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Adequate delivery of antibiotics to infected sites is crucial for the effective treatment of bacterial infections.
A controlled and sustained release system based on porous and pH-responsive poly(lactic-co-glycolic acid)
(PLGA)-vancomycin (Van) microspheres was developed. In this system, drug release is triggered by the
weakly acidic environment, like local inflamed tissues. The microspheres, developed through the W;/O/
W, double-emulsion evaporation method, comprised a PLGA-based shell and a core containing Van and
the bubble-generating agent of NaHCOs. The optimized preparation conditions for PLGA-NaHCO3z—-Van
microspheres were investigated and characterized. The PLGA-NaHCOz-Van microspheres exhibited

porous microstructures with regular shape and uniform size and the characteristic of controlled drug
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Accepted 31st October 2018 release, which could be attributed to the incorporation of NaHCOs. The results of the Kirby—Bauer assay
confirmed that released Van retained effective antibacterial activity towards standard Staphylococcus

DOI: 10.1039/c8ra06659% aureus and methicillin-resistant S. aureus (MRSA) infected clinical samples, suggesting their further
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Introduction

The controlled and sustained release of therapeutic agents in
target-specific diseases or injured sites is an important
research objective in the field of drug development and
regenerative medicine. Inflammation can cause numerous
pathological disorders, such as osteomyelitis, that conse-
quently exacerbate the patient's suffering and hinder treat-
ment.»> Some local infections, such as osteomyelitis and
periprosthetic joint infection, are treated using local
debridement through surgical therapy accompanied by the
long-term intravenous infusion of antibiotics.>* However, the
effects of intravenously administered antibiotics still need to
be improved for inflammation. Moreover, biofilm formation
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promising application in local anti-infection.

may protect pathogenic bacteria against the action of systemic
antibiotics.>® In addition, prolonged systemic antibiotic
treatment requires the frequent administration of a thera-
peutic drug given the rapid clearance of antibiotics from the
patient's system.” Frequent antibiotic administration,
however, may cause side effects, such as cytotoxicity, ototox-
icity, and nephrotoxicity.® Moreover, sub-effective antibiotic
concentrations can lead to the occurrence of microbial drug
resistance.” These shortcomings motivate the development of
drug delivery systems that provide a high antibiotic dosage to
an infected region. Drug delivery systems should possess the
property of controlled release, which is needed to achieve
effective drug levels and improve treatment effect while
avoiding toxic damage to healthy tissues.'*"*

Drug delivery systems have been constructed using various
carriers, such as liposomes, hydrogels, microparticles, and
nanoparticles.”**” In controlled release drug delivery systems,
one or more active ingredients play a crucial role at specific
locations and period when expected. Currently, the materials
used as controlled-release vectors include natural and
synthetic polymers.'®'® Macromolecular materials, such as
chitosan, gelatin, sodium alginate, and synthetic polymer
materials, are the main materials for drug delivery systems.>
Poly(lactic-co-glycolic acid) (PLGA) has been approved as
a carrier by the US Food and Drug Administration due to its
biocompatibility, biodegradability, and tunable mechanical

This journal is © The Royal Society of Chemistry 2018
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properties.”*> The decomposed products of PLGA are lactic
acid and glycolic acid, which are safe to human. PLGA-based
drug delivery systems have been widely used in the microen-
capsulation of proteins/peptides and cancer treatment.>*?>*
Controlled drug delivery systems have been used to treat
inflammatory diseases, such as inflammatory bowel
diseases,* airway inflammatory diseases,*® and ophthalmic
inflammatory disorders.”” Controllable antibiotic-loaded
PLGA delivery systems that target special infection sites with
sustained property have potential applications in the treat-
ment or prevention of local infection.*® However, systematic
researches on the fabrication of PLGA-based controlled
delivery systems for infection treatment remain rare. And the
studies of PLGA-based controlled delivery are in high demand
due to their potential applications in the treatment of local
infections.

In general, drug release in PLGA-based carriers without
triggering reagents is slow.>>*° Drug delivery systems for local-
ized infection treatment should exhibit a rapid initial drug
release process to achieve high drug level for the control of
infection. Drug release should then stabilize in a suitable level
over time to improve therapeutic effectiveness. In several
inflammatory diseases, like bone tissue infections, the pH in
local area may reach 5.0-5.5 (ref. 31) accompanied by acceler-
ated glucose consumption and increased lactic acid secretion
due to the infiltration and activation of inflammatory.** By
contrast, normal tissues have a physiological pH of 7.2-7.4.%
Thus, using some carriers that are sensitive to faintly acid
condition may be a suitable approach for drug delivery systems
for the treatment of local infection.**** Small alkaline mole-
cules, such as sodium carbonate (Na,CO;), sodium bicarbonate
(NaHCO;), and ammonium bicarbonate (NH,HCOj3), can
effectively stimulate the generation of porous structures in
polymer matrices under weakly acid condition.*® However, the
use of alkaline molecules as a porogen that affect the
morphology and drug release of the microspheres were not
systematically evaluated.

Herein, pH-responsive and porous PLGA-porogen-vanco-
mycin (Van) microspheres were developed as a controlled and
sustained release system for the selective drug delivery to the
weakly acidic environment of inflamed tissues. Van is a famous
and important synthetic antibiotic for the treatment of serious
infections. Van was used as a model of antibiotic for the prep-
aration of controlled and sustained microspheres in this work.
The microspheres were prepared through W;/O/W, double-
emulsion evaporation method. Each microsphere has a PLGA
shell and an aqueous core containing Van and NaHCO;.
NaHCO; was applied as the bubble-generating porogen in the
aqueous core. In order to obtain optimal drug-loading micro-
sphere, several preparing factors about the different porogens
that affect the morphology and drug release of the microspheres
were systematically evaluated. Drug release kinetics and anti-
bacterial activity effects against Staphylococcus aureus and
methicillin-resistant S. aureus (MRSA) of Van released from
PLGA-porogen-Van microspheres prepared with different
concentrations of NaHCO; were investigated under different pH
conditions and release intervals.

This journal is © The Royal Society of Chemistry 2018
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Experimental

Materials

Van was obtained from VIANEX S.A. (Greece). PLGA (lactic
acid/glycolic acid = 75/25, M,, = 40 000, inherent viscosity =
0.35 dl g ') was purchased from Shandong Medical Equip-
ment Research Institute (Jinan, China). Polyvinyl alcohol (PVA,
88% hydrolyzed), anhydrous dichloromethane (CH,Cl,),
sodium chloride (NaCl), Na,CO3;, NaHCO;, NH,HCO3;, aceto-
nitrile, gelatin, hydrochloric acid (HCI), disodium hydrogen
phosphate (Na,HPO,-12H,0), sodium dihydrogen phosphate
(NaH,PO,-12H,0) and all other reagents were of analytical
reagent or chromatographic-pure grade. These reagents were
obtained from Sinopharm Chemical Reagent Co., Ltd, China.
All solutions were prepared with ultrapure water purified by
a Milli-Q system.

Instruments

UV-vis absorption spectra were conducted on Shimadzu UV2600
spectrophotometer. Scanning electron microscope (SEM)
images were obtained through Hitachi S-4800 (Japan). STARe
system TGA/DSC1 thermogravimeter (NETZSCH, Germany) was
used to test the mass analysis of the microspheres. Avatar 330
Fourier Transform Infrared (FT-IR) spectra (Thermo Nicolet)
were applied to record the molecular vibration information.

Preparation of pH-responsive and porous PLGA-porogen-Van
microspheres

pH-responsive and porous microspheres were designated as
PLGA-porogen-Van. When a specific reagent, such as NaHCOs,
was used as a porogen, the microsphere was designated as
PLGA-NaHCO;-Van.

The preparing procedure of PLGA-porogen-Van micro-
spheres was carried out according to the optimized procedure
for the preparation of PLGA-Van microspheres (shown in ESI
and Table S1t for details). While, the procedure of the disso-
lution of Van in gelatin solution for PLGA-Van microspheres
was changed into the dissolution of Van in aqueous solution
containing porogen for PLGA-porogen-Van microspheres. Van
(10.0 mg) was dissolved in 300 pL porogen solution to form an
internal aqueous phase. Then, 1.0 mL of CH,Cl, containing
75 mg PLGA was added to the above aqueous solution of Van
and porogen. And the follow-up experimental steps from the
formation of W;/O emulsion were the same as the optimized
condition of the preparation of PLGA-Van microspheres, which
was shown detailed in ESL}

PLGA-porogen-Van microspheres with different morphol-
ogies and pore sizes were prepared by varying either porogen
types (NaCl, Na,CO3;, NaHCO3, and NH,HCO3) or contents (0%,
2.5%, 5%, 7.5%, and 10%). Blank PLGA microspheres were
prepared using the similar procedure described above without
the addition of Van. In this work, PLGA-porogen-Van micro-
spheres with special content porogen like the content of 5%
NaHCO; as porogen was designated as 5% PLGA-NaHCO;-Van.

RSC Adv., 2018, 8, 37424-37432 | 37425
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Determination of Van content of PLGA-porogen-Van
microspheres

The loading efficiency (LE) of Van in PLGA-porogen-Van
microspheres was investigated. First, 5 mg PLGA-porogen-Van
microspheres were accurately weighed and dissolved in 4 mL of
CH;CN/water (5 : 5, v/v). The solution was sonicated until all
microspheres were dissolved and then centrifuged (4000 rpm, 5
min). Van concentration was determined by measuring the
absorbance of the solution at 280 nm using a UV-vis spec-
trometer. The specific absorbance spectrum of Van was shown
in Fig. S1 (ESIT). The absorbance of a blank PLGA microsphere
in the CH;CN/water co-solvent system was measured to ensure
the exclusive absorbance of Van at 280 nm. Van standards (5-
200 pg mL ™" dissolved in CH;CN/water) were used for calibra-
tion. Each experiment was conducted in triplicate. The LE and
encapsulation efficiency (EE) of Van were calculated using
following formulas:

Amount of Van loadage in microspheres

LE% = -
’ Amount of the microspheres

x 100%

LE

0 —
EEY = Theoretical LE

x 100%

Characterization of microspheres

After suspending an appropriate amount of microspheres in
ultrapure water, mean particle sizes were measured using an
optical microscope. Each measurement included 200 micro-
spheres. The samples of three independent batches were
measured in parallel. The morphological characteristics and
surfaces of the microspheres were characterized with SEM.
Samples for SEM were prepared by dropping and drying
microsphere suspension samples on a silicon chip.

Thermogravimetric measurements were conducted on
a Stare system TGA/DSC1 thermogravimeter. First, 5 mg
samples of freeze-dried medicated microspheres, blank micro-
spheres, and Van were respectively loaded into aluminum pans
and heated from 40 °C to 600 °C at a heating rate of 10 °C min "
in a nitrogen atmosphere.

Releasing experiments

The release process of the medicated microspheres was inves-
tigated in releasing solution with specific pH. Medicated
microspheres (10 mg) were placed in centrifuge tubes filled with
5 mL phosphate buffer solution (PBS, 10 mmol L") at pH 7.4 or
5.0. The release study was performed for 50 days at 37 °C in an
incubator with an orbital shaker at a constant shaking rate of
100 rpm. At predetermined intervals, medicated microspheres
were centrifuged at 4000 rpm for 5 minutes, and a 2 mL aliquot
of the release solution was collected and replaced with same
volume fresh PBS. The amount of Van released in aqueous
solutions was determined through UV-vis at 280 nm. Release
profiles were obtained by plotting the absorbance intensities of
the release solution vs. time. All experiments were performed in
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triplicate, and a release curve was constructed on the basis of
the average results of three parallel experiments.

In vitro antibacterial activity

The effectiveness of the sustained drug release effect of medi-
cated microspheres against bacteria was investigated through
the Kirby-Bauer assay.’”*® The antibacterial activity of Van after
at different intervals of release from 5% PLGA-NaHCO;-Van
microspheres under different pH conditions was evaluated. In
this work, standard S. aureus (the bacterial strain is ATCC25923)
and six blood or phlegm samples from different patients
infected by MRSA were used as model. The use of blood and
phlegm from patients was approved by the Ethics Committee of
Fujian Medical University and received the informed consent of
the patients. The zones of inhibition (ZOIs) of bacterial growth
on test disks were calculated as the index of Van released from
the medicated microspheres. ZOI test disks were prepared
using nutrient agar autoclaved at 121 °C for 2 h and then poured
into 100 mm Petri dishes. The thickness of the culture medium
was adjusted to 2 mm. S. aureus and 6 MRSA infecting clinical
samples were respectively cultured aerobically on agar plates at
37 °C overnight. Later, all of the bacterial strains were further
respectively precultured on agar plates for 18 h. Precultures
were diluted with 0.9% NaCl to a concentration of approxi-
mately 10® bacteria per mL and then matched with 0.5 McIn-
tosh turbidimetric tubes, which were previously prepared with
the appropriate culture medium for each tested bacterium.
Then, 350 pL of bacterial suspension was homogeneously
spread with a sterile cotton swab on every agar plate. Test
cement disks (¢ = 6 mm) were autoclaved at 121 °C for 2 h and
then presoaked in 20 uL released sample of different intervals
under pH 5.0 or 7.4. The disks were dried at 37 °C, sterilized by
ultraviolet light, and gently placed on the surface of the
prepared agar plate. A Sensi-Disc standard was used as
a control. After 24 h of incubation at 37 °C, plates were photo-
graphed using a digital camera. Then, the diameters of the ZOIs
for each sample were measured using the obtained images. The
average and standard deviations of the diameters of ZOIs were
calculated.

Results and discussion

Formulation and characterization of pH-responsive and
porous PLGA microspheres

On the basis of PLGA-Van microspheres without the addition of
porogen, a single-factor experiment was performed to optimize
the type and concentration of porogen for PLGA-porogen-vVan
microspheres. PLGA-porogen-Van microspheres were success-
fully manufactured using different porogens through W;/O/W,
double-emulsion solvent evaporation method, which was an
effective method for microspheres.***® The physicochemical
properties (e.g., LE, EE, and particle size) of the prepared PLGA-
porogen-Van microspheres were compared and shown in Table
1. The porogen of the internal water phase (W,) was changed to
none, NaCl, Na,CO3z, NaHCOj3, or NH,HCO; (designated as Fa,
Fb, Fc, Fd, and Fe in Table 1, respectively), whereas other

n

This journal is © The Royal Society of Chemistry 2018
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Table 1 Physicochemical properties of different PLGA—porogen—Van microsphere formulations (average values from 3 parallel and indepen-

dent prepared microspheres)

Formulation ID Porogen Concentration (%, w/v) LE =+ SD (%) EE =+ SD (%) Particle sizes (um)
Fa F1 None 0 1.71 £ 0.33 10.34 £ 2.02 28.40 £+ 0.59
Fb F2 NaCl 2.5 3.27 £ 0.16 26.71 £ 1.28 24.16 £ 0.68
F3 5 4.41 £+ 0.39 37.73 £ 3.3 29.76 £+ 2.24
F4 7.5 3.71 £ 0.16 31.33 £ 1.36 20.80 £ 0.89
F5 10 1.86 + 0.13 15.84 £ 1.15 21.58 £ 0.62
Fc F6 Na,CO; 2.5 11.19 £+ 0.10 95.09 £ 8.48 16.80 £ 0.75
F7 5 9.25 £ 0.86 78.65 £+ 7.33 20.45 £+ 1.04
F8 7.5 4.68 + 0.26 39.60 £ 6.23 22.10 £ 0.69
F9 10 5.34 + 0.17 45.41 +1.43 16.80 £+ 1.98
Fd F10 NaHCO; 2.5 10.86 + 1.24 92.86 £ 0.60 27.54 £ 1.76
F11 5 11.50 £+ 0.62 97.41 £+ 1.30 27.80 £ 2.09
F12 7.5 11.35 £ 1.66 97.18 £+ 4.20 29.41 £ 1.15
F13 10 8.52 + 0.30 72.78 £+ 2.55 26.20 £+ 0.76
Fe F14 NH,HCO; 2.5 9.10 £ 1.42 77.60 £ 12.1 20.14 £+ 0.56
F15 5 7.61 £ 0.47 64.90 £+ 4.00 26.48 £+ 1.32
F16 7.5 6.77 £ 0.62 57.72 £ 5.29 27.76 £ 0.48
F17 10 6.37 £ 0.59 54.23 £+ 5.01 24.50 £+ 1.85

process variables were kept constant. Except for the relatively
small sizes of PLGA-Na,COs;-Van microspheres (Fc), PLGA-
porogen-Van microspheres formulated with different porogens
had similar and uniform particle sizes that ranged from 16 pym
to 30 pm. Compared with other microsphere, PLGA-NaHCO;-
Van microspheres (Fd) had higher LE and EE, whereas PLGA-
NaCl-van had lower LE and EE. The relatively low LE and EE of
PLGA-NaCl-Van may be due to that NaCl induced relatively
higher osmotic pressure in internal aqueous phase than the
system of other porogens. The increased osmotic pressure made
drug molecules diffuse out more apparently.** Furthermore, the
effect of the porogen concentration of the internal water phase
(W,) was compared. Kept other process parameters constant,
the concentrations of porogens varied in the following condi-
tions of 2.5%, 5%, 7.5%, and 10%. As porogen concentration
increased from 0% w/v (F1) to 2.5% w/v (F2, F6, F10, and F14) or
5% w/v (F3 and F11), the LE and EE of microspheres were also
increased. This result could be attributed to gradual increments
in the porosity and specific surface of the microspheres. These
properties enhance drug loading and adsorption in the micro-
spheres. However, excessive porogen may hinder the packing of
the internal phase into microspheres, causing the drug leak out
during microsphere preparation and consequently decreasing
LE and EE.

Optical microscopy images of the microspheres were shown
in Fig. 1. The images indicated that the particle sizes of the
microspheres have a narrow size distribution within the range
of approximately 16 pm to 30 pm. When the porogen was NaCl
or NaHCOg;, the microspheres were spherical with regular shape
and uniform size (Fig. 1A and C). Microspheres formulated with
Na,CO; as a porogen exhibited partially irregular spherical
morphology (Fig. 1B). Using NH,HCO; as a porogen, micro-
spheres showed irregular spherical morphology with some
collapsed structures (Fig. 1D). These morphological features
could be attributed to the decomposition of NH,HCO; into
ammonia and CO, during fabrication.*

This journal is © The Royal Society of Chemistry 2018

NaHCO; was identified as the optimum porogen on the basis
of the LE, EE, and morphology among the four porogens. Thus,
NaHCO; was selected for the preparation of pH-responsive and
porous PLGA-based microspheres for the controlled release of
Van.

The morphology of PLGA-NaHCO;-Van microspheres was
investigated through SEM, as shown in Fig. 2. Without the
addition of NaHCO; in the W, phase, microspheres exhibited
a smooth surface and compact structure with few internal pores
(Fig. 2A). As shown in Fig. 2, the internal pore sizes of the
microspheres increased as NaHCO; concentrations increased
from 2.5% to 10% w/v. PLGA-NaHCO;-Van microspheres
prepared with 5% NaHCOj; exhibited uniform, appropriate sizes

Fig. 1 Microscopy images (40x) of microspheres prepared with
different types and concentrations of porogens. Porogen concentra-
tion ranged from 2.5% to 10% of NaCl (A), Na,COxs (B), NaHCO5 (C), and
NH4HCO3 (D).

RSC Adv., 2018, 8, 37424-37432 | 37427
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Fig. 2 Influence of NaHCOsz concentration on the formation of
PLGA-NaHCOz-Van microspheres ((A-E) represent microspheres
prepared with 0%, 2.5%, 5%, 7.5%, 10% NaHCOs=. (F) represents the
magnified surface image of (C)).

and well-distributed surface porous microstructures (Fig. 2C
and F). PLGA-NaHCO;-Van microspheres prepared with other
NaHCO; concentrations presented poorly porous structures
(Fig. 2B) or enlarged internal pores (Fig. 2D and E). These
results suggested that an acid-base reaction could occur
between partial NaHCO; and H® when the W,;/O emulsion
phase mixed with PVA solution in the W, phase. CO, generation
during solvent evaporation and polymer solidification
increased the number of internal pores. Increasing the content
of NaHCO; to 7.5% or 10% might prevent the uniform disper-
sion of NaHCO; in the W;/O emulsion phase, causing NaHCO;
to concentrate in some parts. Therefore, microspheres prepared
with excess NaHCO; would develop large pores, which may
cause uncontrollable drug release. Based on the above investi-
gation, 5% NaHCO; was identified as the optimal porogen
concentration for the preparation of pH-responsive and porous
PLGA-NaHCO;-Van.

Effect of NaHCOj; concentrations on drug release and release
mechanism

The in vitro release profile of the PLGA-NaHCO;-Van micro-
spheres prepared with 0% to 10% NaHCO; was monitored in
PBS with pH 5.0 or 7.4 for 50 days. In general, Van was released
in an initial burst during the first day. And then, slow release of
Van from PLGA-NaHCO;-Van microspheres remained in a 50
day period. 0% PLGA-NaHCO;-Van microspheres exhibited
similar Van release behaviors under pH 5.0 and 7.4 (Fig. 3).
Under different pH conditions, Van release exhibited an initial
burst on the first day followed by a sustained release. Specifi-
cally, approximately 16.43% and 17.36% of Van was released on
the first day under pH 5.0 and 7.4, respectively. Total percent-
ages of Van released from 0% PLGA-NaHCO,;-Van micro-
spheres after 50 days in PBS (pH = 5.0 and 7.4) were only
48.54% and 53.08%, respectively. The relatively low release
percentage could be attributed to the smooth surface and
compact structure of the nonporous PLGA microsphere.

37428 | RSC Adv., 2018, 8, 37424-37432
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Fig. 3 In vitro release profiles of Van from PLGA-NaHCOz-Van
microspheres prepared with different NaHCO3z concentrations and
incubated in PBS with pH 5.0 or 7.4 at 37 °C.

The cumulative release profiles of Van from PLGA-NaHCO;-
Van microspheres with different contents of NaHCO; were
further investigated (Fig. 3). Under pH 5.0, Van release slowly
and stably over 21 days after the initial burst. Then, release was
promoted during the 21st day to the 42nd day of the release
experiment. The amount of Van released over the 50 day release
experiment from PLGA-NaHCO;-Van microspheres prepared
with 2.5%, 5%, 7.5%, and 10% NaHCO; was approximately
84.73%, 95.81%, 93.22%, and 94.86%, respectively. The cumu-
lative release profiles of Van from PLGA-NaHCO;-Van micro-
spheres (2.5%, 5%, 7.5%, and 10%) under pH 7.4 were different
from those under pH 5.0. Under pH 7.4, Van released stably and
decreasingly throughout the 50 day period after the burst
release at first day. And, lower amount of Van was released from
PLGA-NaHCO;-Van microspheres (2.5%, 5%, 7.5%, and 10%).
Approximately 30% of Van was released throughout 50 day
period. This result revealed that Van was stably stored in PLGA-
NaHCO;-Van under neutral pH. Under pH 7.4, microspheres
fabricated with high contents of NaHCO,; released high
amounts of Van. This releasing behavior could be attributed to
the increased internal pore sizes of microspheres prepared with
high concentrations of NaHCOj; (Fig. 2). This result suggested
that suitable pore size was a critical factor for the controlled
release. Conversely, except the total releasing amount of 84.75%
of 2.5% PLGA-NaHCO;-Van, more than 90% of the encapsu-
lated Van was released from PLGA-NaHCO;-Van over the 50 day
process under pH 5.0. These results suggested that the release
of Van from PLGA-NaHCO;-Van was triggered and controlled
by pH conditions. The morphology of 5% PLGA-NaHCO;-Van
microspheres after release experiment under pH 5.0 and 7.4 was
also investigated through SEM. As shown in Fig. 4, SEM images
indicated that microspheres were almost completely degraded
under pH 5.0. While, some irregularly shaped spheres were still
present after release under pH 7.4. These results suggested that
the release of Van from 5% PLGA-NaHCO;-Van microspheres
caused microsphere collapse, which could be ascribed to
formed CO, based on the reaction of NaHCO; and H' in weakly
acidic media.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 SEM images of 5% PLGA-NaHCOz-Van microspheres after 50
day release in PBS with pH 5.0 (A and B) and 7.4 (C and D).

Releasing mechanism of PLGA-NaHCO;-Van microspheres

The inside of prepared PLGA-NaHCO;-Van microspheres
contains NaHCOj3, which is a gas-generating agent under acidic
conditions. The release mechanism (Fig. 5) of PLGA-NaHCO;-
Van microspheres was simulated based on the release profile
shown in Fig. 3. Under weakly acidic conditions, NaHCO; would
react with external H' to yield carbonic acid, which readily
decomposes to CO, and H,0,* consequently increases pressure
in the microsphere. The initial stage of the release of Van occurs
slowly because the microspheres remain intact under gradually
increased pressure. When pressure reaches a certain value, the
PLGA shell is disrupted and the encapsulated Van is released.
Van release is accelerated over time. Therefore, the developed

Sensitive pH-Responsive Drug Release

NaHCO;

NaHCOg+HCH——> NaCl+ H,0+ CO,|

Fig. 5 Scheme of the releasing mechanism of pH-responsive drug
microspheres.
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PLGA-NaHCO;-Van system can act as a pH-responsive
controlled release system that exhibits different releasing
behavior in the different pH environments. This behavior
improves the curative effect of the loaded drug while reducing
the toxic risk to healthy tissues.* In addition, the microspheres
without NaHCO; released at pH 5.0 and 7.4 more than micro-
spheres with NaHCOj; at pH 7.4 may due to the specific binding
between Van and NaHCO; in the PLGA-NaHCO3;-Van micro-
spheres, which lead to the block of the release of Van.

Characterization of 5% PLGA-NaHCO;-Van microspheres

The molecular structures of PLGA-NaHCO;-Van microspheres
were verified by FTIR, as shown in Fig. 6A. Characteristic peaks
of -NH, bending vibration at 1651 cm™*, C-C bending vibra-

tions in aromatic rings at 1504 and 1587 cm ', and C-H
1

bending vibration at 1400 cm™ indicated the molecular

»
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Fig. 6 FTIR spectra (A) and thermogravimetric analysis (B) of blank
PLGA-NaHCOs microspheres, Van, and 5% PLGA-NaHCOz-Van
microspheres. (C) The particle size distribution of 5% PLGA-NaHCO3—
Van microspheres.
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structure of Van. The spectrum of 5% PLGA-NaHCO;-Van
microspheres was similar to that of blank PLGA-NaHCO;
microspheres. Both spectra exhibited bands at 3000, 1386, and
1105 cm™ " attributed to O-H, C-H, and C-O stretching vibra-
tions, respectively. However, 5% PLGA-NaHCO;-Van micro-
spheres exhibited a specific band at 1587 cm™ ' that was
assigned to C-C bending vibration of aromatic rings, which
confirmed the presence of loaded Van. Furthermore, the weight
ratio of loaded Van in 5% PLGA-NaHCO;-Van microspheres
was investigated through thermogravimetric analysis (Fig. 6B).
The main weight loss stage began from 100 °C. This stage
comprised the weight-loss process of absorbed water. And the
weight loss of Van was approximately 65.10% in the testing
temperature. Blank PLGA-NaHCO; microspheres exhibited
main weight loss in the temperature from 140 °C to 275 °C. This
weight loss was attributed to the composition of NaHCO; and
PLGA in the microspheres. The total weight loss of the blank
PLGA-NaHCO; microspheres was approximately 87.15%. By
contrast, 5% PLGA-NaHCO;-Van microspheres showed
approximately 98.04% weight loss throughout the whole
temperature range. Compared with that of blank PLGA-
NaHCO; microspheres, the weight loss of 5% PLGA-NaHCO;-
Van microspheres from 100 °C to 235 °C was more drastic,
which was derived from specific binding between Van and
NaHCO; in the microspheres. Compared with the weight loss of
PLGA-NaHCO; microspheres, the 5% PLGA-NaHCO;-Van
microspheres had a Van weight loss of approximately 10.89%
(result from the subtraction of 98.04% and 87.15%), which was
similar to the calculated LE of Van (11.50%) in 5% PLGA-
NaHCO;-Van microspheres, confirming that 5% PLGA-
NaHCO;-Van microspheres were successfully prepared (F11 in
Table 1). The particle size distribution of 5% PLGA-NaHCO;-
Van microspheres were calculated through optical microscope,
as shown in Fig. 6C. It indicated that the particle sizes of the
microspheres have a relatively narrow size distribution centered
at 27.80 + 2.09 pm.

In vitro antibacterial activity

The inhibitory effects of released Van from 5% PLGA-NaHCO;-
Van microspheres on standard S. aureus (Fig. 7) and MRSA
(blood and sputum from six different patients, as shown in
Fig. S2t) were compared with that of Van released from 0%
PLGA-NaHCO3;-Van microspheres. A Sensi-Disc standard
loaded with an equivalent amount of 0.2 mg mL ™" Van was used
as a positive control sample to ensure the accuracy of the
comparison of the test cements.”® The ZOI of the positive
control was applied as reference for that of the released Van
from microspheres. Results showed that the diameters of ZOIs
for positive control samples were 8.0 £ 0.4 mm. As shown in
Fig. 7, ZOIs with different diameters were observed in S. aureus
cultures incubated with released Van from 5% and 0% PLGA-
NaHCO;-Van microspheres under different pH conditions at
different intervals. The maximum ZOI of 15.5 + 0.5 mm
(Fig. 7A) was observed in the plate cultured with released Van
from 5% PLGA-NaHCO;-Van microspheres under pH 5.0. This
ZOI was larger than that observed under pH 7.4, especially
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Fig. 7 Bacteriostatic rings of standard S. aureus cultures on agar
treated with Van released from (1) 5% PLGA-NaHCOz—-Van micro-
spheres under pH 5.0, (2) 5% PLGA-NaHCOz-Van microspheres
under pH 7.4, (3) 0% PLGA-NaHCO3z—-Van microspheres under pH 5.0,
(4) 0% PLGA-NaHCOz-Van microspheres under pH 7.4. And (5)
bacteriostatic rings of standard S. aureus cultures on agar treated with
0.2 mg mL™* Van as the positive control. Letters (A—F) represent
treatment with released Van collected on the 1st, 12th, 22nd, 32nd,
42nd, and 50th days of the releasing experiment.

during the first, 22nd, 32nd, and 42nd days of the release
period, indicating the improved antibacterial activity of the
released Van under pH 5.0 against S. aureus. Plates cultured
with released Van from 5% PLGA-NaHCO;-Van microspheres
under pH 7.4 just exhibited big ZOIs (11.4 & 0.5 mm) on the first
day due to the initial burst release. Furthermore, MRSA samples
cultured with released Van from 5% PLGA-NaHCO;-Van
microspheres under pH 5.0 exhibited a similar phenomenon
and tendency of the inhibitory effect of S. aureus, as shown in
Fig. S2.1 Released Van at either pH from 0% PLGA-NaHCO;-
Van microspheres showed relatively identical inhibitory area
towards S. aureus and MRSA. The inhibitory area was smaller
than that of the released Van from 5% PLGA-NaHCO;-Van
microspheres under pH 5.0 and positive control, as shown in
Fig. 7 and S2.t

The ZOI diameters of Van released from 5% PLGA-NaHCO;—
Van and 0% PLGA-NaHCO;-Van microspheres under different
pH conditions at different release times were calculated, as
shown in Fig. 8 and S3.f Compared with the result of the
positive control, the ZOI diameters of released Van from 5%
PLGA-NaHCO;-Van microspheres under pH 5.0 toward S.
aureus and MRSA exhibited following three characteristics. (i) In
the total releasing period, it showed higher values than that
under pH 7.4; (ii) the variation tendency of ZOI diameters was
high at first day with decreased values in the following 20 days
and then increased coupled with decreasing again; (iii) all of the
ZOI diameters were higher or comparable with the positive
control. Correspondingly, except the high ZOI diameter due to
initial burst release, released Van from 5% PLGA-NaHCO;-Van
microspheres under pH 7.4 toward S. aureus and MRSA illus-
trated stable and small values, which was lower than that of

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Change trends of ZOI diameters at different times (error bars
represent the SDs of three independent testing) of different agar
treated with Van released from 5% PLGA-NaHCOz—Van microspheres
under pH 5.0, 5% PLGA-NaHCOs-Van microspheres under pH 7.4, 0%
PLGA-NaHCOz-Van microspheres under pH 5.0, 0% PLGA-
NaHCO3z-Van microspheres under pH 7.4. And ZOI diameters of the
positive control of 0.2 mg mL~* Van, respectively.

positive control or that of released Van from 0% PLGA-
NaHCO;-Van microspheres. Furthermore, ZOI diameters of
released Van from 0% PLGA-NaHCO;-Van microspheres under
PH 5.0 or 7.4 were relatively stable and effective values towards
S. aureus and MRSA cultures in 50 day period. In addition, Van
released from 5% PLGA-NaHCO;-Van microsphere under pH
5.0 retained antibacterial activity for 50 days. These phenomena
confirmed that 5% PLGA-NaHCO;-Van microspheres
promoted the long-term effectiveness of Van under weakly
acidic condition ascribed to the controlled and sustained
property. The results suggested that the microspheres can be
applied as an inflammation-induced pH-responsive drug
delivery system.

Conclusion

A system for the controlled and sustained release of Van was
successfully developed. The system comprised pH-responsive
and porous PLGA-NaHCO;-Van microspheres that formed
CO,, bubbles to trigger drug release. Van and NaHCO; can be
loaded into PLGA under optimal process conditions to fabricate
PLGA-NaHCO;-Van microspheres with relatively high LE and
EE. Several preparing factors about the porogens that affect the
morphology and drug release of the microspheres were
systematically evaluated. The pH-responsive, controlled-release
system answered under acidic conditions and facilitated the
controlled release of Van. And Van released from the medicated
microspheres under weakly acidic condition exhibited high
antibacterial activity against the standard strain of S. aureus and
MRSA with controlled and sustained process. These character-
istics indicated that the system of PLGA-NaHCO;-Van micro-
spheres had potential applications in the desired location of
acidic and inflammatory tissues through the route of adminis-
tration by local injection or implantation.
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