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ARTICLE INFO ABSTRACT

Keywords: In the current global crisis of antibiotic resistance, delivery systems are emerging to combat resistant bacteria in a
pH-responsive prodrug more efficient manner. Despite the significant advances of antibiotic nanocarriers, many challenges like poor
PEGylated

biocompatibility, premature drug release, suboptimal targeting to infection sites and short blood circulation time
are still challenging. To achieve targeted drug delivery and enhance antibacterial activity, here we reported a
kind of pH-responsive nanoparticles by simply self-assembly of an amphiphilic poly(ethylene glycol)-Schiff-
vancomycin (PEG-Schiff-Van) prodrug and free Van in one drug delivery system. The acid-liable Schiff base
furnished the PEG-Schiff-Van@Van with good storage stability in the neutral environment and susceptible
disassembly in response to faintly acidic condition. Notably, on account of the combination of physical encap-
sulation and chemical conjugation of vancomycin, these nanocarriers with favorable biocompatibility and high
drug loading capacity displayed a programmed drug release behavior, which was capable of rapidly reaching
high drug concentration to effectively kill the bacteria at an early period and continuously exerting an bacteria-
sensitive effect whenever needed over a long period. In addition, more Schiff-base moieties within the PEG-
Schiff-Van@Van nanocarriers may also make great contributions on promoting the antimicrobial activity.
Using this strategy, this system was designed to have programmable structural destabilization and sequential
drug release due to changes in pH that were synonymous with bacterial infection sites, thereby presenting
prominent antibacterial therapy both in vitro and in vivo. This work represents a synergistic strategy on offering
important guidance to rational design of multifunctional antimicrobial vehicles, which would be a promising
class of antimicrobial materials for potential clinical translation.
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1. Introduction

Bacterial infectious diseases pose a serious threat to global health
and economics because of the accelerated emergence of antibiotic-
resistant bacterial strains, which is considered one of the main con-
tributors towards the gradually increasing morbidity and mortality rates
[1,2]. More and more researches have pointed out that bacterial diseases
can kill people than any others by 2050 [3,4]. Therefore, an urgent need
is required for design of innovative antimicrobial biomaterials to curtail
the present antibiotic-resistant pathogenic strains [5-7]. Generally, the
traditional antibiotic dosage forms possess producible limitations like
suboptimal drug concentration at infection sites, high exposure to
healthy cells, low blood circulation time and the constraint of high doses
required for efficient administration, which can cause the low-efficient
drug delivery, inevitable adverse effects or toxicity and poor patient
compliance, thus leading to the serious outcomes and antibiotic resis-
tance [8-10]. Thereby, there is availability of advanced delivery strat-
egy of smart drug delivery systems to improve drug loading capacity
(DLC) and on-demand drug release are promising to decrease conven-
tional dosage interval, improve drug bioavailability, reduce side effects
and suppress the antimicrobial resistance.

Novel drug delivery system, because of its subcellular morphology,
dimension, biocompatibility, biodegradability and surface area, has
showcased their importance and efficiency in resolving the disadvan-
tages of conventional antibiotics via improving the drug delivery and
keeping high drug concentration at targeted bacterial infection sites
[11-17]. Recently, responsive drug delivery has great potential in spe-
cific treatments by lowering the side effects and improving the efficacy.
Since many bacteria (e.g. Staphylococcus aureus and cariogenic bacteria)
can produce acids at the infection site by the combined actions of im-
mune response and bacterial metabolism, pH trigger is recognized as an
attractive strategy on the targeted antibiotic delivery in the antimicro-
bial arsenal, and thereby pH-responsive antibiotics release can effec-
tively suppress the drug-resistance and reduce the cytotoxicity [18-24].
Using this strategy, design and development of therapeutic systems that
respond to pH trigger are significantly important for enhancing anti-
bacterial efficacy. Among the various drug carriers, prodrug-based
nanoparticles have emerged as an outstanding candidate because of
their clear structure and simple synthetic procedure in clinical trans-
lation. Wherein, Schiff base-linked degradable prodrugs are of particular
interest due to their reversible dynamic bonds between the aldehyde and
amino groups, which can quickly hydrolyze under a weakly acidic
condition and native antimicrobial secretion [25-28]. In particular,
rapid growth of bacteria can produce lactic acid in its metabolic process,
resulting in local weak acidification, and therefore Schiff base-linked
polymeric carrier is suitable for constructing bacteria-sensitive antibi-
otics release system.

Vancomycin is a first-generation glycopeptide antibiotic with broad-
spectrum abilities to keep sustained microbiologic inhibitory activity via
inhibiting the synthesis of bacterial cell wall. It has no cross-resistance to
other antibiotics and rarely generates resistant strains that is recognized
as an effective antibiotic for most Gram-positive bacteria in the critical
situation medicine [29-31]. DLC and drug release kinetics are of great
importance to drug delivery systems. To tackle this challenge, innova-
tive strategies have been explored for developing advanced nanocarriers
with high DLC and tailored drug release kinetics related to the drug
concentration and the time of drug action [32-34]. To maximize the
bacteria growth inhibition, it is necessary to achieve high drug con-
centration at the infection sites and keep programmed drug release for a
long period, which meant the rapid drug release to enhance the local
drug concentration to urgently kill the bacteria in the initial stage, and
responsive release of antibacterial drug to treat and/or prevent further
bacterial infection in the middle or later periods, resulting in efficient
antibiotic delivery and outstanding therapeutic effects. Therefore,
development of programmable drug delivery with particular emphasis
on high drug concentration loading and sequential release is
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significantly urgent for enhanced antibacterial therapy.

Herein, we designed and prepared a pH-responsive prodrug from an
amphiphilic polymer drug conjugate, poly(ethylene glycol)-Schiff-
vancomycin (PEG-Schiff-Van) via the simple chemical synthesis pro-
cedures. This PEGylated prodrug could serve as drug carrier to further
encapsulate the free vancomycin in one drug delivery system (PEG-
Schiff-Van@Van), which exhibited good biocompatibility, well-defined
architectures, high drug loading content, stability and storage. The
bridged Schiff bases could keep the structural integrity at normal
physiological condition but quickly disassemble in response to faintly
acidic environment. More importantly, the combination of physical
encapsulation and chemical conjugation endowed the nanoparticles
with an efficient drug load concentration and a programed drug release
behavior, thus achieving the on-demand antibiotics release for targeted
antimicrobial activity (Fig. 1). Thus, we believe that these prodrug
nanomedicines will hold promise to an alternative translational anti-
biotic formulation for effective antimicrobial therapy.

2. Materials and methods
2.1. Materials

Poly(ethylene glycol) methyl ether (PEG-OH, M;, = 750 g/mol, Alfa
Aesor), 4-carboxybenzaldehyde (98%, J&K), 4-(dimethyl-amino)-pyri-
dine (DMAP, 99%, Aldrich), 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDCI, 99%, Energy Chemical),
Vancomycin (Van, 95%, TCI), N,N-diisopropylethylamine (DIEA, 98%,
Energy Chemical), hydrochloric acid, sodium sulfate, n-hexane and
ether were purchased from Beijing Chemical Works. Dichloromethane
(DCM) and dimethylformamide (DMF) were purified by stirring over
calcium hydride for 24 h followed by distillation. All other reagents were
purchased from Sigma-Aldrich and used as received without further
purification. Staphylococcus aureus (S. aureus, ATCC 29213) was pur-
chased from institute of microbiology, Chinese Academy of Sciences,
Beijing, PR China. All cells were supplied by China Infrastructure of Cell
Line Resource.

2.2. General characterizations

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker 400 MHz spectrometer with tetramethylsilane (TMS) as the in-
ternal reference. Transmission electron microscopy (TEM) images were
obtained on a JEM-2200FS microscope (JEOL, Japan). A 5 pL droplet of
self-assembled solution was dropped onto a copper grid (300 mesh)
coated with a carbon film, followed by drying at room temperature.
Dynamic light scattering (DLS) spectra were obtained on a commercial
laser light scattering spectrometer (ALV/DLS/SLS-5022F) equipped
with a multi-t digital time correlator (ALV5000) and a cylindrical 22
mW UNIPHASE He-Ne laser (A\; = 632.8 nm) was used. All data were
averaged over three time. The laser light scattering cell was held in a
thermostat index matching vat filled with purified and dust-free toluene,
with the temperature controlled to within 0.1 °C. Fluorescence mea-
surement was carried on a Hitachi F4600 photo-luminescent spec-
trometer with a xenon lamp as a light source. Confocal laser scanning
microscopy was obtained on a Zeiss LSM 510 microscope.

2.3. Synthesis of the PEG-CHO polymer

PEG-OH (1.5 g, 2 mmol), 4-carboxybenzaldehyde (0.36 g, 2.4
mmol), EDCI (0.48 g, 2.4 mmol) and DMAP (50 mg, 0.4 mmol) were
added into a 20 mL of freshly dried DCM equipped with a magnetic
stirring bar. After continuous stirring for 24 h at room temperature, the
organic phase was collected and washed with 2 M HCI aqueous solution,
saturated NaCl aqueous solution and DI water for several times and
dried over anhydrous NaySO4 [27]. The final product was precipitated
into ether/hexane for three times to afford the white powder with 86.6%
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PEG-Schiff-Van

Avoid infection recurrence by continuous
bacteria-sensitive effect over a long period

Fig. 1. Schematic illustration of preparation of PEG-Schiff-Van@Van nanoparticles for programmable antibacterial therapy.
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2.4. Synthesis of the PEG-Schiff-Van polymer

PEG-CHO (0.36 g, 0.4 mmol), Van (0.3 g, 0.2 mmol) and DIEA (70
pL, 0.4 mmol) were dissolved in 10 mL of DMF solution under a nitrogen
atmosphere. After refluxing for 12 h, the solvent was removed and the
crude products were resolved in DCM, which was then washed with
saturated NaCl aqueous solution and DI water for several times and
dried over anhydrous NapSO4. The final product was precipitated into
ether for several times to afford the white powder with 66.4% yields.

2.5. Self-assembly of the PEG-Schiff-Van and PEG-Schiff-Van@Van
nanoparticles

A typical self-assembly solution was prepared as following: PEG-
Schiff-Van (5 mg) was first dissolved in DMF (1 mL), then the deion-
ized water (4 mL) was added dropwise into the solution at the rate of
0.05 mL/min via a syringe pump. The colloidal dispersion was further
stirred for another 2 h at room temperature during the self-assembling
process. Afterwards, the organic solvent was removed by dialysis (MW
cutoff, 2 kDa) against deionized water for 3 days to obtained the PEG-
Schiff-Van nanoparticles.

Similarly, 5 mg of PEG-Schiff-Van and a predetermined amount of
free vancomycin was dissolved in 1 mL of DMF, and then 4 mL of
deionized water was added dropwise into the solution at the rate of 0.05
mL/min via a syringe pump. The colloidal dispersion was further stirred
for another 2 h at room temperature during the self-assembling process.
Afterwards, the organic solvent and free Van was removed by dialysis
(MW cutoff, 2 kDa) against deionized water for 3 days to obtain the PEG-
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Schiff-Van@Van nanoparticles.

To determine the final concentration of Van and the encapsulation
efficiency, 0.1 mL of the solution was diluted to 5 mL by adding mixture
of trifluoracetic acid: acetonitrile (v/v = 15:85). After being vibrated at
37 °C for 24 h to make the vancomycin release completely, the con-
centration of Van was determined by high performance liquid chroma-
tography (HPLC). The encapsulation efficiency of Van in the
nanoparticle solutions could be calculated according to the measured
concentration.

2.6. Dissipative particle dynamics (DPD) simulation

DPD was performed to understand the assembly of the molecule in
water [37]. First of all, we constructed a specific coarse-grained (CG)
model of the molecule wherein one bead P (representing PEG) attached
to another bead V (representing vancomycin). The atomistic model was
coarse-grained according to the molecular volumes which were
computed in all-atom simulation. The size of V bead is 1.31 times of P
bead. The interaction parameter aj; between different beads was pre-
sented in the following table.

ag P v w
P 25 100 25
v 25 100
w 25

Within the CG model, neighboring CG beads are bonded to each
other by a harmonic spring potential, U, = 0.5k;(r — ro)z, where kj is
the spring constant and ry is the equilibrium bond length. In this study,
ky = 25 and ry = 2.0. The concentration of the molecule in the solution



D. Liet al

¢ is 0.009, which is calculated by the following formula.

_ NyVy + NpVp
CE NV LNV + NV

where Ny, Np and Ny are the number of the vancomycin, PEG and water
beads while Vy, Vp and Vyy are the volume of one bead of vancomycin,
PEG and water, respectively.

The simulations were performed in NVT ensemble with periodical
boundary conditions and at a fixed system number density of 3.0. All the
CG beads have the same mass as m = 1. The interaction cutoff radius is
set to 1 as the unit of length. The temperature is 1.0. The size of simu-
lation box is 30 x 30 x 30. In the DPD simulations the modified velocity-
verlet algorithm was used to integrate the equations of motion with a
time step of 0.03. The simulation systems were pre-equilibrated with 1
x 10° steps by setting ajj = 25 and T = 1.0 for all DPD beads. Then we
performed another simulation with 4 x 10° steps to observe the
morphology evolution of aggregates. In the equilibrium state, we
observed spherical aggregates.

2.7. pH-responsive profile of PEG-Schiff-Van and PEG-Schiff-Van@Van
nanoparticles

For determining the pH response of PEG-Schiff-Van and PEG-Schiff-
Van@Van nanoparticles, a certain amount of phosphate buffered saline
(PBS) with different pH values (6.0 and 7.4) was added into 10 mL of
PEG-Schiff-Van or PEG-Schiff-Van@Van nanoparticles (1 mg/mL) under
mildly stirring at 37 °C. After 4 h, morphological and dimensional
changes of nanoparticles were characterized by TEM and DLS.

2.8. In vitro release from the PEG-Schiff-Van and PEG-Schiff-Van@Van
nanoparticles

pH-triggered Van release was conducted as below: dispersed PEG-
Schiff-Van or PEG-Schiff-Van@Van nanoparticles were added into a
dialysis membrane tube (MW cutoff, 2 kDa), which was then incubated
in 30 mL of PBS (pH 6.0 and 7.4) solutions at 37 °C in a shaking water
bath. Release profiles were determined by HPLC at 230 nm. All release
experiments were performed in triplicate.

2.9. Invitro cytotoxicity

The cytotoxicity of PEG-Schiff-Van nanoparticles was conducted by
CCK-8 assay. Mouse embryos osteoblast precursor cells (MC3T3-E1)
were seeded onto a 96-well plate at a density of 1 x 10* cells per well in
200 pL of DMEM containing 10% FBS for incubation of 24 h (37 °C, 5%
CO3). The medium was replaced by 90 pL of fresh DMEM medium
containing 10% FBS, followed by adding various concentration of sus-
pensions (pH 7.4) for another incubation of 24 h. After the removal of
culture media from cell culture plates, 100 pL of fresh culture media and
10 pL of CCK-8 kit solutions were immediately added and incubated for
4 h. The optical density of each well at 450 nm was read by a microplate
reader. Cells cultured in DMEM medium containing 10% FBS (without
exposure to sample) were used as controls.

2.10. Confocal laser scanning microscopy (CLSM) observation

MC3T3-E1 cells were seeded into 24-well culture plates to incubate
for 24 h at 37 °C in humidified air containing 5% CO;. Using the DMEM
(Dulbecco’s modified Eagle’s medium) with 10% FBS, 50 IU mL !
penicillin and 50 TU mL™! streptomycin of the culture media were
replaced by PEG-Schiff-Van solutions (200 pg/mL). After cultivating for
prescribed time intervals, the MC3T3-E1 cells were washed by cold
buffer for three times and immersed with 4% paraformaldehyde solution
for 0.5 h to fix the cell configuration. Afterwards, 4,6-diamidino-2-phe-
nylindole (DAPI) was employed for cellular staining and the MC3T3-E1
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cells were washed by bulffer for three times and directly transferred into
culture dish for further CLSM observation.

2.11. Inhibition zone measurement

Inhibition zone was measured by placing the bacterial solution on
the surface of an agar plate. Then each tested antibacterial agent sam-
ples were respectively filled into the circle, and bare vancomycin drug
(pH 7.4, 6 h) and four PEG-Schiff-Van@Van nanoparticles (pH 7.4, 6 h,
pH7.4,24h, pH 6.0, 6 h and pH 6.0, 24 h) were placed on the inoculated
agar plates and incubated overnight at 37 °C. Digital images of plates
were captured to measure the inhibition zone diameter. Each experi-
ment was preceded in triplicate [35].

2.12. Antibacterial experiments

Bare vancomycin drug, PEG-Schiff-Van and PEG-Schiff-Van@Van
nanoparticles were incubated with the S. aureus for different incuba-
tion concentration at various times (6 h and 24 h). After being washed
and diluted with PBS buffer, the bacteria dilutions were spread onto a
solid LB agar plate. The bacterial colonies were formed after 18 h in-
cubation at 37 °C. Each group was performed in triplicate. The bacterial
viability was calculated as follows:

number of CFU (treated)
number of CFU (control)

Bacterial viability = x 100%

2.13. Live/dead staining

The antibacterial activities of bare vancomycin and PEG-Schiff-
Van@Van nanoparticles were determined by incubation with bacterial
cells suspensions at room temperature. A ratio of strain dyes was added
to the samples and kept for 15 min. The used bacteria stains were SYTO 9
(green fluorescence) for Gram-positive bacteria and propidium iodide
(PI, red fluorescence). Bacteria with intact cell membranes were stained
green, and bacteria with damaged membranes were stained red for
further CLSM observation.

2.14. In vivo antimicrobial assay

All experiments were performed in accordance with the Guidelines
of the care and use of laboratory animals of 8th Medical Center of Chi-
nese PLA General Hospital, and Experiments were approved by the an-
imal ethics committee of the 8th Medical Center of Chinese PLA General
Hospital. The wounds (1 cm x 1 cm) were made using puncher on the
back of each rat, followed by adding the S. aureus (200 pL) (1 x 108 CFU
mL™Y). After 24 h, the infection sites were treated with separately
nanoparticle solutions (100 pg/mL, 100 pL) and the same volume of
PBS. The rats were euthanized on 7 and 14 days, and the skin was fixed
with 10% buffered formalin. The sections were stained by Hematox-
ylin—Eosin (H&E), Masson’s trichrome reagents, CD31 and CD68 anti-
body [36].

3. Results and discussion
3.1. Synthesis and characterization of PEG-Schiff-Van prodrugs

The Schiff-linked PEGylate Van prodrug was prepared following the
synthetic route as seen in Fig. 1. Based on the simple esterification re-
action of 4-carboxybenzaldehyde and sequentially high-effective Schiff
base reaction of Van, the PEG-Schiff-Van was feasibly obtained with the
verification by 'H NMR spectra. Fig. 2A presented the clear assignments
of PEG-CHO polymer. The signals at § 8.0-8.3 ppm ascribed to the
benzene components and the resonance peak of § 10.2 ppm was
attributed to the proton of aldehyde group. There was no clear peak
attribution in Fig. 2B because of the intricate peaks for free vancomycin
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Fig. 2. H NMR spectra of (A) PEG-CHO, (B) Van and (C) PEG-Schiff-
Van polymers.

drug. Fig. 2C proved the successful conjugation of PEG with Van via the
Schiff base reaction, presenting the integrated assignments of PEG (6 3.3
ppm and 3.5-4.1 ppm) and Van moieties (similar to Fig. 2B). The newly
generated peak at § 8.4 ppm for Schiff base bond and the completely
disappeared signal of aldehyde group at § 10.2 ppm fully testified the
successful preparation of PEG-Schiff-Van polymer. Especially, the inte-
gration ratio of representative characteristic peaks further certified its
exact and identical structure. The Van content in the PEG-Schiff-Van
prodrug was calculated to be 62.7 wt%, higher than most of other re-
ported Van prodrugs, which was sufficient for therapeutic usage.

3.2. Preparation, stability and pH-responsive degradation of the
nanoparticles

PEG-Schiff-Van prodrug could self-assemble into micellar nano-
particles in aqueous solutions because of its amphiphilic structure and
high uniformity, which was well demonstrated by TEM image in
Fig. 3A-a. These nanoparticles had a particle size of ca. 85 nm and a
polydispersity index (PDI) of 0.22 by DLS result in Fig. 3B-a. Dissipative
particle dynamics (DPD) simulation is currently recognized as the viable
simulation approach that can be employed to intuitively study the
macromolecular morphological expressions [37], which provided a
visualized formation pathway of the self-assembled nanoparticles from
the amphiphilic PEG-Schiff-Van prodrug (Fig. 3C). To maximally in-
crease Van content in the nanoparticles, free vancomycin was further in
situ encapsulated into the micelles to form the PEG-Schiff-Van@Van
nanoparticles, which exhibited the larger average hydrodynamic size
than PEG-Schiff-Van prodrug by DLS (ca. 106 nm) in Fig. 3A-b and 3B-b.
These polymeric nanoparticles possessed outstanding storage stability
that was important for the drug formulations although there was some
degree of micellar swelling in aqueous solutions (Fig. 3D), however, they
were susceptible to disassemble under faintly acidic condition because
of the acid-labile Schiff base linker within the nanoparticles. After in-
cubation in pH 6.0 PBS solutions for 4 h, Fig. 3A-c showed the
morphological degradation in the presence of pH 6.0 solutions, and the
small molecules and aggregates were observed in Fig. 3B—c, confirming
pH-induced cleavage of Schiff base bonds and dissociation of the ag-
gregates. Therefore, these kinds of pH-sensitive nanoparticles could
keep stable at normal physiological conditions and degradable in
response to acidic conditions, which may be used as the intelligent drug
carriers in biomedical fields.

51

Bioactive Materials 16 (2022) 47-56
3.3. In vitro biocompatibility and drug release of the nanoparticles

CCK-8 assay was used to evaluate the in vitro cytotoxicity of PEG-
Schiff-Van. After incubation for 24 h using MC3T3-E1l cells, cell
viability was more than 90% until the tested concentration reached 200
pg/mL, which displayed the healthy cell morphology and emitted green
fluorescence (Fig. 3E and F), demonstrating good in vitro biocompati-
bility and usability of this prodrug. Since the acid-labile linker between
the hydrophobic Van and the hydrophilic PEG was susceptible to
disassemble under faintly acidic condition, we assessed the drug release
profiles of PEG-Schiff-Van and PEG-Schiff-Van@Van nanoparticles at
the physiological (PBS, pH 7.4) and acidic conditions (PBS, pH 6.0) to
simulate the severe infection environment. As depicted in Fig. 3G, a
negligible vancomycin was released from the PEG-Schiff-Van nano-
particle at pH 7.4 solutions while a much faster release of Van with a
high release content of 82.2% at pH 6.0 solutions, which was attributed
to the cleavage of Schiff base to accelerate the vancomycin release,
indicating that these prodrugs would maintain stable and eliminate the
premature burst release in normal environment while effectively pro-
mote the vancomycin release upon exposure into acidic environment.

Recent developments in smart drug carriers for antimicrobial ther-
apy have enabled programmable delivery of therapeutics by means of
stimuli-responsive behavior. It is greatly desired to construct an ideal
criterion that the designed drug delivery system should quickly achieve
high drug concentration to kill the bacteria at an early period and exert
an environmental responsive effect whenever needed to avoid recur-
rence of infection for a long period of time. So, we further prepared the
PEG-Schiff-Van@Van nanoparticles by incorporation of encapsulated
Van and conjugated Van in one drug delivery system, which was ex-
pected to achieve the rapid release of encapsulated vancomycin to
enhance local drug concentration at first stage within a short time, and
then conduct the pH-responsive release of chemically conjugated van-
comycin to continue the effective treatment or prevent the recurrence of
infection, thereby resulting in intelligent therapeutic effect. The drug
loading capacity was 68.4% from the results determined by HPLC
measurements. As expected, PEG-Schiff-Van@Van nanoparticles indeed
displayed a sequential drug release behavior in Fig. 3H. The 26.2% of
vancomycin release from the nanoparticles was accordance with its
physical drug loading content, indicating the initial drug concentration
gradient diffusion behavior of encapsulated Van at the neutral envi-
ronment and verifying the following sustained drug release with nano-
formulation due to the possible polymer erosion and degradation.
While treatment in harsh pH 6.0, accumulative vancomycin release was
dramatically accelerated to reach 92.6%, which suggested nearly all the
encapsulated Van and conjugated Van were released. The fast Van
release was attributed to the fact that deprotonated vancomycin in the
interior could easily escape from the broken carriers at acidic pH. Be-
sides, the release of encapsulated Van just continued for 24 h, whereas
the release of conjugated vancomycin could sustain for more than 60 h,
which suggested their enhanced antibacterial activity in clinical appli-
cation scenarios that required the high concentration of antibiotics on
the effective inhibition of bacteria growth from infected wounds or
locally continuous drug release for a long-term prevention of wound
reinfection in the neutral environment. Overall, in contrast to the con-
ventional vancomycin formulations with poor stability, premature drug
burst release and insufficient therapeutic dose, these pH-responsive
nanoparticles exhibited good stability, high drug loading contents,
specific target transport and spatiotemporally controlled release to
significantly reduce the drug-resistance and promote the antibacterial
therapeutic effect. Using this strategy, these therapeutic systems can be
designed with the relevant chemical and physical properties that
respond to pH trigger for improving antibacterial efficacy, which are
capable of programmable destabilization and on-demand release of the
drug once the pH changes in bacterial infection sites.
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solutions for 4 h. (C) The snapshots showing the formation pathway of nanoparticles. The water beads are omitted for clarity. (D) Size variations of the PEG-Schiff-
Van nanoparticles after treatment in PBS (pH = 7.4) solutions for various time. (E) Cytotoxicity of MC3T3-E1 cells following 24 h incubation with PEG-Schiff-Van
nanoparticles. (F) CLSM image of MC3T3-E1 cells cultured in the presence of 200 pg/mL of PEG-Schiff-Van nanoparticles. pH-triggered drug release from the (G)
PEG-Schiff-Van and (H) PEG-Schiff-Van@Van nanoparticles after treatment in PBS (pH = 7.4 and 6.0) solutions.
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3.4. Inhibition zone measurement and in vitro antimicrobial assay

Inhibition zone measurement was carried out to verify the antibac-
terial property against staphylococcus aureus (S. aureus). As shown in
Fig. 4A, PEG-Schiff-Van@Van exhibited obvious inhibition haloes with
effective antibacterial activity. In accordance with the drug release
behavior in Fig. 3H, the sustainable vancomycin release in the first 6 h
exhibited obvious antibacterial effect with a small inhibition zone at pH
7.4. After incubation for 24 h, the inhibition zone diameter was enlarged
from 7 to 11 mm originating from the accumulative drug concentration
by the diffusion behavior or generative weak acidic conditions from
bacterial metabolism (Fig. 4A-a,4A-b and Fig. 4C). At pH 6.0, the
obvious antibacterial inhibition as well as the large inhibition zone were
showcased at 6 h, and further expanded into 12.5 mm after 24 h of in-
cubation (Fig. 4A—c, 4A-d and Fig. 4C), which was attributed to the
cleavage of Schiff base bonds and disassembly of the nanoparticles to
accelerate the vancomycin release. In addition, it was reported that the
Schiff base could play a role in facilitating the antibacterial therapy
[26]. As a control, the bare vancomycin with nearly equivalent con-
centration (8 pg/mL) to that of physical encapsulation of
PEG-Schiff-Van@Van nanoparticles displayed the effective antibacterial

Bioactive Materials 16 (2022) 47-56

inhibition in Fig. 4A—e. The larger inhibition zone diameter (8.8 mm)
than that of PEG-Schiff-Van@Van nanoparticles (7 mm, Fig. 4A-a)
indicated the gradual drug release process, which also verified the
promoting antibacterial capacity of Schiff base bonds and meanwhile
suggested a few breaks of Schiff base bonds within the nanoparticles
after incubation for 24 h. Therefore, more Schiff-base moieties within
these nanocarriers could make great contributions on promoting the
antimicrobial activity.

The antimicrobial efficiency of PEG-Schiff-Van@Van nanoparticles
was further intuitively proved by confocal laser scanning microscopy.
Live/dead bacterial viability assay was employed to observe the anti-
bacterial activity. The green SYTO 9 dye could enter the both intact and
membrane-compromised cells, whereas the red propidium iodide (PI)
dye could only enter the membrane-compromised cells [38], which can
be observed in the negative control group using PBS 7.4 solutions and
positive control group with bare vancomycin drug in presence of SYTO 9
and PI dyes. When the S. aureus bacterial suspension was mixed with
100 pg/mL PEG-Schiff-Van@Van solutions at 37 °C, the resulting sus-
pension of viable and dead bacteria was applied to a glass slide and
treated with the combination dyes. Similar to the inhibition zone mea-
surement, the number of viable cells (stained green) was gradually

Bacterial infection
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Fig. 4. (A, C) Representative inhibition zone and (B) Live/dead fluorescence staining images of S. aureus treated with PEG-Schiff-Van@Van nanoparticles (100 pg/
mL) at (a) pH 7.4, 6 h, (b) pH 7.4, 24 h, (c) pH 6.0, 6 h and (d) pH 6.0, 24 h; (e) bare vancomycin drug (8 pg/mL) and (f) PBS at pH 7.4, 6 h. Red and green
fluorescence represent dead and viable bacteria. (D) Quantitative analysis of the antibacterial activity of PEG-Schiff-Van@Van nanoparticles toward S. aureus. (E)
Scheme of the PEG-Schiff-Van@Van nanoparticles with high drug concentration at the infection sites to instantly kill the bacterial and continuous bacterial-

responsive drug release for programmable antimicrobial therapy.
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reduced over time at pH 7.4 while red fluorescence intensities tended to
be stronger and majority of the cells were stained red at pH 6.0 (Fig. 4B),
indicative of the pH-responsive enhanced antibacterial activity. On ac-
count of the high drug loading and more Schiff-base moieties,
PEG-Schiff-Van@Van nanoparticles with a low concentration (200
pg/mL) could effectively kill 99% of S. aureus in Fig. 4D, further indi-
cating the efficient biocidal activity for the living S. aureus. It was
mentioned that when the new S. aureus. fluid was repoured into these
nanoparticles after 5 d that simulated the recurrence of infection, the
antimicrobial activity was also remarkable, which was attributed to the
environmental responsive effect and programmable delivery of thera-
peutics for antimicrobial therapy over a long period (Fig. 4E).

3.5. In vivo antibacterial activity

To observe the antimicrobial activity and wound healing, we
employed a rat skin wound infection model using S. aureus to evaluate
the antibacterial effect of nanoparticles in vivo. After 24 h of infection,
the wounds of rat’s back were separately treated with PBS, Van, PEG-
Schiff-Van and PEG-Schiff-Van@Van. On the 7th day, the wound area
in the treatment group (PEG-Schiff-Van@Van) was smallest than that in
the other groups, and had nearly disappeared on the 14th day while the
others were not completely healed (Fig. 5A). Hematoxylin and eosin
(H&E) staining showed the bare scar after treatment on the 7 and 14th
day. The rats in the PEG-Schiff-Van@Van group formed a relatively
intact epidermis while other groups displayed the parakeratosis,
epidermal hyperplasia and inflammatory infiltration with varying de-
grees (Fig. 5B). In addition, the formation of collagen fiber was further
proved by Masson’s staining in Fig. 5C. The continuous and ordered
collagen fibers in the wound area were shown in the PEG-Schiff-
Van@Van group, whereas disorganized and sparse collagen fibers
appeared in the other groups. These results indicated the low drug uti-
lization ratio for free vancomycin group. As for the PEG-Schiff-Van
group, the low drug concentration in the early stage may impair its
therapeutic effect, which reflected the programmable importance of

PEG-Schiff-Van
@Van

Control PEG-Schiff-Van

Vancomycin

A
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drug gradient release. To detect the inflammation in the wound, CD68
expression was selected as a marker of monocyte infiltration (Fig. 5D),
suggestive of that the CD68 expression (red dots) of PEG-Schiff-Van and
PEG-Schiff-Van@Van was both apparently decreased from 7 to 14 days
in the wound-infecting skin. Also, CD31 is an endothelial cell marker
that reflected the formation of new capillary. Thus, the expression of
CD31 (green) in wounds was analyzed to estimate the revascularization
of the wound area. CD31-positive cells were largely found in the PEG-
Schiff-Van@Van groups, and CD31-positive cell rates were found to be
higher with time (Fig. 5E). These data demonstrated that PEG-Schiff-
Van@Van nanoparticles could effectively suppress inflammatory
response locating at the in vivo wound site and accelerate wound
regeneration, which further proved the importance of high dose anti-
biotics loading and programed drug release capacities on the bacteria
elimination once pH value was changed at the bacterial infection sites.

4. Conclusion

In summary, we developed a self-assembling PEGylated vancomycin
prodrug of PEG-Schiff-Van via the conjugating hydrophobic Van into a
short PEG chain. Incorporation of Schiff base into the polymeric archi-
tectures furnished the polymeric nanoparticles with pH responsiveness
that maintained the structural integrity at neutral conditions and
quickly disassembled in acidic conditions. After further encapsulation of
free vancomycin drug through the self-assembly in the solutions, the
PEG-Schiff-Van@Van nanoparticles was constructed with good
biocompatibility, high drug loading capacity and on-demand drug
release behaviors. Remarkably, benefitting from the combination of
physical encapsulation and chemical conjugation, these PEG-Schiff-
Van@Van nanoparticles exhibited a programed drug release behavior
that could reach high drug concentration to kill the bacteria at an early
period and exert an environmental responsive effect whenever needed
over a long period. This multifunctional drug delivery system could
effectively suppress the bacteria growth with excellent antibacterial
activity against S. aureus and also facilitate the wound healing. In vivo

PEG-Schiff-Van

Control Vancomycin PEG-Schiff-Van @Van

Fig. 5. Scheme of bacterial kill using S. aureus-infected SD rat models. (A) Photographs of wound closure on 0, 2, 4, 7, and 14 days in vivo. Scale bar = 0.5 cm. (B)
H&E staining, (C) Masson’s staining, (D) CD68 staining (red) and (E) CD31 staining (green) of tissue sections on 7 and 14 days. Scale bar = 200 nm.
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results showed a favorable healing process with a reduced inflammation
response in the surrounding tissues and reconstructed injured skin tis-
sues. Taken together, this current work offers an effective antibacterial
therapeutic modality for the treatment of infectious wounds with on-
demand antibiotics release, which provides a promising option for
construction of multifunctional drug delivery systems and development
of translational vancomycin formulations to enhance the antibacterial
therapy.
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