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Abstract: Microencapsulation plays an important role in biomedical technology owing to its particular
and attractive characteristics. In this work, we developed ropivacaine and dexamethasone loaded
poly(D, L-lactide-co-glycolide) (PLGA) microparticles via electrospraying technique and investigated
the release behavior of electrosprayed microparticles. The particle morphology of sprayed particles
was assessed using scanning electron microscopy (SEM). The in vitro drug release kinetics were
evaluated employing an elution method, and the in vivo pharmaceutical release as well as its efficacy
on pain relief were tested using an animal activity model. The microscopic observation suggested that
sprayed microparticles exhibit a size distribution of 5–6 µm. Fourier-transform infrared spectrometry
and differential scanning calorimetry demonstrated the successful incorporation of pharmaceuticals
in the PLGA particulates. The drugs-loaded particles discharged sustainably high concentrations
of ropivacaine and dexamethasone at the target region in vivo for over two weeks, and the drug
levels in the blood remained low. By adopting the electrospraying technique, we were able to prepare
drug-embedded polymeric microparticles with effectiveness and with a sustainable capability for
postoperative pain control.

Keywords: electrospraying; microparticles; ropivacaine; dexamethasone; sustained release

1. Introduction

Despite the advances in pharmaceutical technologies, the delivery of sustained drug
concentrations to the target site remains as a challenge. Polymeric microencapsulation
plays an important role in biomedical technology owing to its particular and attractive char-
acteristics, involving compatibility, durability, target specificity, consistent encapsulation,
superior compliance, and controllable sustained drug releases capable of minimizing the
toxicity and dosage frequency [1]. Microparticles generally range between 1 and 1000 µm
and act as versatile drug delivery systems with well-defined physiological and pharma-
cokinetic properties to promote effectiveness, tolerability, and patient compliance. One
major advantage of microparticles over nanocarriers lies in that they do not pass through
the interstitium over the dimension of 100 nm conveyed by the lymph and only perform
their functions locally [2].

Electrospraying is a versatile technique capable of producing micro- and nano-polymeric
particles for drug delivery [3,4]. In the procedure, the electrically charged solution is ejected
out of a nozzle, overcoming the surface tension of the polymeric solution, and split into
tiny droplets (Figure 1). These charged droplets counteract with one another, in turn pre-
venting the consolidation of droplets and leading to the formation of tiny particles with a
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uniform size distribution [5]. Compared with the other traditional schemes for preparing
polymeric microparticles, the coulombic repulsion among the highly charged sprayed
droplets leads to self-dispersion particles without coalescence. In addition, owing to the
absence of exterior media that permit the dissolution or migration of incorporated drugs,
the encapsulation efficiency by electrospraying can be optimized [6]. The preparation of
core/shell-structured microspheres is also feasible using this novel technology [7].

Figure 1. The schematic of the electrospraying setup.

Post-surgery pain remains undertreated in most regions globally, particularly in de-
veloping countries, affecting 47–100% of patients [8]. The management of postoperative
pain is not easy because of complex etiologies and patients’ subjective experiences. It is
important to identify the type of operation before managing the pain related to surgery. The
American Pain Society suggested multimodal analgesia, a variety of analgesic medications
and techniques for the treatment of postoperative pain in children or adults [9]. Abdominal
surgeries are operations resulting in a high degree of pain [10]. Regional analgesia tech-
niques, such as epidural analgesia or peripheral nerve block, are recommended in most
enhanced recovery after surgery protocols to reduce opioid consumption [9,11]. Many
types of peripheral nerve block have been effective and widely used in patients receiv-
ing abdominal surgery, such as transversus abdominal plane block, rectus sheath block,
quadratus lumborum block, etc. However, most of the drugs used in previous techniques
do not act adequately long.

Degradable poly[(D, L)-lactide-co-glycolide] (PLGA) incorporated with lidocaine was
proved to offer extended analgesia [12,13]. Other research also revealed that lidocaine and
bupivacaine play an important role in multimodal analgesia for laparotomy wounds in the
mouse grimace scale and von Frey test [14]. However, the duration of the analgesic effect
was limited by the choice of drugs.

This study developed ropivacaine and dexamethasone-incorporated PLGA microparti-
cles via electrospraying technique. Ropivacaine is a local anesthetic belonging to the amino
amide group with less cardiovascular and central nerve toxicity than bupivacaine [15].
Dexamethasone is a glucocorticoid medication with an anti-inflammatory effect and with
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local anesthetics analgesia-prolonging effects [16,17] that reduces the possibility of chronic
pain [18]. After spraying, the morphological structure of drug-loaded PLGA particulates
was characterized by scanning electron microscopy. In vitro discharge behavior was as-
sessed by an elution method and by a high-performance liquid chromatography (HPLC)
analysis. Additionally, the microspheres were injected into the muscular layer near the
laparotomy wound. The in vivo drug concentration and the postoperative activity of rats
were analyzed. The histology examination of the tissue was also accomplished.

2. Materials and Methods
2.1. Production of Analgesics-Eluting Microparticles

PLGAs (50:50), ropivacaine, dexamethasone, and dichloromethane (DCM) were pro-
vided by Sigma-Aldrich (St. Louis, MO, USA).

Drugs-loaded microcarriers, with two distinct polymer-to-drug ratios, were prepared
utilizing a lab-scale electrospraying apparatus, composed of a syringe with a needle (inner
diameter = 60 m), a ground collection tray, and a high-voltage power supply. For the
manufacture of microparticles with a polymer:drug 3:1 ratio, PLGA (600 mg) and drugs
(150 mg ropivacaine and 42 mg dexamethasone) were agitatedly blended with 10 mL of
DCM for 60 mins. The mixture was delivered by a syringe pump with a flow speed of
1.0 mL/h. The syringe needle was attached to the power supply with a DC voltage of 8 kV.
The interspace between the needle tip and the collection tray was 12 cm. The production
of microparticles with a polymer:drug 4:1 ratio follows the same preparatory procedure,
except that PLGA (300 mg) and drugs (75 mg ropivacaine and 21 mg dexamethasone) were
dissolved in 5 mL of DCM.

2.2. Scanning Electron Microscopy (SEM)

Drug-loaded microparticles were first sputtered with gold and then placed under an
SEM (JSM-7500F, Jeol, Tokyo, Japan) for observation. The dimension distribution of the
sprayed microparticles was acquired by analyzing 50 randomly chosen particles for each
image (n = 5).

2.3. Fourier-Transform Infrared Spectrometry (FTIR)

FTIR analysis was accomplished on a spectrometer (Nicolet iS5, Thermo Fisher,
Waltham, MA, USA) with a resolution of 4 cm−1 (32 scans). Drugs-loaded microparti-
cles were incorporated in compressed KBr disks, and the assay was evaluated from 500 to
4000 cm−1.

2.4. Differential Scanning Calorimetry

The thermal properties of virgin PLGA and ropivacaine/dexamethasone loaded PLGA
particles were estimated by a TA-DSC25 differential scanning calorimeter (TA Instruments,
New Castle, DE, USA). The scanning temperature ranged from 30 to 350 ◦C and the
specimens were heated at 10 ◦C/min.

2.5. Discharge of Pharmaceuticals In Vitro

The discharge of pharmaceuticals from PLGA particles in vitro was assessed using an
elution scheme [19,20] and an HPLC assay on an L-2200 System (Hitachi, Tokyo, Japan)
along with a Discovery BIO wide Pore C18 25 cm × 4.6 mm × 5 µm column. Phosphate-
buffered saline (PBS, pH 7.4) was used as the dissolution medium. The microparticles were
placed in glass test tubes (n = 3) with 1 mL of PBS. All tubes were incubated at 37 ◦C. The
dissolution medium was collected and analyzed every 24 h. Fresh PBS (1 mL) was then
added for the next 24 h. The drug concentrations in the buffer for the elution studies were
determined using HPLC. The process was repeated for 14 days.

The mobile phase used for ropivacaine contained acetonitrile:phosphate buffer (60:40,
v:v). The absorbency was monitored at a wavelength of 240 nm, and the flow rate was
1.2 mL/min. The assay was conducted at 30 ◦C. The mobile phase used for dexamethasone
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included methanol:phosphate buffer (60/40, v/v). The absorbency was evaluated at 25 ◦C
with a wavelength of 270 nm, and the flow speed was maintained at 1.5 mL/min.

2.6. Rat Abdominal Surgery Procedure

The entire animal-related processes were approved by the Institutional Animal Care
and Use Committee of Chang Gung University (CGU107-220). Eighteen Wistar rats (weigh-
ing approximately 200–300 g) were enrolled for the study, and the animals were handled
following the guidelines and regulations of the Ministry of Health and Welfare, Taiwan.
Nine animals were employed for the in vivo pharmaceutical elution investigation, and nine
rats were allocated for the activity survey.

The rats were first anesthetized via inhaling isoflurane within an anesthetic box.
Anesthesia was maintained during the entire surgical procedure by mask inhalation with
isoflurane. A 5 cm cut wound was achieved at the middle of the abdominal wall, and the
abdominal muscle was dissected until the exposure of the intra-abdominal organs, such
as the stomach, intestine, liver, etc. For in vivo pharmaceutical discharge experiments, the
drug concentration near the tissue and in the drug serum levels was evaluated. To measure
drug levels near the tissue, three rats were arranged to receive general anesthesia and
abdominal surgery (n = 3). PLGA microparticles embedded with ropivacaine and dexam-
ethasone were implanted into the muscle layer near the laparotomy wound. The muscle,
fascia, and skin were then closed by 3–0 Vicryl sutures layer-by-layer (Figure 2). The rats
were sent to the cage to observe their postoperative condition. Abdominal wall muscle
tissue (approximately 50 mg) around the target sites was gathered on the 1st, 2nd, 7th, and
14th days after the operation. The drug level was evaluated by HPLC, and the wound was
sealed by 3–0 Vicryl suture.

Figure 2. (A) A 5 cm-long skin incision wound was made at the middle of the abdominal wall.
(B) The abdominal muscles were dissected until the exposure of the intra-abdominal organs, such as
the stomach, intestine, liver, etc. (C) Drugs-loaded microparticles were implanted at the muscles of
the abdominal wall. (D) The muscle, fascia, and skin were sutured with 3–0 Vicryl sutures.

To assess drug concentrations in the blood, another six rats were injected with PLGA
microparticles embedded with ropivacaine and dexamethasone into the abdominal muscle
layer. Three rats (n = 3) each time were sacrificed 1 day post-operation and 3 days post-
operation, and their blood was sampled for drug level analysis.
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2.7. Post-Surgery Activity Assessment

The nine rats allocated for the activity survey were separated into three groups
(three rats in every group; n = 3). The rats of group A received no operation. This group
served as a control group. Group B received abdominal surgery only, without drug ad-
ministration. Group C received the abdominal surgery and the implantation with ropiva-
caine/dexamethasone loaded PLGA microparticles into the muscle layer near the wound.
After the operations, the animal activity in distinct groups was assessed utilizing an activity
cage (Figure 3) with a size of 50 cm × 50 cm × 50 cm. Nine photoelectric switch sensors
(HP100-A1; Azbil Corp., Tokyo, Japan) were implemented above the cage. The sensors
monitored the movements of each animal inside the cage. When the rat migrates from
one zone of the cage to another, the sensor in the “approaching” zone is then prompted.
A microprocessor that includes an accession interface was utilized to estimate the total
prompting counts. The activity of each rat was surveyed for 7 days.

Figure 3. A schematic model of the cage used to evaluate the animal activity.

2.8. Statistics and Data Analysis

All experimental data were evaluated via one-way analysis of variance. The difference
was considered statistically significant at p-values below 0.05.

3. Results
3.1. Assessment of Sprayed Microparticles

Figure 4 displays the SEM photos of sprayed microparticles. The calculated size
distributions of microparticles with polymer-to-drug ratios of 3:1 and 4:1 were 6.6 ± 0.2 µm
and 5.3 ± 0.2 µm, respectively.

Figure 5a shows the obtained FTIR spectra of pure PLGA and drug-incorporated
PLGA particles. The fresh peaks at 3000 cm−1 and 3490 cm−1 are attributed to the N-H
vibrations of ropivacaine [21]. The enhanced absorption at 1760 cm−1 is correlated to C=O
bonds, primarily owing to the presence of the pharmaceuticals [22]. Furthermore, the peak
close to 2930 cm−1 may be a result of the CH3 bond intensification in incorporated drugs.
Figure 5b displays the thermal properties of virgin PLGA and ropivacaine/dexamethasone-
loaded PLGA microparticles. The peaks of ropivacaine and dexamethasone, at 151 ◦C and
270 ◦C, respectively, disappeared after being embedded into the PLGA matrix [23,24]. All
these demonstrated the successful embedment of the pharmaceuticals in PLGA particles.
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Figure 4. Scanning electron microscopy image and particle size distribution of electrosprayed
microparticles with PLGA:drugs ratio of (A) 3:1 and (B) 4:1. Scale bar = 10 µm.

Figure 5. (A) Fourier transform infrared spectra. (B) Thermogram of pure PLGA and drug-loaded
PLGA microparticles.
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3.2. In Vitro Discharge of Analgesics-Loaded Particles

Figure 6 denotes the in vitro daily and cumulative elution characteristics of ropivacaine
from the electrosprayed analgesic-loaded microparticles, and Figure 7 displays the release
behavior of dexamethasone from the microparticles. Two-stage discharge patterns were
noted with a burst on the first day and with a moderately diminishing release thereafter.
PLGA particles discharged high levels of ropivacaine and dexamethasone [23,24] for over
14 days.

Figure 6. (A) Daily and (B) cumulative release curves of ropivacaine from the electrosprayed mi-
croparticles.

3.3. In Vivo Elution

Figure 8 displays the evaluated drug levels in tissue adjacent to the surgery site. Drug-
loaded particles provided sustained elution of high concentrations of ropivacaine and
dexamethasone in the tissues for over 14 days, and the drug concentrations in the blood of
rats remained low.

3.4. Efficacy of Release Drugs in Pain Relief

The activity counts of monitored rats are illustrated in Figure 9. Sensor 1 has the great-
est number of triggers, mainly owing to the animals’ persistent visits to the site of food and
water supply. The total numbers of triggers were 10,119 ± 312, 6035 ± 339, and 7265 ± 1218
in the control group, the OP (surgery only) group, and the OP + MS (surgery + implantation
of drug-loaded microparticles) group, respectively. The rat activity in the control group
was significantly greater than that in the OP group (p < 0.01), underlining the unfavorable
influence of the operation on the animals’ activity. The animals that had received the
implantation of drug-loaded microparticles showed a higher level of activity than the OP
group, demonstrating that the effectiveness of multimodal ropivacaine/dexamethasone
treatment via microparticles in promoting animals’ activity levels post-operation.
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Figure 7. (A) Daily and (B) cumulative release curves of dexamethasone from the electrosprayed
microparticles.

Figure 8. In vivo release curves of (A) ropivacaine and (B) dexamethasone.
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Figure 9. Monitored rat activity in the cage. Group A (red columns) was the control untreated
group. Group B (green columns) received operation without any medication. Group C (blue columns)
received surgery followed by the administration of drugs-loaded microparticles to the wound site
(** p < 0.01).

4. Discussion

Distinct biomedical materials have been synthesized [25] to facilitate the therapeutic
strategy of local drug delivery [26–31]. PLGA-based particulate systems are suitable for
the controlled release of micromolecules and macromolecular biotherapeutics. These drug-
loaded particulate systems (having particle diameters ranging from 1 to 1000 µm) can
be injected or implanted adjacent to the targeted organs to maintain a relatively high
drug concentration at the desired locations with a minimized drug distribution into other
untargeted and healthy organs/tissues [25,32,33]. The degradable polymeric microparticles
as a drug delivery strategy possess benefits over other systems because they do not need
surgery for their application or removal from the body. Furthermore, the particles have
shown excellent stability in the biological environment. The highly replicable production
methods also offer support to incorporate hydrophilic and hydrophobic pharmaceuticals,
granting them a wide variety of therapeutic applications [34]. When compared with
conventional drug administrations, the local delivery of pharmaceuticals by the PLGA
microparticles can prolong the delivery duration, increase the concentration at the target
site, and minimize the systemic side effects of the drug [35–37].

Bhattacharjee et al. [38] proposed that, by adopting a particulate drug-delivery system,
even though drug concentration in tissue raises rapidly, the serum concentration does
not increase proportionally. However, the unpredictable and uncontrolled drug release
remains a challenge, particularly from the perspective of developing sustained release
formulations. The potential burst effect may also lead to overdose and toxicity of the drug.
Bouriche et al. [39] showed an unexpected decrease in bioavailability of the drug from
the microparticles compared with the oral dosage form of the same drug. Additionally,
local anesthetics can not only reduce the pain but may also lead to some side effects, such
as nerve injury or local anesthetic systemic toxicity [40]. Masters et al. [41] showed that
polymers embedded with a local anesthetic lead to sensory and motor block for one week.

Unlike nerve block by local anesthetics used in limb surgery, nerve block used in
abdominal surgery has less concern with motor block. However, abdominal surgery pro-
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duces a huge midline laparotomy wound at the surface, leading to moderate to severe pain,
which causes increased morbidity, hospitalization, and expenses [42]. An ideal protocol for
postoperative pain management is highly desired.

Various analgesic protocols have been proposed for the management of huge la-
parotomy wounds, including epidural local anesthetics, peripheral nerve block by local
anesthetics, and administration of analgesics such as opioids via intravenous or intra-
muscular injection [43–45]. Generally, epidural analgesia with local anesthetics has good
efficacy for postoperative pain control. However, the procedure requires epidural catheter
implantation and can lead to serious complications that are difficult to handle, such as
dural puncture, infection, epidural hematoma, and central nerve injury. Intravenous or
intramuscular injection of opioids also has good analgesic effectiveness but can easily
cause opioid-related side effects, including nausea, vomiting, decreased bowel movement,
etc. Peripheral nerve block, when combined with multimodal analgesia [46,47], has been
proved to achieve good analgesic efficacy with reduced side effects.

In this study, we successfully developed ropivacaine- and dexamethasone-incorporated
PLGA microspheres that offer extended drug discharge for postoperative pain control uti-
lizing the electrospraying method [48]. PLGA is one of the most widely investigated
biomaterials due to its ability to adapt to various activities, its adjustable biodegradability,
and its superior biocompatibility. The material has also been vastly studied for target
specificity and controlled release of pharmaceuticals and biomolecules [49].

In general, the release of pharmaceuticals from drug-loaded degradable microparticles
consists of three different stages, namely a preliminary burst, a diffusion-controlled dis-
charge, and a degradation-governed elution. After the electrospraying procedure, despite a
majority of pharmaceuticals being embedded inside the matrix of PLGA microparticles, a
few drug compounds may be allocated on the exterior of the particles, leading to a burst
release. Thereafter, the pharmaceutical release patterns were governed simultaneously by
diffusion and polymeric material degradation. Therefore, a steadily diminishing release
of analgesics was noted. Overall, the PLGA particles were able to discharge high concen-
trations of ropivacaine and dexamethasone at the target location for over 14 days. They
also offered consistent pain relief at the wound sites of studied animals without obvious
motor dysfunction or systemic complications, offering benefits for extended postoperative
pain control.

Microparticles have been demonstrated to promote therapeutic efficiency [25,26]
due to the appropriate prevention of pharmaceuticals and molecules from degradation
and the capability to implement the controlled discharge at the target zone. To tailor
the transport and discharge of pharmaceuticals, it is essential to adjustably create the
polymer particles with required sizes and size distributions. The small size deviation of
electrosprayed microparticles demonstrated the excellent capability of the electrospraying
process in preparing the drugs-loaded particles [3,4]. The ropivacaine and dexamethasone-
incorporated particles exploited in this work, owing to their tiny dimension (approximately
5 µm), can be amiably delivered into the body by injection via a syringe. Therefore, the
drug-loaded particles can be adopted for various pain-management strategies, providing
the benefit of good pain control with improved life quality. Furthermore, the empirical
outcomes showed a significant enhancement of total triggers (p < 0.01) at one week after the
operation for the rats that received the implantation of ropivacaine- and dexamethasone-
incorporated particles relative to those without implantation. This further demonstrates
the effectiveness of ropivacaine and dexamethasone-incorporated microparticles in post-
surgery pain management.

Despite the preliminary findings, there are limitations in this study. First, the number
of animals included in this work was relatively low. Another limitation is the restricted
period of activity survey. Thirdly, the correlation between the discoveries in animals here
and the pain management in human beings is unknown and needs additional investigations.
These may require some further explorations.
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5. Conclusions

This study has successfully produced degradable, drug-eluting PLGA microparticles
via the electrospraying technique to offer extended discharge of ropivacaine and dexam-
ethasone to the target site. Sprayed particles could deliver high concentrations of ropiva-
caine and dexamethasone for more than 14 days. Rats implanted with drugs-embedded
particles demonstrated superior activity compared with the rats without implantation.
Electrosprayed drug-eluting particles showed their efficacy and long-term pain relief for
the postoperative healing process. Eventually, the drugs loaded-microparticles can be
employed for post-surgery pain management in humans.
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