced the number of
S. epidermidis G4 in biofilms. After 1-128× MIC NZ2114 treatment, the colony number
of bacteria decreased by 0.578 to 6.27 lg. The colony number of S. epidermidis G4 decreased
by 0.839–9.58 lg, and NZ214-NPs (32× MIC) showed 100% bactericidal effect against
S. epidermidis in mature biofilms. In conclusion, the encapsulation of NZ2114 by PLGA
significantly enhanced the bactericidal effect of NZ2114 against S. epidermidis in biofilms
compared to free NZ2114.

2.8. Effect of NZ2114-NPs on Biofilm Persister

To further assess the effect of NZ2114-NPs on persister bacteria in mature biofilms,
vancomycin (100× MIC) was added to induce biofilm persister [16]. As shown in Figure 4B,
after incubation with vancomycin (100× MIC) for 24 h, the number of viable bacteria
in the biofilm was 5.3 × 106 CFU/mL. The number of persistent bacteria decreased to
1.04 × 104 CFU/mL after treatment with NZ2114 (16× MIC) for 24 h, and the elimination
rate of persistent bacteria was 49.8%. The elimination rate of the retention bacteria in the
NZ2114-NPs (16× MIC) treatment group reached 99%, which was superior to that of the
NZ2114 group. Compared to the untreated group, the difference was highly significant
(p < 0.0001).
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activity of NZ2114 and NZ2114-NPs against established biofilms of S. epidermidis G4; (B) bactericidal
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2.9. Observation of Biofilms by Confocal Laser Scanning Microscopy (CLSM)

The elimination and inhibition of NZ214-NPs against S. epidermidis G4 biofilms and
internal bacteria were further verified by CLSM using SYTO-9 and PI. As shown in Figure 5,
in the untreated group (CK), S. epidermidis G4 formed a biofilm with a thickness of 12.6 µm
and more than 95% were live cells (green) in the field of view (12.6 µm), whereas only
scattered single cells were observed in the field of view and the flocculent biofilm almost
disappeared after the treatments of NZ2114 and NZ2114-NPs (16× MIC). In contrast, the
NZ2114-NPs were more effective than NZ2114, which was consistent with the above results
of colony counting.
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3. Discussion

Previous studies have shown that the tunable surface functionality of nanomaterials
provides scope for fine-tuned design, offering an ‘out-of-the-box’ approach to biofilm
infection [29–31]. Building on this, this study aims to improve the bioavailability and
delivery efficiency of NZ2114 in biofilms by encapsulation. Among various materials,
PLGA, as a biocompatible and degradable copolymer, is expected to protect NZ2114 from
binding to EPS components (DNA or polysaccharides) when used as a drug delivery carrier.
Its biphasic release behavior perfectly matches the drug concentration requirements of
biofilm eradication [32]. PLGA was selected as the ideal encapsulation material of NZ2114
for orthogonal design to screen formulations with high drug-loading rates, high release
rates, and uniform distribution.

Particle size and size distribution (PDI) are important parameters in the development
of nanomedicines, which further affects the drug loading, drug release and drug stabi-
lization within the nanoparticles [33]. To study the effect of formulation on nanoparticles,
nanoparticle particle size and size distribution were determined. The results are shown in
Table 2. Overall, the particle size distribution (186–412 nm) of PLGA (50:50, dL: 0.3) was
larger than that of the corresponding PLGA (50:50, dL: 0.14), which is in agreement with
the results of a previous study: the particle size increases with the molecular weight of
the polymer, which may be due to the fact that when the molecular weight of the polymer
increases, the organic phase becomes more viscous, which leads to an increase in the viscous
forces that resist the disintegration of the droplets through sonication. These forces are
opposite to the shear stress in the organic phase, and the final size of the particles depends
on the net shear stress available for droplet break-up, making it difficult to obtain small
emulsion droplets at the same mixing rate [34]. However, PLGA (75:25) did not show the
same pattern, which could be related to the influence of the corresponding surfactant on
it. Meanwhile, ζ potential is one of the key factors affecting the stability of particles in
dispersions, and the results showed that the ζ potential increased with the increase in drug
loading, which is in agreement with the previous studies and may be due to the saturation
of peptides in the oil–water interface, which makes them not only confined to the core of
the nanoparticles but mainly localized on the surface of the nanoparticles, resulting in a
significant increase in the zeta potential of the nanoparticles [23].

The molecular weight and L:G ratio of the PLGA can affect the overall pore size of
the particles by influencing the particle formation process (aggregation, shell formation,
and solidification), which in turn determines the drug-loading capacity, initial rupture
and subsequent drug release kinetics [27]. The aim of this study was to screen the opti-
mal PLGA encapsulation formulation by orthogonal design. As shown in Table 2 and
Figure 1A–D, the corresponding cumulative release rates of PLGA (50:50, dL-0.14; 50:50,
dL-0.3; 75:25, dL-0.16; and 75:25, dL-0.3) were 63.38–91.09%, 47.62–78.33%, 67.75–93.55%,
and 59.03–84.84%, respectively. In general, the cumulative release rate of NZ2114 in PLGA
(50:50) was lower than that of PLGA (75:25). This is partly attributed to the fact that an
increase in the concentration of polylactic acid slows down degradation due to the presence
of hydrophobic methyl groups, leading to slower water uptake and diffusion and thus
reducing drug release [35,36].

As a stabilizer, surfactant PVA, with one end adsorbed on the surface of particles and
the other end in solution, shielding the particles by bridging hydroxyl groups, greatly re-
ducing the attraction between particles and thus making the particles in a highly dispersed
state, has been used as a PLGA-encapsulated stabilizer [23,37]. In PLGA encapsulation, the
molecular weight and concentration of PVA affect the viscosity of the external aqueous
phase and thus the rate of diffusion of acetone from the polymer mechanism into the
external aqueous phase: a decrease in PVA viscosity reduces the viscosity of the external
aqueous phase, which promotes rapid diffusion of the solvent and consequently the en-
capsulation of the drug in the polymer and the formation of small nanoparticles [38]. As
shown in the results, the particle size distribution of the PVA 205 encapsulation product
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was 165.05–186.69 nm (Table 2), and the cumulative release rate was 61.55–91.09%, which
was better than that of the other encapsulation products (Figure 1A–D).

The interaction between the drug, PLGA, PVA stabilizer, and solvent affects the prop-
erties of the particles in an unpredictable and non-linear manner, and therefore each drug
must be tailored to a specific PLGA type and stabilizer class based on its unique physico-
chemical properties. In this process, PLGA drug encapsulation requires a comprehensive
balance of encapsulation and release rates to maximize drug loading and minimize particle
size [39,40]. Based on this, the present study was designed to obtain the optimal formula-
tion 13 consisting of PLGA (75:25, dL: 0.16) and PVA 205 encapsulated with a drug-loading
rate of 5%. It is worth noting that it is generally believed that the initial abrupt release
of PLGA is due to the high porosity of the particles, whereas the SEM results (Figure 1)
showed that the surface of the NZ2114-NPs was smooth with no visible pores, which seems
to be inconsistent with the results of Figure 1D. We speculate that the initial pore size of
these particles may be too small to be detected by SEM, or that SEM is the initial state of
NZ2114-NPs in solution rather than after burst release in PBS (12 h), and the degradation
of the polymer into pores that may occur during this process is not captured, thus causing
inconsistency with the release results, but this needs further verification [41–43].

Safety is a prerequisite for drug development. To investigate whether the encapsula-
tion of PLGA could improve the cell selectivity of NZ2114, the cytotoxicity of NZ2114-NPs
against HaCaT cells was determined. The results showed that PLGA encapsulation ef-
fectively improved the cytotoxicity of NZ2114 on HaCaT cells (Figure 2B), which was
consistent with the previous study showing that the encapsulation of SAAP-148 by PLGA
reduces the cytotoxicity of SAAP-148 to primary skin fibroblasts by 24–41-fold [26]. Stability
is an important consideration in the development of peptide drugs. In this study, NZ2114
retained only 59.83% of the monomeric peptide after 4 h incubation in 50% serum and
only 18% after incubation in trypsin, which is consistent with previous studies, whereas its
tolerance to serum protease and trypsin was increased by 224.12% and 424%, respectively
(Figure 3) [28], suggesting that PLGA encapsulation can be an effective strategy to improve
the protease tolerance of AMPs. This may be due to the spatial barrier provided by the
hydrophobic PLGA blocking enzyme interactions [44,45].

Nanoparticles make a very promising treatment modality for biofilms; the delivery
system protects the peptide from pH and enzymatic degradation in complex biofilms
while increasing the penetration efficiency of the AMP into the biofilm due to the size
effect of the nanoparticles [29,46]. PLGA-encapsulated ciprofloxacin has been reported to
be used for the treatment of endodontic infections caused by E. faecalis, and the results
of clinical trials have shown its success in eradicating bacteria from biofilms [47]. The
results of this study show that the bactericidal rate of NZ2114-NPs (32× MIC) against
S. epidermidis in mature biofilm reached 100%, and the bactericidal rate of NZ2114-NPs
against biofilm persister was 99%, which was significantly higher than that of the free
peptide NZ2114 (Figure 4). This may be attributed to the particle property of NZ2114-NP,
which has a particle size of 178 nm (<350 nm) and can diffuse through the pores of the
biofilm for diffusion [29]; meanwhile, the positive electrical charge (ζ potential: +4.78) of
NZ2114-NPs can disrupt the biofilm to promote the penetration of particles into the biofilm,
thus improving the antimicrobial efficiency [48]. This experiment further demonstrated
the promising application of nanoparticles in the field of biofilm removal. However, the
in vivo bioavailability and efficacy of NZ2114-NPs need to be further evaluated.

4. Materials and Methods
4.1. Materials

PLGA 75:25 (intrinsic viscosity 0.16 dL/g, average Mw 7000–20,000 Da), PLGA 75:25
(intrinsic viscosity 0.3 dL/g, average Mw 20,000–50,000 Da), PLGA 50:50 (intrinsic viscosity
0.14 dL/g, average Mw 7000–20,000 Da) and PLGA 50:50 (intrinsic viscosity 0.3 dL/g,
average Mw 20,000−50,000 Da) were purchased from the Shandong Academy of Phar-
maceutical Sciences (Jinan, China). PVA224 (Lot: D218362), PVA117 (Lot: K2013111),
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PVA1788 (Lot: I2111237), and PVA205 (Lot: H172877) were purchased from Aladdin Co.,
Ltd. (Beijing, China). The Cell-Counting Kit (CCK-8, Lot:C8216990) was purchased from
Yeasen Biotechnology Co., Ltd. (Shanghai, China). High-performance liquid chromatogra-
phy (HPLC) grade acetonitrile, dichloromethane and 96% ethanol were purchased from
Thermo-Fisher Scientific (Shanghai, China). NZ2114 (with purity over 90%) was prepared
as described in our previous study [49]. S. epidermidis G4 and G11 were isolated by China
Agricultural University, and S. epidermidis ATCC 35984 and ATCC12228 were purchased
from the American Type Culture Collection (ATCC, Manassas, VA, USA).

4.2. Preparation of Nanoparticles

The formulation of NZ2114 nanoparticles was optimized by an orthogonal test. PLGA
type (A), drug-loading rate (B), and PVA type (C) were used as influencing factors for
orthogonal design, and four levels were selected for each factor. The settings levels of each
factor are shown in Tables 4 and 5. NZ2114 nanoparticles were prepared by the water–
oil–water-in-water (W/O/W) double-emulsion solvent evaporation method. The specific
scheme follows. (1) Primary emulsion preparation: 500 µL of NZ2114 stock solution with
different concentrations was added to a 500 µL solution of 60 mg/mL PLGA dichloromethyl,
and the mixture was homogenized to form a primary emulsion by Ultrasonic Homogenizer
(SCIENTZ-IID) at 60% amplitude for 2 min. (2) Preparation of double emulsion: 1 mL of 2%
PVA aqueous solution was added to the primary emulsion and mixed, and two rounds of
emulsion were obtained using the ultrasound scheme mentioned above. (3) Nanoparticle
preparation: 5 mL PVA aqueous solution was added to the above double emulsion, and the
organic solvent was removed by rotary evaporation at room temperature for 2 h, followed
by centrifugation (22,000× g, 12 min), washing with ultrapure water twice, and freeze-
drying after ultrasonic for 24 h to obtain nanoparticles, and then it was placed at −20 ◦C
for reserve [23].

Table 4. Orthogonal test factor level.

Value Level

Factor Level

A: NZ2114
Concentration (w/v %)

B: PLGA Type
(L:G, dL/g) C: PVA Type

1 0.625 75:25 (0.16) 224
2 1.25 75:25 (0.30) 117
3 2.50 50:50 (0.30) 1788
4 5.00 50:50 (0.14) 205

Table 5. Orthogonal test design.

Formula No. A B C

1 1 1 1

2 1 2 2

3 1 3 3

4 1 4 4

5 2 1 2

6 2 2 1

7 2 3 4

8 2 4 3

9 3 1 3

10 3 2 4

11 3 3 1
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Table 5. Cont.

Formula No. A B C

12 3 4 2

13 4 1 4

14 4 2 3

15 4 3 2

16 4 4 1

4.3. Characterization of NZ2114-NP
4.3.1. Particle Distribution

The particle size and polydispersity index of the samples were determined by dynamic
light scattering (DLS). NZ2114-NP samples were dispersed in ultrapure water and diluted
50-fold for determination. The DLS and polydispersity index (PDI) were measured by a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) at a scattering angle of 173 and
25 ◦C.

4.3.2. Zeta Potential

The electrophoretic mobility of samples from the same batch was determined by
laser Doppler electrophoresis using a Zetasizer Nano ZS and converted to ζ potential by
Smoluchowski’s equation with three replicates per batch.

4.3.3. Scanning Electron Microscopy

An electron microscope was used to observe the surface morphology of the nanopar-
ticles. The freeze-dried nanoparticles obtained were redissolved in ultrapure water and
sonicated for 5 min to uniformly distribute the sample, after which a 4 µL drop of the
sample was taken on the front of the wafer, dried, sprayed with gold, and imaged through
a scanning electron microscope (Hitachi SU8000, Tokyo, Japan) at an accelerating voltage
of 5 KV [50].

4.3.4. RP-HPLC Analysis of NZ2114

Quantification was performed using reversed-phase high performance liquid chro-
matography (RP-HPLC) (Agilent 1260 Infinity, Santa Clara, CA, USA) with UV absorption
detector composition. Stationary phase: Boston Green ODs-AQ (250 mm × 4.6 mm, 5 µm,
120 Å), mobile phase: 0.1% TFA acetonitrile solution; B: 0.1% TFA aqueous solution. The
gradient elution conditions were as follows: 0–16 min, 20–45% of mobile phase A; flow
rate of 1.0 mL/min; detection wavelength: 280 nm; injection volume: 50 µL. A calibration
curve was established under the experimental conditions (n = 3), and the calibration curves
showed a linear range of 8–512 µg/mL with correlation coefficients of R2 greater than 0.999.
The drug concentration in the samples was calculated [51,52].

4.3.5. Drug Loading and Encapsulation Efficiency

In order to determine the maximum loading capacity of PLGA, the encapsulation
scheme with different drug-loading capacity was designed for the encapsulation of NZ2114,
and the drug-loading rate (DL) was calculated according to Equation (1).

Drug loading rate (%) =
NZ2114 mass
PLGA mass

× 100% (1)

Meanwhile, the encapsulation rate of PLGA was determined by an indirect method
as follows: free NZ2114 in the supernatant obtained by centrifugation and filtration in
4.2 was quantified by RP-HPLC, and the encapsulation efficiency (EE) was calculated by
the following Equation (2) [44].
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Encapsulation efficiency(EE%) =
(Theoretical NZ2114 loading − free NZ2114)

Theoretical NZ2114 loading
× 100% (2)

4.3.6. Release Rate

The nanoparticles obtained by freeze-drying were transferred to a 50 mL volumetric
flask, then redispersed by adding 10 mL PBS buffer, and then incubated in a linear shaking
water bath at 37 ◦C (100 rpm). Then, 1 mL of the suspended sample was removed at a
predetermined time and replenished with 1 mL of PBS; the suspension was centrifuged
at 12,000 rpm for 10 min and the supernatant was collected for quantitative analysis by
RP-HPLC. Release assays were performed in triplicate [23,53].

4.4. Safety and Stability
4.4.1. Hemolysis Analysis

Mouse blood erythrocytes were used to assess the hemolysis of NZ2114 nanoparticles.
Mouse erythrocytes were diluted to 8% with 0.9% NaCl, and then an equal volume of
different concentrations of nanoparticles was added and mixed, and the samples were
incubated at 37 ◦C for 1 h. After incubation, samples were centrifuged at 1500 rpm for
5 min at 4 ◦C, and the supernatant was collected and transferred to a 96-well plate for
determination. Then, 0.9% NaCl solution and 0.1% tritone X-100 were used as the negative
control (A0) and positive control (A100), respectively. Hemolysis was calculated according
to Equation (3) [9].

Hemolysis (%) =
ANP− A0

A100− A0
×100% (3)

4.4.2. Cytotoxicity

The cytotoxicity of HaCaT was determined using CCK-8. The method was performed
as follows. (1) Cell culture: HaCaT cells at a density of 2.5 × 105 cells/mL were inoculated
into 96-well cell culture plates and incubated for 24 h (37 ◦C, 5% CO2, saturated humidity
conditions); (2) drug incubation: after removing the medium, an equal volume of NZ2114
nanoparticles was added and incubated for 12 h; (3) CCK-8 incubation: the supernatant
was removed, CCK-8 (1/10 dilution) was added and incubated for 2 h, and the absorbance
value at 450 nm was detected by a Microplate Reader; (4) cell survival rate was calculated
according to Equation (4) [9,54].

Cell survival rate (%) =
ANP

APBS
× 100% (4)

4.4.3. Serum Stability

To assess the stability of NZ2114-NPs under physiological conditions, nanoparticles
obtained by freeze-drying were resuspended in 1.5 mL of mouse serum at final concen-
trations of 12.5%, 25% and 50%, incubated at 37 ◦C for 0, 1, 2, and 4 h and quantified by
RP-HPLC [53,55].

4.4.4. Enzymatic Resistance of NZ2114-NP

The enzymatic stability of NZ2114 nanoparticles was determined by inhibition zone
assay [28]. Free or encapsulated NZ2114 was incubated with trypsin or pepsin for 2 h at
37 ◦C to determine protease stability. Untreated peptide and buffer alone were used as
positive and negative controls, respectively. All assays were performed in triplicate.

4.5. In Vitro Antimicrobial Activity
4.5.1. MIC and MBC Determination

The MIC values of NZ2114 nanoparticles were assessed using the broth microdilution
method [52]. Briefly, S. epidermidis in the logarithmic growth phase (1 × 105 CFU/mL)
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was incubated with different concentrations of samples for 16 to 20 h at 37 ◦C. The MIC
value was defined as the lowest drug concentration at which there was no visible bacterial
growth, and the MBC value was defined as the lowest drug concentration at which 99% of
the bacteria were killed.

4.5.2. Effect of NZ2114-NPs on Bacteria in Biofilms

The effect of NZ2114 nanoparticles on the bacteria in the biofilm was determined
according to Yang’s method [56]. Briefly, S. epidermidis G4 (1 × 108 CFU/mL) was incubated
at 37 ◦C for 24 h, the supernatant was removed and washed with PBS, and different
concentrations of NZ2114 or NZ2114-NPs were added and incubated for 12 h, and then
colonies were counted.

4.5.3. Effect of NZ2114-NPs on Biofilm Persister

The antibacterial effect of NZ2114 nanoparticles on the persistent bacteria in the
biofilm was determined according to the previous study [56]. Briefly, S. epidermidis G4
(1 × 108 CFU/mL) was incubated at 37 ◦C for 24 h, 100× MIC vancomycin was added for
24 h to remove planktonic bacteria, NZ2114 or NZ2114-NPs (16× MIC) were added and
incubated for 24 h, and then colonies were counted.

4.5.4. Observation of Biofilms by Confocal Laser Scanning Microscopy

The effect of NZ2114 on the biofilm and internal bacteria was observed according to
the previous study [16]. After NZ2114-NP treatment, samples were incubated with PI and
SYTO9 (LIVE/DEAD BacLight Bacterial Viability Kit, ThermoFisher, Shanghai, China) for
15 min and observed by CLSM (Zeiss LSM880, Carl Zeiss, Oberkochen, Germany).

4.6. Statistical Analysis

Data were statistically analyzed using GraphPad Prism software v9.0 (GraphPad
Software, San Diego, CA, USA) and are expressed as mean ± standard deviation (SD).
Univariate ANOVA and Tukey multiple comparisons were used to analyze the statistical
significance of the differences between groups.

5. Conclusions

In summary, the nanodelivery system of NZ2114-NPs achieved the following:
(i) favorable physicochemical properties: particle size: 178.11 ± 5.23 nm, uniform dis-
tribution, drug loading: 4.074 ± 0.37%, encapsulation rate: 81.46 ± 7.42%, biphasic release
mode: initial burst of sudden release followed by sustained release, cumulative release
rate: 67.75% (120 h); (ii) excellent safety and stability: hemolysis of mouse erythrocytes and
cytotoxicity of HaCaT was less than 5%, peptide retention in 50% of serum was increased
by 24.12% for NZ2114-NPs, and peptide retention in 50% serum was increased by 24.12%
for NZ2114-NPs), and the tolerance to trypsin was increased by 4.24 times; (iii) excellent
antimicrobial activity: MIC against S. epidermidis was as low as 4–8 µg/mL, and the bacteri-
cidal rate of NZ2114-NPs against S. epidermidis G4 in mature biofilm was 9–100%, which
was superior to that of NZ2114 (6–65%), the bactericidal activity of NZ2114-NPs against
S. epidermidis G4 persister was 99%, which was better than that of NZ2114 (49.8%); this may
be attributed to the sustained release effect of PLGA to protect NZ2114 from interference
with the complex pH and enzyme environment within the biofilm. In conclusion, our
data provide evidence that PVA-engineered PLGA nanoparticles can be used as valuable
nanocarriers for the treatment of biofilm caused by S. epidermidis.
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