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ABSTRACT

Traditional drug solutions or suspensions, have been shown to treat pain in complete Freund’s
adjuvant (CFA)-induced chronic inflammatory pain in rats, with or without combination with
magnetic therapy. In this study, we aimed to prepare, characterize, and evaluate the therapeutic
effects of microparticles containing dexamethasone for local administration and treatment of
chronic inflammatory pain. The results showed the following; a) Preparation and characterization:
two ratios of poly(lactic-co-glycolic acid) (PLGA)/poly(lactic acid) (PLA) were used. The prepared
batches were similar in size and magnetic responsiveness. The microparticle size distribution
assessed via electron microscopy suggested a homogeneous distribution and absence of aggre-
gates. Dexamethasone release profiles (microparticles synthesized with a feed ratio of 1:4) showed
a sustained release in vitro and good biocompatibility with tissues. b) Therapeutic effect: the
treatment effect of dexamethasone-PLGA magnetic microspheres + magnetic therapy was sub-
stantially better than that observed for other groups on day 4, as monitored by appearance,
mechanical pain threshold, and histological analysis. This type of carrier could be a suitable
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magnetically retainable local drug delivery system for treating chronic pain.

1. Introduction

Chronic pain affects millions of patients adversely, affect-
ing their quality of life.Many of these patients suffer for
years undergoing mental, physical, and financial bur-
dens, including insomnia and depression, even loss of
jobs and physical strength [1,2]. These patients require
frequent treatments, thus getting deeply troubled by
the cost and frequency of chronic pain treatment sche-
dules [2]. Local administration of corticosteroids is an
effective method for treating chronic pain. [3,4]Thus,
novel corticosteroid-containing poly(lactic-co-glycolic
acid) (PLGA)/ poly lactic acid (PLA) microspheres can be
used for localized administration on lesions, hence
prolonging the effect of drugs due to sustained release
[5,6]. Their application not only reduces the frequency of
treatment but also decreases the cost. Long-term side
effects such as osteoporosis and hormone dependence
are also reduced. There have been a few studies on the
treatment of chronic pain by local injection of micro-
spheres loaded with local anesthetics [7,8]. As chronic
pain is always caused by chronic inflammation, corticos-
teroids, particularly dexamethasone, are one of the com-
monly prescribed treatments for chronic inflammation.

In addition, some studies have reported the synthesis of
dexamethasone-PLGA microspheres. These studies have
demonstrated the efficacy of intra-articular dexametha-
sone-PLGA microsphere administration in treating
arthritis [9-12]. Despite their undeniable advantage,
dexamethasone-loaded PLGA microspheres are rapidly
cleared from tissues through macrophage uptake or
lymphatic drainage. This limitation can be overcome by
using microparticles rendered magnetizable by the
encapsulation of superparamagnetic iron oxide nano-
particles, and managing their localization through an
external magnetic field.

Local administration of dexamethasone, a potent cor-
ticosteroid, has been shown to effectively control
chronic inflammation [10]. However, delayed tissue reac-
tions always occur after the drug is exhausted.
Dexamethasone-loaded PLGA microsphere/ polyvinyl
alcohol (PVA) hydrogel composites were therefore used
to control the foreign body reaction for 3 months
[9,11,13,14]. Dexamethasone-PLGA microspheres exhibit
a triphasic drug release profile: a burst release phase,
a lag phase, and a secondary release phase. As the
course of chronic inflammatory pain is always a long-
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term process, a sustained release of dexamethasone is
more suitable for such patients [10,12-16]. In this study,
complete Freund’s adjuvant (CFA) was injected into the
plantar to induce chronic nociception and simulate
chronic inflammatory pain in rats. The pathological fea-
tures, in the CFA-induced rat pain model, were similar to
those observed in chronic inflammatory pain and char-
acterized by a granulomatous appearance.

In the present study, we prepared dexamethasone-
loaded PLGA/PLA magnetic microspheres. Magnetic par-
ticles can be injected locally into the target area in rats,
and once localized, they can be excited by an external
magnetic field. However, whether it could be adminis-
tered intravenously or not, needs to be further tested.
Notably, magnetic targeting can only be used to localize
particles larger than 1.0 um at the desired site [11-13].
The particles we prepared were much larger than the
standard, as it is not practical to locate nanometer-sized
particles under the influence of a magnetic field.
Although large, the particles remain suspended in solu-
tion by motion, and if the system flow is subsistent, they
can be transported with flow. The magnetic micro-
spheres move in a magnetic field, which leads to drug
accumulation at the affected site [17]. Additionally, par-
ticle movement at the affected place results in a physical
therapy-like effect [18]. The behavior of particles in the
magnetic field is thus beneficial for the local treatment
of inflammatory pain; therefore, microspheres were pre-
ferred. In this study, we describe the fabrication, in vitro
drug release, stability evaluation, biocompatibility, and
therapeutic effect of microspheres in a CFA-induced
chronic inflammatory rat model [19].

2. Experiments and Methods
2.1. Drug experiments

2.1.1. Materials

PLGA (50:50) was obtained from Shandong Academy
of Pharmaceutical Sciences (China). Dexamethasone
21-acetate was purchased from Sigma Aldrich
(Switzerland). PVA was purchased from Kuraray
(Japan). Nanometer iron powder was obtained
from Sichuan Jinsha Nanotechnology Co. Ltd.
(China).
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2.1.2. Synthesis of nanoparticles

The microspheres were prepared using the solvent vola-
tilization method (5/0/W), with a PLGA/Fes;0, ratio of
4:1. The specific mass of the different components was
calculated according to different feed ratios (dexa-
methasone mass/total mass of material used). The rota-
tional speed was 1800 r/min and volatilization lasted for
4 h until dichloromethane was completely evaporated.
After solidification, the microspheres were filtered
through a 0.20 um filter membrane under vacuum and
negative pressure. The microspheres were collected and
lyophilized after washing with deionized water and
stored at 4 °C. (Figure 1)

In the study, microspheres were categorized accord-
ing to different feed ratios (DXM mass/total mass of
materials used) of 1:3, 1:4, and 1:5 (Table 1). The mass
ratio of PLGA/iron powder was 4:1. For analyzing particle
size, the particle size of at least 500 microspheres was
determined, and the arithmetic mean diameter was
calculated.

Ps: DCM: dichloromethane; PVA: Polyvinyl Alcohol

Ps: PLGA/Fe;0,4 = 4/1; feed ratio = Dexamethasone
(DXM) mass/total mass of material used.

2.1.3. Morphologic and size studies
Dexamethasone-PLGA magnetic microspheres were
coated on a slide, dispersed with an appropriate amount
of double steam water, observed, and imaged at
a magnification of 400x using a scanning electron
microscope.

D90 — D10
= = ~ - 1
Span 5 (1)

Ps:D90, D50, and D10, respectively, indicate the num-
bers of microspheres with diameter less than 90%, 50%,
and 10% of all the microspheres.

2.1.4. Assessment of microspheres
Assessment of microspheres was based on the following
aspects: sum value (S) of span (S1), yield (S2), encapsula-
tion rate (S3), and drug loading (54) of microspheres, was
evaluated, the formula is S= —51+4+524 534 54,
[9,20,21]

The calculation method for span (S1) is shown above
in Equation (1).
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Figure 1. Preparation process of drug-loaded microspheres.
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Table 1. Formula of microspheres with different feed ratios.

Feed ratio DXM (mg) (PLGA + Fe50,) (mg) Total mass (mg)
1:3 100 200(150 + 50) 300
1:4 100 300(240 + 60) 400
1:5 100 400(320 + 80) 500

__wt of all ingredients entrapped

1 h jeld (52) =
microsphere yield (52) wt of all ingredients used
X 100%

(2)

wt of entrapped DXM

wt of DXM used
x 100%

DXM encapsulationrate (S3) =

3)

wt of DXM entrapped

wt of micropatrticles used for dosing
x 100%

DXM loading (54) =

(4)

Ps. DXM: Dexamethasone

Stability of microspheres: Different batches of micro-
spheres were placed in a refrigerator at 4-8 °C for
3 months, after which their drug loading, particle size,
and other physical properties were measured.

2.1.5. Magnetic responsiveness studies
Dexamethasone-PLGA magnetic microspheres were
added to double-steamed water. The distribution and
motion of the microspheres were observed under
a magnetic field of 4000 GS using a microscope (magni-
fication of 400x). After drying, the adsorbed and unad-
sorbed microspheres were weighed, and the adsorption
rate was calculated using the formula.

magneticadsorptionrate
adsorbedmicrospheres
_ : cro5p : x 100%
adsorbedmicrospheres + unadsorbedmicrospheres

)

2.1.6. Determination of dexamethasone Content
Chromatography: Chromatographic column: Hypersil
C18 (150 x 4.6 mm, 5 um); mobile phase: acetonitrile:
phosphate buffer (25 mmol L, pH = 3.0) (45:55); flow
rate, 1.0 mL min~"; detection wavelength, 240 nm; col-
umn temperature, 30 °C.

2.2. Animal experiments

2.2.1. Experimental animals

60 adult male Sprague-Dawley rats weighting 220-
250 g were purchased from the Animal Center of
PLA General Hospital (Beijing, China). Four or five

rats were housed in a large cage. Feeding environ-
ment of the animals alternated between day and
night for 12 h in cages with free access to water
and food pellets. Animal housing room was kept free
of noise and the temperature and humidity were
maintained at 18-22 °C and 40-60% respectively.
Food and water should not be ingested for
12 hours before surgery. The rats were tested after
7 days of adaptive feeding. The experimental proto-
col was approved by the Ethics Committee of the
PLA General Hospital.

2.2.2. Anesthesia and treatment methods

Grouping: A total of 36 rats were randomly selected
and divided into six groups (n = 6 per group) based
on the different treatments and whether they were
given combined magnetic therapy (Table 2). The left
column of the table shows the positive control
group and the single drug group, whereas the
right side shows the magnetic therapy group and
the combined magnetic therapy group (Table 2). The
specific treatments are detailed in the treatment
section.

Anesthesia: After the rats were transferred into the
inhalation anesthesia box. Rats were inhaled with 3%-5%
sevoflurane (Heng Swee, China) for 5-10 min with 2 L /
min oxygen. Until the rats were under moderate
anesthesia, the pain disappeared, the righting reflex dis-
appeared, the skeletal muscle relaxed, and the breathing
was stable.

Preparation of dexamethasone microsphere suspen-
sion: Weigh 100 pg PVA and 10 mL water for injection,
mix them, and dissolve them in a water bath at 60 °C for
30 min. (Table 3)

Table 2. Animal experimental group.
Dexamethasone treatment group

Combined magnetic therapy
group
Positive control group (PC, Inflammation Only magnetic therapy group

model) (OMT)
Microspheres dexamethasone group MD + MT
(MD)
Phosphate dexamethasone group (PD)  PD + MT

Table 3. Suspension and reference formula (mg/mL).

DXM dosage forms Formula Note

Microsphere Microsphere 10 mg + PVA 0.3 ml=0.1Tmg
suspension 100 pg + NS 10 mL DXM

Sodium phosphate  DXM (5 mg/ mL)0.2 ml + NS 0.1 mL=10.1 mg
solution*® 10 mL DXM

*DXM: Dexamethasone sodium phosphate solution was obtained from
RongSheng Co, Ltd, China
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Table 4. Characteristics of dexamethasone-PLGA magnetic microspheres (x £ s, n = 500).

Feed ratio Shape Span (um) Yield (%) Encapsulation rate (%) Drug loading (%) Sum (S)
13 round 2747 £ 8.78 87.02 = 2.25 76.44 £ 3.11 33.09 + 1.89 168.55 + 3.62
1:4 round 29.66 + 10.02 87.25 +3.14 78.89 £ 2.42 30.33 £+ 2.01 167.47 + 4.15
1:5 round 30.14 £ 11.20 84.00 = 5.53 7133 £ 5.60 2429 + 1.78 149.48 + 4.21*

Ps: *S value for the microspheres synthesized with a feed ratio of 1:5 was significantly different from that of other groups.

Figure 2. Photograph demonstrating the four grids plexiglass fixer used for the study.

Treatment: 0.3 mL of dexamethasone microsphere
suspension (approximately 0.1 mg dexamethasone)
was extracted with a 1 mL syringe, and the anesthetized
rats were placed on the operating table, and subcuta-
neously injected into the left posterior sole of the rats.
After injection, the rats were taken from other cages and
placed separately.

Suspension and reference are prepared as follows
(Table 3)

2.2.3. Biocompatibility experiments

In vitro Hemolysis Test: Acorrding to the methods of
supplimentary infomation to preparation of test solu-
tion,red blood cell suspension(A),Negative control (B)
and Positive control (C).

The above A + B + C samples were thoroughly
mixed and incubated in a thermostatic water bath
oscillator and maintained at 36-37 °C, for 3 h. The
samples were centrifuged at 3000 r /min for 5 min,
and the supernatant was removed and left to stand
at room temperature for 30 min. The hemolysis rate
(HL%) was calculated based on the absorbance value
[22] obtained by spectral scanning at 540 nm. The
light absorption values were determined using the
negative control as blank standard. Absorbance of
negative control was < 0.03, absorbance range of

positive control was 0.8 £ 0.3. A Hemolysis rate (%)
< 5%, was an indicative that the tested sample had
no hemolysis [23].

Blood Compatibility Test In vivo: Three SD rats
were weighed. The mother liquor of the above
sample was injected into the rats through the tail
vein. Blood (0.5 mL) was collected at 0.5 h, 6 h,
12 h, and 24 h before and after injection, and
placed in anticoagulant tubes for routine blood
examination.

Histocompatibility Test: Rats were anesthetized by
inhaling sevoflurane, and hair from the left back was
shaved off. One milliliter of mother liquid was
injected subcutaneously into the experimental
group, and 1 mL of normal saline was injected into
the control group. HE staining was performed on the
skin and subcutaneous tissue at the injection site on
days 10 and 30.

2.2.4. CFA-Induced inflammatory pain

The Modeling Method: After anesthetizing, rats were
placed on the operating table, and 0.1 mL of CFA
solution (Sigma) was slowly injected, subcuta-
neously, into the left posterior plantar of the rats.
The rats were then placed in separate cages.
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EHT = 8.00 kv WD = 10.4 mm

Signal A= SE2

Mag= 100 X Pixel Size = 1.117 ym

Figure 4. Scanning electron microscope image of microspheres prepared with a feed ratio of 1:4.

2.2.5. Measurement of mechanical pain threshold
Measure Time and Environment: Pain threshold was mea-
sured in the left posterior sole using a Von Frey filament (on
days 2, 4, 6, 8, and 10 after injection). The range of time was
between 15:00-17:00 everyday . The rats were put into
aremovable four grids plexiglass fixer (Figure 2), 30 minutes
prior to the experiment, for acclimatization to the
environment.

Experimental Details: 12 point, double-spaced.
References are superscripted and appear after the punc-
tuation [13].

Von Frey Filament Measurement Method: The classic von
Frey filaments were used to measure the mechanical pain
threshold. The order of measurement was 2.0g,4.0g,6.0g,
8.0 g, 10.0 g, 15.0 g, and 26 g. The measurement started
from 2.0 g, and each type of filament was measured 5 times.
The measurement site was the left posterior plantar of the
rats, lasting for 5 s each time, and the interval between the
two stimuli was 10s. During the procedure, it was appro-
priate to bend the filaments to a near rectangle. Positive
results suggested an evasive response, such as foot con-
traction and foot licking, to the filaments. A negative result



suggested that the rats did not respond to filaments.
Positive results were recorded as ‘X’ and the negative results
were recorded as ‘O.’

2.2.6. Pain model assessment

Local Pathology;Two model rats were randomly
selected and on the 10™ day after CFA injection.
0.3 cm - 0.5 cm of the skin was taken from the left
posterior plantar and fixed with neutral formalin, fol-
lowed by HE staining.

Evaluation of Appearance of the Affected Feet:Record
numbers of inflammation, red and/or swollen appear-
ance rats. For the study, rats were grouped by the envel-
ope method, where the evaluators did not know the
situation, and the same person scored the animals
from beginning to end.

3. Statistical methods

The microsphere characterization data were analyzed
using Excel 2010 software. In vitro release curves of
microparticles with different feed ratios were fitted.

The biocompatibility data were analyzed using
SPSS 17.0 software. For normally distributed data,
multiple sets of data such as blood count, volume,
and leukocyte classification were tested using one-
way ANOVA and paired t-test, respectively. The chi-
square test was used for comparison between
counting samples in pairs and 95% confidence inter-
vals (Cls) for pairwise comparisons were calculated
with Bonferroni correction. The significance level (a)
was set at 0.05.

WD = 10.0 mm

EHT = 8.00 kv
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4. Results and discussion
4.1. In vitro test

4.1.1. Microsphere evaluation

To optimize their quality, microspheres with different
feed ratios (1:3, 1:4, and 1:5) were synthesized. We eval-
uated the characteristics (shape, span, yield, encapsula-
tion rate, drug loading, and magnetic field
responsiveness) of the microspheres prepared with dif-
ferent feed ratios, described below.

Characterization: The dexamethasone-PLGA magnetic
microspheres synthesized in this study are black and
appeared mostly spherical under a electron microscope
microscope (40 x 10) (Figure 3-5). The average diameter
(span, S1) of the microspheres with feed ratios of 1:3, 1:4,
and 1:5 were (27.47 + 8.78) um, (29.66 + 10.02) um, and
(30.14 = 11.2). um, respectively. The morphology of the
different microspheres, as observed under an scanning
electron microscope is shown in Figures 3-5. The yield
(S2) for the microspheres with feed ratios of 1:3, 1:4, and
1:5 was 87.02 £ 2.25%, 87.25 + 3.14%, and 84.00 + 5.53%,
respectively. The encapsulation rate (S3) was
76.44 +£3.11%, 78.89 £ 2.42%, and 71.33 = 5.60%, respec-
tively. The drug loading percentage (S4) was
33.09 £ 1.89%, 30.33 £ 2.01%, and 24.29 + 1.78%, respec-
tively. The sum values (S) for the different microspheres
were 168.55 + 3.62, 167.47 + 4.15, and 149.48 + 4.21,
respectively. Compared with the other two groups, there
was a statistically significant difference in the S value of
the microspheres developed with a feed ratio of 1:5 (see
Table 1 for details). This suggested that the quality of
microspheres synthesized with a feed ratio of 1:3 and 1:4

Signal A= SE2 Mag= 100 X Pixel Size = 1.117 pm

Figure 5. Scanning electron microscope image of microspheres, prepared with a feed ratio of 1:5.
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is better than that of the microspheres developed with
a feed ratio of 1:5. There was no significant difference in
the quality of microspheres synthesized with feed ratios
of 1:3 and 1:4.

As the microspheres need to be administered by
a syringe, their diameter is important, and should be
less than 125 um [24]. Irrespective of the batches of
microspheres used in this study, the diameters of the
microspheres was found to be approximately 30 pm,
significantly less than 125 pum. All batches of micro-
spheres were able to pass smoothly through the stan-
dard 5# (0.5 mm in diameter) needle with a capacity
more than 2.5 mL.

Dexamethasone is insoluble in water; therefore, the
solvent evaporation method (S/0/W) was followed for
microsphere synthesis. In this experiment, S (solid phase)
refers to dexamethasone powder, O (oil phase) refers to
dichloromethane, and W (water phase) refers to PVA. In
this process, the diameter and appearance of micro-
spheres are mainly affected by four factors: first, the
diameter of the microsphere is related to the rotation
speed during emulsification and volatilization. In the
initial volatilization experiments, the rotational speed
was 1000 r/ min, resulting in microspheres with dia-
meters ranging from 100-150 um, with some larger
than 200 um. Subsequent experiments performed at
1500 r /min and 1800 r /min resulted in microspheres
with diameters gradually decreasing to 30 um, which
were used in this study. In addition, Zhang et. al. [8]
proposed a rotational speed >10,000 r/ min for obtain-
ing smaller diameters of microspheres. Second, the dia-
meter and appearance of microspheres are related to
the mass concentration of PLGA in the oil phase. It can
affect not only the stability of the initial emulsion but
also the homogeneity of the microspheres. If it is too low
(1:30-1:60), the initial emulsion will be unstable, and the
microspheres will have an irregular shape and uneven
size. In contrast, if too high (1:10-1:15), it reduces the
microsphere size but may result in irregular PLGA floc
and clumpy products. Only when the PLGA mass con-
centration was moderate (1:20), uniform and smooth
spherical microspheres could be obtained, and their
diameters ranged between those synthesized with high
and low PLGA mass concentrations. Third, the mass
fraction of water-phase PVA also affects the diameter
and appearance of the microspheres. The viscosity of
the PVA solution has a certain effect on the coalescence
between the initial emulsion droplets. When it is low
(0.1-0.5%), the viscosity is too small to maintain the
stability of the initial emulsion, and the diameter of the
microspheres produced is large and non-uniform.
Conversely, a high viscosity (4%) causes the fluidity of
the initial emulsion to reduce significantly. Only when

the PVA mass fraction was moderate (1%-2%), the dia-
meter of the microsphere was reasonable and more
uniform, meeting the experimental requirements.
Fourth, the volume ratio between the oil phase and
internal water phase also affects the diameter and
shape of the microspheres. When the oil to water
phase ratio is too low (1:1-1:2), the microspheres are
not spherical, and the shell of the microspheres is loose
and prone to disintegration. However, when the ratio
was too high (6:1), the surface tension of the initial
emulsion decreased and larger microspheres were easily
formed. Only when the ratio is moderate (2:1-4:1) can
the microspheres with spherical appearance and uni-
form size be formed. Although microspheres synthe-
sized with a ratio of 4:1 had smaller diameter, the ones
synthesized with a ratio of 2:1 were more uniform. Since
the S/O/W emulsified solvent volatilization method was
used in this study to prepare the microspheres, these
factors have been optimized in many experiments.
Finally, the parameters used in this experiment were;
a volatilization revolution of 1800 r min~', PLGA mass
concentration of 1:20, and PVA mass fraction of 2%. The
microspheres prepared under the above-mentioned
conditions were found to be smooth and spherical
with uniform size, good dispersivity, and a high penetra-
tion rate.

The quality evaluation of microspheres, as deter-
mined by the sum value (S), is important and related to
span (S1), yield (S2), encapsulation rate (S3), and drug
loading (S4). It is inversely proportional to S1 and directly
proportional to S2, S3, and S4. The sum value (S) for the
microspheres synthesized with the feed ratios of 1:3, 1:4
and 1:5 was found to be (168.55 + 3.62), (167.47 + 4.15)
and (149.48 + 4.21), respectively (Table 4). The sum value
(S) for the microspheres synthesized with a feed ratio of
1:5 was significantly lower from the other two groups.
There was no statistical difference between the sum
value S for the microspheres synthesized with feed ratios
of 1:3 and 1:4.

4.1.2. Magnetic field responsiveness

Owing to the targeting ability of magnetic micro-
spheres, they have been widely used in the treatment
of malignant tumors, especially malignant liver
tumors. For some patients with early malignant liver
tumors, the treatment regimen in combination with
radiotherapy shows a target-specific effect [8,25].
Guided by the magnetic field, drug-loaded micro-
spheres can swim towards the lesion where they are
gradually degraded, thereby releasing the encapsu-
lated drugs at the lesion site. This results in maintain-
ing a stable therapeutic concentration at the lesion



Table 5. In vitro cumulative release rates of microspheres
synthesized with different feed ratios.

Time point (d) Feed ratios Cumulative release rate (%)
2nd 13 79.12%
1:4 3291
1:5 40.33
7 13 82.61*
1:4 62.74
1.5 76.04
14" 13 86.34
1:4 66.99
1:5 97.85

Ps: *Compared with other groups, the in vitro release of the microspheres
synthesized with a feed ratio of 1:3 was significantly high, P < 0.01.

site for prolonged periods of time, leading to
a gradual shrinking of the immature tumors and leav-
ing no opportunity for growth and recovery. It can
also be applied to the treatment of local inflamma-
tion, as reported by Butoescu et al. [10,16,25] for the
treatment of arthritis. Under the guidance of
a magnetic field, the number of microspheres enter-
ing the lesion increased by 23% within 48 h com-
pared with non-magnetic microspheres. This was
then found to increase to 60% with time. Therefore,
with the progress of microsphere manufacturing
technology, the number and speed of magnetic
microspheres that can be accumulated in lesions has

Table 6. In vitro release models and R? values of microspheres
synthesized with different feed ratios.

DESIGNED MONOMERS AND POLYMERS . 105

been shown to increase, more convincingly in latter
cases, under the guidance of a magnetic field, result-
ing in an enhanced therapeutic effect.

In this study, the magnetic field responsiveness of the
microspheres was studied by observing the micro-
spheres under an optical microscope, with an externally
applied magnetic field strength of 4000 GS. The dexa-
methasone-PLGA  magnetic microspheres  were
observed to move irregularly with their direction
towards the magnet, and the motion distance was
found to be approximately 80.0 + 5.0 mm towards the
bottle wall.

4.1.3. Cumulative release rates

The in vitro cumulative release rates of dexamethasone-
PLGA magnetic microspheres synthesized with feed
ratios of 1:3, 1:4 and 1:5 were 79.12%, 32.91%, and
40.33% on the 2nd day, 82.6%, 62.74%, and 76.04% on
the 7th day, and 86.34%, 66.99%, and 97.85% on the
14th day, respectively. Compared with other groups, the
in vitro burst release from the microspheres synthesized
with a feed ratio of 1:3 was significantly high (Table 5).

4.2. Drug release model and linear trend in vitro

The in vitro drug release models for microspheres
synthesized with different feed ratios were different.
According to their release characteristics, the fitted
model and linear regression were as follows.

The model equation for analyzing release profile from

Feed ratio In vitro release models R2 microspheres synthesized with a feed ratio of 1:3 was
13 Q = 22.313In(t,),) + 28.651 0.949 Q =22.31 3In(t1/2) + 28.651 (R2 = 0949) The linear trend
1:4 Q = 4.0844(ty/,) + 6.6602 0.977 of drug release was best fit into a logarithmic equation.
15 Q= 5212(t:2) + 12481 0975 As shown in Tables 5 and 6 and Figure 6, the drug burst
100
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Figure 6. In vitro drug release linear profile of microspheres (feed ratio of 1:3).
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Figure 8. In vitro drug release linear profile of microspheres (feed ratio of 1:5).

release rate was 79.12% on days 1 and 2, 82.6% on day 7,
and 86.34% on day 14. This indicates that the drug
release profile immediately attained a stable sustained-
release phase and the drug concentration reached
a steady state after the burst release of the drug on the
2" day.

The model equation for analyzing release profile from
microspheres synthesized with a feed ratio of 1:4 was
Q = 4.0844(t,5) + 6.6602, (R*> = 0.977). Its linear trend was
a best fit to the zero-order kinetic model. As shown in
Tables 5 and 6 and Figure 7, the drug burst release rate
was 32.91% on days 1 and 2, 62.74% on day 7, and
66.99% on day 14.

The model for analyzing release profile from micro-
spheres synthesized with a feed ratio of 1:5 was
Q = 5.212(t;5) + 12.481 (R? = 0.975). Its linear model is
more consistent with first-order kinetics. As shown in
Tables 5 and 6 and Figure 8, the burst release rate of
the drug was 40.33% on days 1 and 2, 76.04% on day 7,
and 97.85% on day 14.

In vitro degradation of PLGA microspheres and subse-
quent drug release is mainly divided into two phases;
burst- and sustained-release phases. An ideal microsphere
is characterized by a long sustained-release time, small
burst release amount, and high drug loading [16,26].
According to the drug loading analysis in the previous



part of this study, the drug loadings of microspheres
synthesized with a feed ratios of 1:3, 1:4, and 1:5 were
33.09 £ 1.89%, 30.33 = 2.01%, and 24.29 * 1.78%, respec-
tively. In terms of drug loading, the microspheres, synthe-
size with a feed ratio of 1:5, showed a significantly lower
drug loading capacity as compared with the other two
groups. There was no significant difference between the
drug loading of microspheres synthesized with feed ratios
of 1:3 and 1:4. In terms of the burst release phase, the
cumulative release rate, in vitro, on the 2" day was
79.12%, 32.91%, and 40.33%, respectively, for the micro-
spheres synthesized with a feed ratio of 1:3, 1:4 and 1:5. The
above data suggested that the drug release profile of
microspheres, synthesized with a feed ratio of 1:3 was
significantly higher as compared with the other two
groups. The reason for the sudden phase release may be
that during the wrapping material selection and produc-
tion process of the microsphere, some drug molecules
were not completely wrapped in the microsphere and
were adsorbed on the surface, near the surface, or around
the internal cavity of the microsphere. Therefore, in the
early stages, a sudden release of the drug was observed. In
addition, the quality and purity of PLGA, the preparation
method of the microsphere, instrument, and synthesis
parameters may also have an effect [16]. Zolnik et al. [27-
30] suggested that differences in in vitro cumulative release
rates could be caused by different rates and degrees of
degradation of different PLGA types. Different PLGA/PLA
ratios (e.g., 85/15, 75/25, 50/50, etc.) have been reported to
degrade at different rates, as shown by Dobrovolskaia et al.
[31], who reported that when the PLGA content was high,
the degradation rate of microspheres was higher than that
synthesized with a higher PLA content. However, as PLA
has poor hydrophilicity, combination of the two could
provide a polymer with optimum degradation rates and
hydrophobicity, and PLGA/PLA ratios of 75/25 and 50/50
have been shown to be better for microsphere synthesis
and drug loading. In the preliminary studies, it was found
that the diameter of microspheres synthesized with 75/25
PLGA/PLA was approximately 100 pm, whereas the dia-
meter of the microspheres synthesized with 50/50 PLGA/
PLA was approximately 30 pm. However, this does not
consider the production process, and the quality of micro-
spheres gradually improved.

As stated earlier, the degradation patterns were found
to be different for microspheres synthesized with different
feed ratios. Although the microspheres synthesized with
a feed ratio of 1:3 showed some sustained release and high
drug loading, the sudden burst release phase was signifi-
cantly too high. The cumulative release for this group of
microspheres reached 79.12% of the drug loading on day
2. The release of drugs in the sudden release phase was
mainly due to the dissolution mechanism and direct
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diffusion. This approach is commonly seen in non-
sustained release of drugs [32]. However, most of micro-
spheres with obvious sudden exploding have poor sus-
tained-release properties; therefore, they are not ideal
microspheres.

The in vitro drug release model of the microspheres
synthesized with a feed ratio of 1:5 was close to a zero-
order release curve. On day 2, 40.33% of the drug was
released in the burst release phase, and 76.04% and
97.85% were released cumulatively on days 7 and 14,
respectively. In other words, 35.71% and 21.81% of the
drug was released during days 2-7 and 7-14, respectively.
In conclusion, the drug burst release in this group was not
significantly high and the sustained release was good.
However, compared with the other groups, the drug load-
ing of the microspheres in this group was only
24.29 + 1.78%, which was the lowest of the three groups.
Therefore, it was not considered an ideal microsphere
formulation.

The in vitro drug release equation of microspheres
synthesized with a feed ratio of 1:4 corresponds to a zero-
order kinetic model, suggesting that a drug was released
at a constant rate over time. On day 2, the burst release
phase for this group showed a release of 32.91% of the
drug, corresponding to nearly 1/3. This was followed by
a gradual slowdown in the drug release. On day 14,
66.99% was released, suggesting a release of 1/3 from
days 2 to 14. The drug loading of this group was
30.33 £ 2.01%, and the sum value (S) of the microsphere
quality score (167.47 + 4.15) was significantly better than
that of the microspheres synthesized with a feed ratio of
1:5 (149.48 + 4.21). Therefore, the dexamethasone-PLGA

Table 7. Stability tests of microspheres with different feed ratios
(N = 500).

Feed ratio  Time points (month)  Drug loading (%) Span (um)
1:3 0 33.09 + 1.89 27.47 £ 8.78
1 32.26 £ 2.01 28.01 £ 8.92
2 3328 +£1.23 2632 +7.33
3 32.67 £ 1.66 29.11 +£9.15
1:4 0 30.33 £ 2.01 29.66 + 10.02
1 31.26 £ 2.45 31.24 £10.87
2 30.78 + 1.96 28.99 + 9.86
3 3171 £ 234 30.58 £ 10.29
1:5 0 24.29 + 1.78 30.14 £ 11.20
1 2531 £ 2.04 30.55 £ 10.26
2 26.77 £ 3.20 31.29 £ 11.83
3 25.36 £ 2.11 31.54 £ 11.90

Table 8. Absorbance and hemolysis rate of samples (%, n = 3).

Samples Hemolysis rate (%) Absorbance
1 mg/ mL 0.5 0.006
2 mg/ mL 1.2 0.011
4 mg/ mL 33 0.032
negative control 0 0.003
positive control 99.9 0.802
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Table 9. Effects of different doses of microspheres on blood cell
count.

Table 11. Effect of different doses of microspheres on leukocyte
classification.

Time points Time points
Doses (mL Before Doses (mL Before

Indicators /100 mg) dosing 05h 6h 12h  24h Indicators /100 mg) dosing 05h 6h 12h 24h
RBC 0.2 6.50 626 554 619 6.88 Neutrophils 0.2 323 336 26.1* 159%* 11.0**

counts (%)
(x10" 0.5 7.33 746 786 821 860 0.5 395 403 22.2%* 10.1%*  9.7**
L™ 0.8 263 303 14.0* 83* 63*
0.8 5.96 6.16 683 578 632 Lymphocytes 0.2 584 599  634* 727% 77.4*

WBC 0.2 6.11 505 635 7.7 748 (%)
counts 0.5 493 512 68.6"* 68.6%* 754**
x10° L") 0.5 8.29 9.02 88 912 934 0.8 648 634  81.0* 81.2%* 82.2**
0.8 9.66 790 1000 892 974 Monocytes 0.2 6.0 5.1 7.2 8.6% 9.7*

Platelet 0.2 717.8 7542 7988 8130 8093 (%)
counts 0.5 7.7 6.5 8.4 9.9% 11.2%
(x10°L7") 0.5 8513  899.0 9365 797.5 8644 0.8 6.3 52 41 82%  9.1%
0.8 6656 7162 7243 687.1 703.9 Eosinophils 0.2 33 1.4%  1.0%%  0.9%* 1.5%*
(%) 0.5 35 2.0%%  0.8%%  1.5%  19%
0.8 26 1.1%5 0 0.9%%  1.8%%  20%*

. X . X . Basophils 0.2 0 0 0 0.2 0.4
magnetic microspheres synthesized with a feed ratio of (%) 05 0 0 03 05

1:4 were considered to be superior to other microspheres
in terms of its burst release, sustained release, drug load-
ing, yield, encapsulation rate, span, and other aspects.

4.1.4. Microsphere stability

Microsphere stability was studied by storing the micro-
spheres in a refrigerator at 4-8 °C, for 3 months. The drug
loading, particle size, and other physical properties did not
change significantly in 3 months, suggesting good stability
(Table 7).

4.1.5. Biocompatibility

As previously described, blank microspheres were
synthesized using the same process as that of dexa-
methasone-PLGA magnetic microspheres with a feed
ratio of 1:4 to evaluate the biocompatibility. The blood
compatibility and histocompatibility are discussed below.

4.1.6. Hemolysis test

For the in vitro hemolysis test, samples with concentra-
tions of 1 mg/ mL, 2 mg/ mL, and 4 mg/ mL were tested
and the absorbance was found to be 0.006, 0.011 and
0.032. The hemolysis rate was calculated to be 0.5%,
1.2%, and 3.3% for the three concentrations tested. The

Table 10. Effect of different doses of microspheres on blood cell
volume.

Time points
Doses (mL Before
Indicators /100 mg) dosing 05h 6h 12h 24h
Mean 0.2 67.8 63.5 606 598 63.9
erythrocyte
volume
(fl) 0.5 55.3 60.2 58.1 632 663
0.8 52.6 520 555 602 586
Mean platelet 0.2 7.1 65 74 81 7.0
volume
(fl) 0.5 7.7 75 7.8 8.3 8.1
0.8 662.5 716.2 701.0 695.6 688.3

0
0.8 0 0 0 0.5 0.4
Ps: * P < 0.05 **P < 0.01

absorbance of negative control and positive control was
0.003 and 0.802 corresponding to a hemolysis rate of 0%
and 99.9%, respectively). A hemolysis rate of less than
5% is considered standard for a sample with no hemo-
lysis effect. No hemolysis effect was observed for the
different concentrations studied. (Table 8)

4.1.7. Routine Blood Examination

The effects of different doses of microspheres on routine
blood count in rats were as follows: WBC, RBC, and PLA
counts: The changes in WBC counts, RBCs, and platelet
counts of rats in the high, medium, and low dose groups
at 0.5 h, 6 h, 12 h, and 24 h after injection were all within

Figure 9. Appearance of skin on the site where microspheres
were subcutaneously injected. The skin of rats showed no signs
of redness, swelling, ulceration, and infection on the 10th (a) and
30th (b) days, post-injection.



the normal range, [33]and the changes were not signifi-
cantly different to the values obtained prior to the treat-
ment, as detailed in Table 9.

Volume of RBC and PLA: The changes in RBCs and
platelets at 0.5 h, 6 h, 12 h, and 24 h after injection
were all within the normal range [34,35], and the
changes were not significantly different as compared
with those obtained prior to the treatment, as detailed
in Table 10.

Leukocyte Classification (%): The changes in neutro-
phils (%) were not significantly different 0.5 h after injec-
tion, but were found to be significantly decreased 6 h,
12 h, and 24 h after injection. However, the change in
lymphocytes (%) was found to be reversed. The change
in lymphocyte percentage was not significantly different
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0.5 h after injection, but it was significantly increased at
6 h, 12 h, and 24 h post-treatment. Monocytes (%)
showed statistically significant changes at 12 h and
24 h post-treatment. Eosinophils (%) were significantly
reduced at 0.5 h, 6 h, 12 h, and 24 h after injection.
Additionally, the changes in basophils were not statisti-
cally significant, as detailed in Table 11.

4.2. In vivo tests

4.2.1. Histocompatibility

Skin Appearance: After subcutaneous injection of micro-
spheres, the skin of rats showed no signs of redness,
swelling, ulceration, or infection on days 10 and 30, post-
injection (Figure 9).

Figure 10. HE staining of the skin at injection sites. The HE staining of skin sections obtained from the injection site showed no
difference on days 10 (a) and 30 (b) after subcutaneous injection compared to the normal skin.
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Figure 11. CFA mechanical pain threshold in rats (n = 40).
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Pathological sections of the injection site of rats (HE
staining);The HE staining of the skin sections obtained
from the injection site showed no difference on days 10
and 30 after subcutaneous injection compared to the
normal skin. (Figure 10).

The results of biocompatibility experiments are a key
indicator of whether microspheres can be successfully
applied in clinical treatment. The blood compatibility
test and histocompatibility test are more intuitive and
maneuverable than the observations made at the cellu-
lar level. Factors that can influence biocompatibility and
histocompatibility are particle size, shape, and concen-
tration of microspheres.

Kotla et al. [36,37] showed that the hemolysis rate of
microspheres at the same concentration was inversely pro-
portional to the particle size. In particular, microspheres
with diameters less than 10 um are more likely to be
engulfed by macrophages and peripheral giant cells, pro-
moting their accelerated degradation [34]. The diameter of
the microspheres synthesized in this study was approxi-
mately 25-30 pm, which cannot be easily taken up and has
certain slow-release performance. However, the penetra-
tion rate of microspheres with large particle size was low
and their clinical use has been limited. Hence, the size of
the microspheres should not be too large or too small. In
addition, the shape (roundness) of the microspheres is also
highly correlated with the hemolysis rate [38]. Angular

Table 12. The number of inflammation spots in the CFA-induced
chronic inflammatory pain model rats after treatment (n = 6).

PC OoMT MD MD + MT PD PD + MT
2nd day 6 6 6 6 4 4
4th day 6 6 5 4 4 4
6th day 6 6 2 1 3 2
8th day 5 5 1 0 1 1
10th day 5 5 0 0 0 1

materials are more likely to scratch red blood cells, causing
them to rupture leading to hemolysis, whereas smooth,
rounded microspheres are more compatible.

The concentration of microspheres affects the hemo-
lysis rate. Previous studies [34] showed that the hemo-
lysis rate of microspheres with a concentration of
1.5 mg/mL was lower than that of other groups. This
effect may be due to tension or osmotic pressure. In this
study, none of the microspheres tested resulted in
a hemolysis rate of more than 5%, regardless of its con-
centration, suggesting that the above concentrations of
microspheres are in line with national standards. This
may be due to the biocompatibility of PLGA, which can
be slowly degraded in vivo, and the degradation pro-
ducts have no adverse effects on rats. In addition, the
high stability of PLGA also prevents cell damage caused
by sudden drug release [7,8].

As shown in the above experimental data, the micro-
spheres produced in our experiment had no significant
effect on the blood count and volume of rats in the
blood compatibility experiments. However, it had an
influence on the percentage of white blood cell sub-
types. As shown in Table 12, lymphocytes were elevated
approximately 6 h after microsphere injection, whereas
neutrophil count was decreased. Monocytes (%)
increased significantly approximately 12 h after injec-
tion, and eosinophils (%) decreased gradually. All the
above phenomena are precisely related to the invasion
of microspheres into the body as foreign bodies, and
leukocyte mobilization and phagocytosis activities are
closely related. Galluzzi L [39]and Martinod K [40] also
mentioned this phenomenon, but it could not be used
to explain its poor biocompatibility. Instead, it was the
normal reaction of the body to foreign bodies. In this
experiment, the skin appearance and HE staining analy-
sis of rats on days 10 and 30 post-injection were similar
to that observed for normal rat tissues.

.
gt D

Figure 12. HE staining of the skin at injection sites. (a) normal plantar tissue; (b) model mouse plantar tissue, showing an inflammatory

response.



10 -
< 9 -
(1]
9 8
S
ol 7
5
= 6
o
=4 5
=
5 4
& g
(=]
= 2

1

0

pre 2d 4d

Figure 13. Mechanical pain threshold before and after treatment.
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Figure 14. HE staining of plantar 10 days after therapy: A: positive contrast group (PC), B: only magnetic treatment(OMT), C:
dexamethasone microspheres therapy (MD), D: dexamethasone microspheres + magnetic therapy(MD+MT). E: dexamethasone
phosphate therapy (PD), F:dexamethasone phosphate + magnetic therapy(PD+MT)

4.2.2. Chronic plantar inflammatory model

The pain threshold before CFA injection was 22.2 + 4.3,
whereas the pain threshold on days 2, 4, 6, 8, and 10
after CFA injection was 7.9 £ 1.2, 6.0 £ 0.8, 3.3 + 0.5,
4.1 £ 1.6, and 3.1 + 0.6, respectively. Compared with the
mechanical pain threshold of rats before CFA adminis-
tration, the pain threshold of rats 2-10 days after admin-
istration was significantly lower (Figure 12).

Time point 1: before administration; Time point 2:
2 days after administration; Time point 3: 4 days after
administration; Time point 4: 6 days after administration;
Time point 5: 8 days after administration; and Time point
6: 10 days after administration.

Ps: Compared with pre-administration, the threshold
of mechanical pain was significantly reduced after
administration (P < 0.01).
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Pathological section (HE staining): On the 10th day
post CFA injection into the bottom of the left hind limb
of rats, a large number of inflammatory cells were
observed in the HE stained sections, also characterized
by a disordered structure (Figure 12).

CFA can induce local acute and chronic inflammation,
and the inflammatory model is characterized by elevated
T cells and Cll antibodies, suggesting that both cellular and
humoral immunity are involved [41]. However, to establish
that the CFA-induced pain model meets the needs of
chronic inflammation modeling required in this study, we
injected 0.1 mL of CFA in the rat plantar. On the 2nd day
after injection, the skin temperature of the infected rats
increased significantly. The swelling of the affected foot
was significantly higher than that of the healthy side. The
activity of the rats was significantly reduced. In some rats,
foot licking activity was also increased.

Compared with the mechanical pain threshold before
CFA injection, the mechanical pain threshold between
days 2 and 10 after CFA injection was significantly lower
than that before CFA injection, and was found to be the
lowest on the 6th day (Figure 11). A large number of
inflammatory cells infiltrated into the skin and soft tissue
of the lateral foot, as observed in the HE stained section,
and the tissue structure was also found to be disordered.
These are typical features of chronic inflammation [29].
Therefore, it was concluded that the CFA rat plantar injec-
tion model meets the requirements of this experiment.

4.2.3 Post-treatment manifestations
Appearance: Before treatment, there was no significant
difference in the appearance of inflammation in each
group. On 2nd day, the number of red swelling in phos-
phate dexamethasone (PD with/without MT) group was
less than that in the microsphere group (MD with/without
MT), On the 6th day, the number of red swelling in the
microsphere dexamethasone + magnetic therapy group
(MD + MT) was less than that of other groups (Table 12),
details of experimental group were showed in Table 2.
Mechanical pain threshold: Compared with before
treatment, except for the positive control group (PC)
and magnetic therapy group (MT), the other groups
showed significant improvement on days 4 and 6.
The pain threshold of the microsphere + magnetic
therapy group (MD + MT) was significantly higher
than that of the other groups, as studied on days 4
and 6. The pain threshold of the microsphere group
(MD) and the microsphere + magnetic therapy
group (MD + MT) on day 8 was significantly higher
than that of the other groups (Figure 13).

The above results suggested that the therapeutic effect
of the MD group was similar to that of the PD group, but
the effect of microspheres was enhanced when combined
with magnetic therapy.

Pathological section (HE staining): Compared with
the control group (PC and OMT; Figure 14a,b and
Figure 15a,b), dexamethasone-treated groups (MD
and PD;) and combination magnetic therapy groups
(MD + MT, PD + MT;) showed a reduction in inflam-
matory cells in the pathological sections (HE 200x)
of the affected feet 10 days after treatment.

According to the appearance, mechanical pain
threshold, and histological analysis, the effect on
rats in the MD + MT group was better than PD
groups after the 4th day, PD groups worked better
in the first 3 days.

Because we designed the microspheres to test the
effects of different dosing methods, the micro-
spheres are packed with the same dose of dexa-
methasone as a single dosing. In the single-dose
administration group, the initial local injection dose
was larger and the drug concentration was higher,
so the initial effect was better. In the late stage, local
drug concentration attenuated quickly and the effect
was not good. It is well known that high burst
release batches should be excluded when selecting
excellent microspheres. Therefore, some batches of
dexamethasone microspheres were not selected for
its high burst release. It was normal that the local
drug concentration in the microsphere group was
lower than that in the single dose group. However,
due to its slow release, it can keep the local drug
concentration stable all the time, and its early effect
is slightly worse than that of the single dose admin-
istration group. The aftereffects are better (7-
10 days). In addition, under the intervention of mag-
netic field, the magnetic particles in the microsphere
vibrate at the affected area to produce micro current
and heat energy, which speeds up local circulation
and assists better absorption of drugs. But when
used alone, its therapeutic effect is limited In con-
clusion, the above treatment methods have advan-
tages and disadvantages, but if the treatment can be
integrated with the above treatment methods can
maximize the advantages and avoid the disadvan-
tages. The treatment regimen consists of a single
dose combined with magnetic microspheres and
assisted magnetic field therapy. As a result, multi-
modal treatment is the best choice for reducing
drug use and amplifying efficacy.
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