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Abstract: Pain, a prevalent clinical symptom, significantly demands attention in the current public
health system due to its profound impact on patients” quality of life, daily activities, and economic
circumstances. Despite being a pervasive issue, many forms of pain remain ineffectively addressed,
hence posing an enormous burden on patients. Pharmaceutical treatments, the first-line approach
for various forms of pain, continue to face considerable challenges due to their limited efficacy,
lack of long-lasting effects, and adverse side effects. In recent years, the rapid advancements in
science and technology, especially the incorporation of micro and nano technologies across various
domains, have accelerated the development of novel therapeutics. This review underscores the
merits and drawbacks of different pharmacological strategies for pain management. It focuses on the
research progress and applications of poly (lactic-co-glycolic acid)(PLGA) as drug delivery carriers,
elucidating their potential therapeutic influence over pain management. The review concludes with
a thorough summary of current research outcomes and limitations, a discussion of potential clinical
transformations, and projections for future pain management research and effective care strategies.
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1. Introduction

Pain, the body’s primary warning signal indicating damage or disease, is a widely ex-
perienced clinical symptom. As per the World Health Organization (WHO) statistics, over
520 million people worldwide experience varying degrees of pain, with a significant 75% en-
during moderate-to-severe discomfort. The International Association for the Study of Pain
(LASP) characterizes pain as an unpleasant sensory and emotional experience associated
with actual or potential tissue damage [1]. Pain perception correlates with the activation of
nociceptors within primary afferent fibers subjected to noxious stimuli (thermal, chemical,
or mechanical, etc.). These primary afferent fibers comprise unmyelinated C-fibers and
myelinated Ad-fibers [2], with both the peripheral and central nervous systems playing
crucial roles in pain perception [3]. Moreover, the spinal and supraspinal components of
the central nervous system (CNS) significantly contribute to this process.

Pain can be classified into acute and chronic categories based on the disease duration.
Acute pain refers to sudden, transient pain that usually lasts for minutes to hours, or even
days. It is usually caused by trauma, surgery, infection, and other transient irritation, such
as fracture, sprain, toothache, and so on. Acute pain is characterized by a high degree of
pain, but it usually does not last long. Chronic pain refers to pain that recurs over a long
period of time, usually lasting from weeks to months, or even years. Chronic pain is usually
due to a long-term illness, injury, or inflammatory response, such as arthritis, muscle strain,
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neuropathy, etc. Chronic pain is characterized by a low level of pain, but its duration may
be long and may have a serious impact on the patient’s quality of life.

Managing pain has been a longstanding clinical challenge. Pharmacological interven-
tions have always been the primary approach for pain management, but each drug brings
with it its own advantages and disadvantages. Consequently, healthcare professionals must
tailor their treatment and management strategies to individual patients’ specific conditions.
It is incumbent upon researchers to strive for an optimized drug and its administration
methods, considering the existing challenges. PLGA is a kind of biodegradable polymer
widely used in the biomedical field. Its mechanism of action includes controlled release,
biocompatibility, improved drug stability, targeted delivery, and enhanced solubility. By
adjusting the ratio of lactic acid to glycolic acid [4], PLGA can achieve the sustained and
controlled release of drug molecules, reduce the frequency of administration, improve
patient compliance, and reduce the side effects of drugs. PLGA is broken down in the
body into lactic acid and glycolic acid, two small molecules that can be eliminated through
metabolic pathways in the body, usually without harmful side effects. PLGA can also
be used to prepare microcapsules and nanoparticles, which can protect drugs from the
environment in vivo and help to pass through the cell barrier, improving the efficiency
of the intracellular delivery of drugs. In the design and use of PLGA as a drug-delivery
system, the nature of the drug, the expected effect of action, and the pharmacokinetic
properties in vivo need to be considered in order to ensure optimal efficacy and safety.
PLGA nanoparticles containing baclofen and lamotrigine were prepared by using polymers
and surfactants, as well as a high-speed homogenizer and sonicator, as shown in the patent
of Kuldeep Nigam et al. [5], and these nanoparticles were able to effectively co-deliver
these two therapeutic agents for the treatment of chronic neuropathic pain and can be ad-
ministered via a variety of routes, such as orally, intranasally, and intravenously, to achieve
better therapeutic efficacy and brain distribution. Some PLGA drug-loaded drugs have
been approved by FDA for clinical application and have entered the frontier of medicine [6].
This paper reviews the present clinical status of pain drug therapy, highlighting the role of
PLGA as carriers for drug optimization for different forms of pain.

2. Materials and Methods

In the database of PubMed and Web of science, the keywords PLGA, nano, and pain
were used to search, and 116 articles were screened out for writing this review.

3. Pharmacological Interventions

Non-steroidal anti-inflammatory drugs (NSAIDs), opioids, and local anesthetics (LAs)
represent the three main therapeutic categories for pain management, and other drugs
that are more etiologically specific are also used, such as muscle relaxants, represented by
chlorzoxazone, fluoxetine, and tizanidine [7].

3.1. Nonsteroidal Anti-Inflammatory Drug (NSAID) Pharmacological Interventions

NSAIDs, also known as cyclooxygenase (COX) inhibitors, are the first-line medications
for pain management. They inhibit the catalytic activity of two isoforms of cyclooxygenase:
COX-1 and COX-2 [8,9]. This process blocks the conversion of arachidonic acid into
prostaglandins. Prostaglandins and thromboxane A2 produced through COX-1 catalysis
regulate gastrointestinal mucosal barriers, the kidney balance, platelet aggregation, and
other physiological functions. In contrast, COX-2 is associated with inflammation, pain,
and fever, making it an ideal target for pain treatment [10]. However, these inhibitors
may cause significant side effects, such as gastrointestinal issues, ulcers, bleeding, strokes,
and heart attacks [11,12]. Prolonged use could precipitate severe complications, including
gastric perforation, hemorrhagic ulcers, cardiovascular diseases, and kidney issues [13,14].
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3.2. Opioids

Considered highly effective for pain management, opioids are often deemed the most
potent treatment for pain. They are suitable for managing benign-to-severe acute pain
and cancer pain [15]. Opioids are categorized based on their source (natural, synthetic, or
semi-synthetic), potency (moderate to high), and the duration of action (slow and fast) [16].
They function both presynaptically and postsynaptically, producing an analgesic effect.
Undesirable side effects include cardiovascular and respiratory diseases, endocrine system
suppression, depression, nausea, and itching. Long-term opioid use can lead to risks such
as tolerance, hyperalgesia, and allodynia [17].

3.3. Local Anesthetics (LAs)

LAs, such as lidocaine and propivacaine, are commonly used to minimize neuropathic
and inflammatory pain by blocking the sodium channel in the neuron cell membrane. They
are regularly used during surgical procedures to manage postoperative pain [18]. Despite
advancements in clinical practice, LAs can still cause systemic toxicity. Side effects include
skin tingling, allergic reactions, hypotension, headaches, muscle tremors, convulsions, or
paralysis, among others [19].

3.4. Capsaicin and Cannabinoids

Capsaicin, a natural compound found in chili peppers, is incorporated into diets
across numerous countries. The significant mechanism of capsaicin in pain treatment
involves influencing the TRPV1 channels of nociceptive sensory neurons [20]. Capsaicin
is effective in treating neuropathic pain linked to conditions like peripheral neuropathy;,
diabetic neuropathy, chronic peripheral polyneuropathy, and post-herpetic neuralgia. It can
also alleviate pain caused by chronic illnesses, such as osteoarthritis, rheumatoid arthritis,
and psoriasis.

Cannabinoids bring about various effects by activating G protein-coupled cannabinoid
receptors present in the brain and peripheral tissues [21]. These receptors regulate a range
of responses, including pain, mood, and memory. Tetrahydrocannabinol (THC) is the
primary source of the pharmacological effects induced by marijuana consumption [22].
However, during clinical administration, controlling the dose of cannabinoids accurately
often proves challenging [23,24]. Beyond the psychotropic threshold, marijuana intake
usually promotes a sense of well-being and relaxation, enhancing the overall sensory
experience. However, overdoses can trigger acute adverse reactions, such as anxiety, panic
attacks, and changes in heart rate and blood pressure [25].

3.5. Tricyclic Antidepressants and Serotonin and Norepinephrine Reuptake Inhibitors (SNRIs)

Tricyclic antidepressants and serotonin-norepinephrine reuptake inhibitors (SNRIs),
including amitriptyline, imipramine, nortriptyline, and others, serve as antiepileptic drugs.
They basically control and inhibit asynchronous neuronal discharges, which lead to seizures.
This inhibition can alleviate pain and treat related symptoms. Gabapentin and pregabalin
are also effectively used in managing the pain associated with fibromyalgia and neuropathic
pain, with manageable risks [26]. The most common side effects encompass gastrointesti-
nal damage, like nausea, vomiting, diarrhea, and constipation [27-29]. Other issues can
impact the nervous system, primarily expressing as dizziness, headaches, tremors, ex-
trapyramidal reactions, and skin ailments, like rashes, erythema, itching, hyperhidrosis,
and alopecia [27,30].

The significant shortcomings of clinically available drugs have redirected drug de-
velopment strategies towards enhancing drug targeting, minimizing side effects, and
extending the release duration of active compounds [31]. As multidisciplinary advances
and technological progress unfold, micron and nano-medical technology has increasingly
come within our purview. The integration of pharmacology with micron and nanotechnol-
ogy could possibly be a pivotal leap towards creating more effective and less harmful drugs
for chronic pain [32]. Presently, many research findings related to pain treatment have been
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published. Among them, poly (lactic-co-glycolic Acid) (PLGA) as a carrier stands out due
to its safety, non-toxic nature, simple preparation method, and excellent functionality.

3.6. Muscle Relaxants

Muscle relaxants help relieve pain caused by tight muscles by reducing muscle spasms
and tension. Commonly used muscle relaxants include chlorzoxazone, fluoxetine, and
tizanidine. Chlorzoxazone is a central muscle relaxant that acts on spinal alpha motor
neurons to inhibit the transmission of nerve impulses and reduce muscle tone [33]. Fluoxe-
tine is often used to treat muscle stiffness and spasms caused by stroke sequelae, multiple
sclerosis, etc., and can indirectly relieve pain by reducing the muscle tension related to
anxiety [34]. Tizanidine has the effect of relaxing muscles by increasing the activity of
gamma-aminobutyric acid (GABA) [35] and is suitable for the treatment of muscle spasms
caused by cerebral palsy and peripheral neuropathy. Doctors will choose the appropriate
medication and dosage according to the patient’s specific symptoms and medical history.

4. PLGA

PLGA is a biocompatible and biodegradable polymer. It is synthesized via the copoly-
merization of lactic acid (LA) and glycolic acid (GA). Given its desirable mechanical prop-
erties [36], non-toxic nature, biocompatibility, and biodegradability, it is widely employed
in various medical disciplines, including drug delivery, gene therapy, and the production
of medical fiber materials [37].

The relative molecular mass of PLGA lies within the range of 38,000 and 54,000 g-mol 1.
The preparation of PLGA requires the fermentation or chemical synthesis of two monomers
of lactic acid and glycolic acid. Under the catalysis of tin octoate, octanol, and the like,
the monomers are polymerized through a condensation reaction to form the PLGA in an
anhydrous environment protected by a vacuum or inert gas. The polymerized PLGA is
further purified by washing, drying, and grinding. In addition, the molecular weight and
its distribution of PLGA can be controlled by adjusting the polymerization conditions, such
as the reaction time, temperature, and monomer concentration. In order to facilitate the
subsequent drug encapsulation and release, PLGA is usually made into films via solvent
casting, melt extrusion, or calendering. The interplay between the ratio of LA and GA and
the relative molecular mass of the polymer during the polymerization process impinges
upon its hydrophobicity, crystallinity, mechanical properties, size, and biodegradation
rate [38,39]. Therefore, altering the ratio of LA and GA enables the generation of diverse
forms of PLGA [40].

Methods, including electrostatic adsorption, blending, and emulsification, allow for the
encapsulation of drugs within these structures. Techniques for preparing PLGA nanoparti-
cles encompass single emulsification, double emulsification, nanoprecipitation, coacerva-
tion, and spray drying [41,42]. A single emulsification method is a method for preparing a
PLGA drug carrier and relates to the following steps (Figure 1): firstly, the drug is dissolved
in a solvent, which is immiscible with an oil phase to form an internal water phase [43].
Next, PLGA is dissolved in an organic solvent to form a transparent external aqueous
phase. The inner aqueous phase is then added to the outer aqueous phase and stirred
at high speed to mix the two liquids [44]. In order to form a stable emulsion, it may be
necessary to add a surfactant as an emulsifier. Due to the density difference between oil
and water, the internal water phase will be dispersed into small droplets. The oil droplets
are separated out by evaporating the organic solvent or adjusting the pH value, and the oil
droplets are solidified to form solid microspheres or other structures. Finally, the unreacted
monomers and other impurities are removed by washing with appropriate solvents, and
the final product is obtained after drying. The double emulsification method is a method
for preparing a PLGA drug carrier, which comprises the following steps: firstly preparing
an aqueous-phase solution containing a drug as an inner aqueous phase [45], then mixing
the inner aqueous phase with an outer aqueous phase, stirring at a high speed to form a
primary emulsion, mixing the primary emulsion with the outer aqueous phase, mixing the
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obtained primary emulsion with an oil phase, stirring at a high speed for the second time
to form a double emulsion, and solidifying oil droplets using the method; collecting the
obtained microspheres or other structures, and finally carrying out subsequent treatment
on the solidified product, including the steps of washing, drying, and the like, to obtain the
final drug carrier.

(a)

-
(0]
Solvent
removal
W
(b) O/W emulsion PLGA Microsphere
- = - =y

“f

Solvent
removal

O

W1/0 emulsion W1/0/W2 emulsion PLGA Microsphere

Figure 1. Schematic representation of PLGA microspheres prepared through (a) single emulsion
preparation and (b) the double emulsion method. “O” represents the organic solvent phase of the
water-insoluble component. “W” represents an aqueous solution containing an emulsifier, which is
the medium in which the PLGA solution is emulsified.

Different preparation methods and conditions will have different effects on the pre-
pared products. The study by Xu X et al. [46] compared the morphologies of Lidocaine
@ PLGA microcapsules prepared using the premixed membrane emulsification method,
Figure 2A,B, with those prepared using the nonpremixed membrane emulsification method
(C) at (a) 1000, (b) 3000, or (b) 5000x. And Figure 2D shows morphological changes in
Lidocaine @ PLGA microcapsules after sonication. Figure 2E shows optical photographs
of 3 mg/mL Lidocaine @ PLGA microcapsules with (right) and without (left) premixed
membrane emulsification after standing in water for (a) O h, (b) 6 h, and (c) 12 h. In this SEM
image, we visually see the difference between PLGA and lidocaine @ PLGA microcapsules
formed under different preparation methods and conditions [46].

In Table 1, we collected some of the drug-delivery systems studied with PLGA as
the carrier. Long L et al. achieved sustained release of the drug in their experiment [47].
Experimental studies by Kao CW et al. showed that high doses of lidocaine and hEGF were
released over 32 and 27 days, respectively, helping to prevent chronic neuropathic pain
and sustained postoperative pain relief [48]. The drug-delivery system constructed by Lee
FY et al. could continuously release effective doses of epinephrine and lidocaine for more
than 3 weeks [49]. In addition, Nigam K et al. found that their intranasally administered
PLGA NPs showed more than 100% drug-targeting efficiency [50]. The bufalin-PLGA
microparticles constructed by Long L et al. can prolong the analgesic effect to 3 days and
enhance the analgesic effect of bufalin under the condition of reducing the number of
medications [47]. These features make PLGA an effective drug-delivery system, especially
for pain control and wound healing.
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Figure 2. (A) Preparing PLGA microcapsules using a premixed membrane emulsification method.
Lidocaine @ PLGA microcapsules prepared with (B) and without (C) a premixed membrane emul-
sification method were observed via electron microscopy at (A) 1000, (B) 3000, or (C) 5000x.
(D) Morphological changes in Lidocaine @ PLGA microcapsules after sonication. (E) Optical pho-
tographs of 3 mg/mL lidocaine @ PLGA microcapsules with (right) and without (left) premixed
membrane emulsification after standing in water for (a) 0 h, (b) 6 h, and (c) 12 h. Reprinted
from ref. [46] under the terms and conditions of the Creative Commons Attribution (CC BY) li-
cense (http://creativecommons.org/licenses/by/4.0/). https:/ /doi.org/10.3389/fbioe.2022.1072205
(accessed on 24 November 2023).

Table 1. The poly (lactic-co-glycolic acid)-based biodegradable drug delivery carriers for pain management.

Name of Drug Character Particle Size Drug Efficacy

The DCB-composite nanofibers provided the continuous
release of doxycycline and bupivacaine for over 28 days
in vivo. The experimental results illustrate that the strength of

227.7 £76.0
(doxycycline-PLGA),

Collagen Microfiber 2150 £99.1 the repaired tendons is greater than that of normal tendons,

Doxycycline

Bupivacaine (Coilgéggn:f;})(; 2A ), and compared with a simple administration mode, the
(bupix'/acaine.—Pr]ig A) sustained-release effect of the system is obviously
improved [51].
Versus the free CB13, CB13-PLGA-PEG nanoparticles showed
cannabinoid Nanometer particles <300 nm a very noticeable analgesic efficacy with the longest sustained
pain-relieving effect, lasting up to 11 days after one oral
dose [52].
The pathogen-inhibition studies revealed that developed
Rifampicin Nanometer particles 260.3 £2.21 nm RMP-loaded HPMA-PLGA-NPs were approximately four

times more effective with than pure drug against a sensitive
Mycobacterium tuberculosis stain [53].
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Table 1. Cont.

Name of Drug Character

Particle Size

Drug Efficacy

Lidocaine and

ketorolac Nanofibers

Lidocaine and

hEGF Nanofibers

Lidocaine Nanofibers

Lidocaine Nanofiber

Baclofen Nanoparticles

Cationic

Piroxicam .
nanoparticles

Polymer
nanoparticles for
intranasal pathway

Lamotrigine

Sustained Nanoparticles

Ketamine Microparticle

Carbamazepie
and
levetiracetam

Nanoparticles

158~207 nm

780.0 £ 552.1 nm

614 £ 213 nm,
623 4+ 149 nm,
659 + 204 nm

221~496 nm

124.8 nm

~220 nm

~185 nm

10-20 nm

20 pm

180.62 £ 6.260 nm

Biodegradable nanofibers deliver higher doses of lidocaine
and ketorolac over a 10-day period than when administered
alone. Animals receiving the analgesic-eluting
nanofiber-coated stainless steel rod implants showed
significantly more food and water intake and physical activity
than the blank control group, indicating effective pain
relief [54].

The nanofiber membrane effectively released lidocaine and
hEGF in vivo for >2 weeks longer than the control group. In
addition, rats implanted with lidocaine/hEGF nanofiber
membranes showed greater activity than controls,
demonstrating that lidocaine and hEGF sustained-release
antiadhesive nanofiber membranes relieve postoperative pain
and wound healing [48].

Compared with the blank control group, the rabbits in the
experimental group had faster hemostasis and faster recovery
of food and water intake after the operation. It is
demonstrated that the multilayer biodegradable nanofiber
membrane provides sufficient hemostatic effect and
sustainable pain relief for the primary healing of palatal oral
wounds [49].

Rabbits implanted with lidocaine-loaded nanofibers showed
faster recovery of activity after surgery compared to the group
that simply fractured the femur and received fixation,
confirming the analgesic efficacy of lidocaine-embedded
nanofibers. Nanofibers with sustainable lidocaine release
have sufficient efficacy and durability to provide pain relief in
rabbits with segmental long bone fractures [55].

In vivo y-scintigraphy studies showed the prolonged
retention of BCF-PLGA NPs in the brain, and unlike aqueous
drugs, biodistribution studies confirmed PLGA as a suitable
carrier for nanoparticles against neuropathic pain.
Pharmacokinetics showed that the maximum cerebral
concentration (Cpax) of 99Tc-BCF-PLGA nanoparticles after
intranasal administration was 3.5%/g, which was higher than
that after intravenous administration (2.65%/g), and the area
under the curve (AUC) of rats after intranasal administration
was 41%-h/g, which was significantly higher than the
33.52%-h/g of the rats administered intravenously [56].
The drug concentration in the joint tissue 24 h after the
administration of cationic NPs was 3.2-fold and 1.8-fold
higher than that in the drug solution and neutrally charged
NPs, respectively [57].

The oral, intranasal, and intravenous routes of LTG-PLGA NP
showed better biodistribution, demonstrating that PLGA is a
suitable carrier system for lamotrigine and a suitable route for
the treatment of neuropathic pain [56].

PCMN provided the longer release of capsaicin in vitro,
increased the solubility of capsaicin, and inhibited
carrageenan-induced inflammatory pain in an in vivo mouse
model [58].

The in vitro microsomal release lasts for at least 14 days,
which is higher than the usual mode of administration [59].
Compared with carbamazepine (CBZ) and levetiracil (LEV),
the CBZ + LEV combination and CBZ + LEV-PLGA NPs
generally have higher antiepileptic activity. However, the
anticonvulsant effect of CBZ + LEV-PLGA NPs was more
pronounced [60].
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Table 1. Cont.

Name of Drug

Character Particle Size Drug Efficacy

Bupivacaine

Bupivacaine

Ropivacaine

Ropivacaine

Hydromorphinone

Triamcinolone
acetonide

SiRNA

Capsaicin

Bufalin

Microparticle 15 pm

Nanoparticles

Nanofiber 153.1 £ 68.08 nm

Nanometer particles

The injectable gel-MS system consisting of PLGA-PEG-PLGA
gel and BUP-loaded PLGA-MS realizes a precisely guided
drug release and retention system and shows long-term
effective analgesia in vivo [61].

PLGA bupivacaine is an extended-release preparation of a

Nanometer particles 150 + 10 nm local anesthetic that provides postoperative analgesia for up

to 72 h [62].
The analgesic system may produce a more long-lasting

Microparticle 1.7+ 0.2 um analgesic effect lasting up to at least 6 days with a single

administration via local sciatic nerve periinjection [63].
The sustained-release effect of PLGA-supported

Microparticle 20-45 pm hydromorphone was about 35 days in vitro, which prolonged

the sustained release effect [64].
Compared with triamcinolone acetonide alone, triamcinolone

Microparticle 38-50 um acetonide polylactic-co-glycolic acid (PLGA) prolongs the

pain relief time of osteoarthritis to some extent [65].
Poly (lactic-co-glycolic acid) (PLGA) nanoparticles support
334 + 67.95 to the controlled release of the encapsulated drug while
386 4+ 15.14 nm prolonging the mucoadhesive capacity, thereby improving the
bioavailability of the drug [66].

P38 siRNA NPs significantly reduced mechanical allodynia
and microgliosis in the dorsal horn of SNL rats, consistent
with the down-regulation of p38-associated proinflammatory
mediators [67].

108.11 = 17.36 and Treat itching and maintain long-term desensitization and treat

110.45 4 18.33 nm pain [68].
Compared with free bufalin, bufalin-PLGA-MS can

Microsphere significantly prolong the duration of analgesia and reduce the

number of administrations [47].

PLGA also has better biodegradability compared to other polymers, such as PEG
(polyethylene glycol), chitosan, or lipid-based carriers. Its degradation to LA and GA
in vivo can be excreted from the body via metabolism to CO; [69] without in vivo accu-
mulation, and biodegradation occurs only through water-neutral reactions, independent
of any enzymatic activity [70]. However, PEG degrades slowly in vivo, and long-term
accumulation may lead to toxicity. Compared with PEG, PLGA can control the degradation
rate by adjusting the ratio of lactic acid and glycolic acid, so that it can change over weeks to
years, thus having modifiable degradation characteristics, enabling it to achieve sustained
drug release in drug-delivery systems. For example, triamcinolone acetonide Loaospheres
developed by Rudnik-Jansen I et al. [71] for the treatment of arthritis were released in vitro
for 35 days (Figure 3A). Kao CW et al. [46] developed a PLGA nanofiber membrane loaded
with lidocaine /human EGF (hEGF) for surgical wounds, which could release lidocaine
and hEGF for more than 32 and 27 days, respectively. DED PLGA microlidocaine and
hEGF were efficiently released for >2 weeks in vitro and in vivo (Figure 3B,C). Compared
with chitosan and lipid nanoparticles, PLGA nanoparticles also have higher stability and
drug loading. Although lipid carriers also have good biocompatibility, their stability is
poor, and they easily aggregate or leak during storage; the comparison of paclitaxel in
PLGA nanoparticles and liposomes also showed that PLGA nanoparticles had higher
encapsulation efficiency and more stable release characteristics [72].

In terms of biological safety, Chen H et al. [73] experimentally evaluated the safety
of PLGA, CS-, and Bio-CS-PLGA NPs using cell co-culture. The results showed that the
cells had good viability after 24 h and 48 h of culture (Figure 4A,B). The preimplantation
embryo is one of the most sensitive systems for assessing toxicity in biological systems.
Exposure to factors above threshold levels during embryonic and fetal life may result
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in a variety of developmental abnormalities in animals and their offspring. Therefore,
clarifying the effects of PLGA on embryonic development can more accurately evaluate the
biological safety. Kim YS et al. [74] was used to visualize NP delivery into mouse gametes
and preimplantation embryos by using TRITC-conjugated PLGA-NP (PLGA-NP), referred
to as TRITC-labeled nanotracer (TnT). In this experiment, fluorescence activated cell sorting
(FACS) analysis and neonatal mouse fibroblast karyotype analysis were carried out, and
the results showed that there was no fluorescence residue of PLGA in the fibroblasts of
all groups of live offspring (Figure 4D,E), and the chromosomes were normal (Figure 4F),
which proved the reproductive safety of PLGANP (and TnT) for the first time. It does
not interfere with the developmental programming of early mouse embryos and their
next generations.

X TR e EE e o
3 2 £ @l
E d; 0.1 E’? 0.1+
o 20 4 BT T T T M T R e R R e
days Days Days
Figure 3. (A) Cumulative triamcinolone (TAA) release from PLGA and PEA microspheres in PBS
buffer. The release concentration of TAA in PBS medium was determined via HPLC over the entire
42-day period. For each polymer, three batches were used as technical replicates. Reprinted from
ref. [71] under the terms and conditions of the Creative Commons Attribution (CC BY) license (http:
/ / creativecommons.org/licenses /by /4.0/). https:/ /doi.org/10.3390/ pharmaceutics11020070 (accessed
on 5 October 2023). (B) In vivo release of lidocaine from the nanofibrous films and (C) in vivo release
of hEGF from the nanofibrous films. Reprinted from ref. [42] under the terms and conditions of the
Creative Commons Attribution (CC BY) license (http:/ /creativecommons.org/licenses/by-nc/3.0/).
https://doi.org/10.3390/pharmaceutics13040500 (accessed on 5 October 2023).
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Figure 4. Biological safety of PLGA. In the NP concentration range of 0.2-5 mg/mL, all blank NPs,
including PLGA NP, CS-, and Bio-CS-PLGA NPs, had no significant effect on the proliferation of
MCEF-7 cells at 24 h (A) and 48 h (B). Reprinted with permission from ref. [73]. https://doi.org/10
.1016/j.colsurfb.2015.11.033 (accessed on 20 June 2024). Copyright 2023 Elsevier, under the license
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number 5811291008791. The toxicity of PLGA embryo exposure was studied by tracing (TnT) with
TRITC, and pups from each group were randomly selected for karyotyping and fluorescence-activated
cell sorting (FACS) analysis. Fibroblasts were isolated from live pups born in each group and cultured
(©). The lipophilic tracer did not detect residual TRITC groups in cultured fibroblasts of any of the
three cells (D), and FACS analysis confirmed that the fibroblasts did not contain TRITC (E). In addition,
karyotyping of the fibroblasts showed that all chromosomes were normal in the pups undergoing
TnT (F). Reprinted with permission from ref. [74]. Copyright 2023 Elsevier, under the license number
5811290554390. https:/ /doi.org/10.1016/j.biomaterials.2018.08.042 (accessed on 20 June 2024).

5. Results

PLGA as a drug delivery carrier has achieved remarkable results in prolonging the
drug release time, enhancing targeting, and reducing side effects of treatment. Advanced
technologies for the surface modification and functionalization of PLGA nanoparticles
have been developed to enhance targeting specificity and improve therapeutic efficacy.
Attachment by ligand involves the conjugation of a targeting moiety, such as an antibody,
peptide, or aptamer, to the nanoparticle surface to facilitate targeted delivery to a particular
cell or tissue. For example, Reddy GA et al. formulated NPs with a size of ~170 nm, PDI ~
0.25, zeta potential ~ —4.0 mV, drug loading ~ 6.8%, and capture efficiency of 82%, and the
transferrin-modified NPs exhibited tailored release in nearly 12 h and in vitro antibacterial
activity in 14 h. Cellular uptake studies were performed on the RAW264.7 cell line to
better determine transferrin uptake by manufactured NPs, and the results suggest that
PLGA nanoparticles modified with transferrin improve the brain delivery of encapsulated
drugs for the treatment of neurological diseases [75]; PEGylation, the process of attaching
polyethylene glycol chains to the nanoparticle surface, can prolong the circulating half-life
and reduce immune recognition. In addition, the incorporation of targeted moieties, such
as folic acid, can enhance the uptake of nanoparticles by cancer cells overexpressing folate
receptors [76], thereby improving the efficacy of encapsulated chemotherapeutic drugs.
These advanced technologies hold significant promise for optimizing the therapeutic po-
tential of PLGA nanoparticles for various clinical applications, including pain management.
After continuous research and development, the clinical pain treatment involving PLGA
may usher in a bright future. The following is the research progress of PLGA as a drug
carrier in different pain treatments.

5.1. Neuropathic Pain

Neuropathic pain is a chronic pain condition that is triggered by an injury or pathology
affecting the somatosensory system [77,78]. A multitude of potential mechanisms, includ-
ing mitochondrial dysfunction, increased levels of reactive oxygen species (ROS), and
autophagy, are believed to contribute to its emergence and subsequent progression. PLGA
nanoparticles can directly interact with mitochondria to activate or inhibit the intracellular
PI3K/ Akt signaling pathway, thereby regulating the mitochondrial membrane potential,
promoting mitochondrial fusion and fission, and further affecting the mitochondrial func-
tion of the neuropathic pain model. In a neuropathic pain model, PLGA nanoparticles
can activate Nrf2/ ARE and other signaling pathways, thereby reducing ROS levels and
alleviating oxidative stress damage to nerve cells. At the same time, PLGA nanoparticles
can also affect the level of autophagy in neuropathic pain models by directly affecting
the expression of autophagy-related proteins, changing the intracellular environment to
activate autophagy, or participating in the regulation of Beclin-1, LC3, and other signaling
pathways. In this context, a compelling body of research has sought to delineate these
complex underpinnings and harness novel, innovative therapy strategies.

Shin N et al. [79] conducted a remarkable study wherein they subdurally injected
PLGA nanoparticles entrapping p66Shc siRNA (p66Shc siRNA-PLGA NPs) to attenuate the
abnormal autophagy, mitochondrial phagocytosis, and neuroinflammation associated with
spinal nerve ligation. In some related studies, p62 levels were increased in the spinal cord
7 days after spinal nerve ligation (SNL) in mice. It is suggested that the accumulation of
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p62 represents the disruption of the autophagic process and autophagic flux [80], and the
inhibition of autophagy can reduce the miR-195-induced increase in neuroinflammation
and neuropathic pain after SNL [81,82]. PINK1 expression in spinal dorsal horn neurons
is increased in SNL-induced neuropathic pain. In contrast, neuropathic hypersensitivity
is reduced in PINK1-knockout mice [83], suggesting that PINK1 expression plays a role
in the development of neuropathic pain. P66shc has been shown to be associated with
mitochondrial dysfunction [84]. In the study by Shin N et al., changes in cleaved p66Shc,
caspase-3 (apoptotic marker), p62 (autophagy marker), and PINK1 (mitotic marker) levels
in the L5 spinal cord after SNL were assessed. Compared with the SNL group, the cleaved
p-p66shc level in the p66shc siRNA group was significantly lower than that in the SNL
group (Figure 5A), and the caspase-3 level was reduced by 19.1 &= 0.24%, and the p62 and
PINKT1 levels were also reduced by 38.3 4= 0.03% and 74.2 & 0.09%, respectively. Activated
microglia can mediate neuroinflammatory processes in the spinal cord, leading to the
development and maintenance of neuropathic pain. Therefore, in this study, they also
examined the activation of microglia in the ipsilateral dorsal horn of the L5 spinal cord after
SNL. In the SNL group, the number of IBA-1-immunoreactive microglia in the ipsilateral
dorsal horn of the L5 spinal cord increased significantly after seven days of SNL. On the
other hand, the number of Iba-1 immunoreactive microglia was significantly reduced in the
p665Shc siRNA group compared to the SNL group (Figure 5B). At the same time, the increase
of p66shc, caspase-3, p62, and PINKI1 protein levels in the group treated with p66Shc siRNA
was significantly inhibited in HT22 cells stimulated by H,O; (Figure 5C), and the expression
level of pro-inflammatory mediator mRNA was significantly reduced. TNF-«, IL-1§3, IL-6,
COX-2, and iNOS decreased by 38.5 £ 0.05%, 61.3 & 0.05%, 44.0 &= 0.07%, 30.9 £ 0.18%,
and 28.5 & 0.15%, respectively (Figure 5D).
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Figure 5. (A) Phosphorylation of p66shc was decreased after treatment with p66shc siRNA-PLGA NPs
and SNL-induced increases in cleaved caspase-3, p62, and PINK1 protein levels were significantly
attenuated. (B) Microglial activation was reduced in the p66shc siRNA-PLGA NP group compared
with the SNL group. Scale bar = 100 um. (C) Induction of oxidative stress by H,O, after p66shc
knockdown in the HT22 neuronal cell line reduced the protein levels of phosphorylated p66shc,
cleaved caspase-3, p62, and PINK1. (D) P66shc knockdown resulted in decreased mRNA levels of
proinflammatory mediators in HyO,-induced HT22 cells. Reprinted from ref. [79] under the terms
and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https:/ /doi.org/10.3390/polym12051014 (accessed on 18 June 2024).
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Furthermore, Xu X et al. [46] have ingeniously designed lidocaine-polylactic-glycolic
acid (Lidocaine@PLGA) microcapsules that effectively respond to ultrasound to alleviate
sciatic neuropathic pain. These lidocaine @ PLGA microcapsules are marked by their
uniform size, excellent stability, optimal injectability, excellent biocompatibility (Figure 2A),
and their protracted in vivo and in vitro release kinetics. Notably, the incorporation of
the ultrasonic response feature allows a tunable “on-off” drug release mechanism. In
essence, using ultrasound as a trigger switch can catalyze the rapid release of lidocaine
from these microcapsules, effectively providing both sustained and short-term ultrasound-
triggered release.

Microglial activation, influential in the onset and maturation of neuropathic pain,
was extensively studied by Lee S et al. [85]. They explored whether the delivery of IKKf3
siRNA (IKBKB small interference RNA) encapsulated in PLGA nanoparticles could mollify
microglial activity and ameliorate neuropathic pain in a rat model. After the intrathecal
injection of these nano-formulations, the IKBKB expression level was markedly mitigated.
This interference in IKBKB expression led to a welcome reduction in hypersensitivity and
inflammatory responses facilitated by NF-kB.

Adding another dimension to this rich tapestry of research, Kim SI et al. [86] exam-
ined the beneficial potential of PLGA nanoparticles in enhancing the analgesic effect of
Duloxetine (DLX), a selective serotonin and norepinephrine reuptake inhibitor with a
marked incidence of side effects (10-20%). These DLX NPs show promise in enhancing the
microglial drug targeting to offer prolonged analgesic effects while limiting side effects and
the potential risk of drug abuse and overdose.

5.2. Inflammatory Pain

Inflammatory pain is the other most important pain besides neuropathic pain. Com-
mon inflammatory pain conditions encompass both acute and chronic arthritis, rheumatic
diseases, skeletal muscle inflammation, prostatitis, and pelvic inflammation, among others.

Triamcinolone acetonide extended-release tablet 32 mg (Zilretta ®) is approved in
the United States for the treatment of knee osteoarthritis pain, administered as a single
5 mL intra-articular injection [87], representing a key therapeutic category. (Zilretta ®) is
manufactured by Flexion Therapeutics, Burlington, USA. Free steroids usually show tran-
sient efficacy, and the novel sustained-release microsphere formulation of triamcinolone
acetonide injection (Zilretta ®) can overcome the limitations of the efficacy of traditional
intra-articular steroid injections and the systemic adverse effects associated with corticos-
teroids. These microspheres can stably release triamcinolone acetonide into the synovium
and persist in the joint after dripping into the joint cavity. This avoids frequent intra-
articular injections that can lead to systemic exposure, reduces the risk of infection, and
mitigates corticosteroid-related adverse events such as elevated blood glucose. Nonetheless,
to assess the adapted arthritis model’s applicability for long-term drug-delivery system
testing, Rudnik-Jansenl et al. [56] compared triamcinolone acetonide released from the
novel self-regulating polyesteramide (PEA) microsphere platform with that from poly
(lactic-glycolic acid) (PLGA) microspheres. The study demonstrated that TAA-PEA mi-
crospheres seemed to be more efficient in alleviating joint swelling and pain behavior
compared to TAA-PLGA microspheres.

The exact etiology and pathogenesis of chronic prostatitis/chronic pelvic pain syn-
drome (CP/CPPS) remain elusive, and existing treatments often fall short of adequate
symptom control. In response to this, Cheng Y et al. [88] devised a novel PLGA-coupled
autoantigen peptide (PLGA-T2) therapy to enhance the management of CP/CPPS. Results
from the study’s mouse model revealed that mice treated with PLGA-T2 exhibited elevated
pain thresholds, reduced urinary frequency, and less severe edema and prostate tissue
inflammation compared to control groups. Further, the PLGA-T2 treatment group showed
a significant decrease in TNF-a and CRP levels, while IL-10 was markedly increased, com-
pared to the other groups. These results suggest the PLGA-T2-coupled nanoparticles could
ameliorate or potentially even cure CP/CPPS in mice, providing a simplified, practical, and



Processes 2024, 12, 1372

13 of 23

cost-effective strategy to better manage the clinical presentations of CP/CPPS and inspire
improved future clinical treatments.

5.3. Traumatic Pain

Among the various strategies employed for the comprehensive management of trauma
analgesia, postoperative analgesia has been found to be the most feasible and utilized.
Postoperative pain, as a result of its multifaceted physiological response to disease/ailment
and subsequent tissue injury, can antagonize a number of physiological processes, effec-
tively impacting the functions of the respiratory, circulatory, digestive, and endocrine
systems [89]. In cases of failure of control and management, postoperative pain may even
precipitate severe immune dysfunctions, as well as metabolic disorders [90]. Given the
nature of the operation, as well as the potential risk to patients, a panoply of techniques
and methodologies to alleviate postoperative pain—primarily comprising a wide range of
analgesics—has found extensive clinical applications. However, it has been observed that
the ongoing outcomes are still nascent and somewhat unsatisfactory due to the associated
side effects of their usage. Consequently, the continuous intravenous administration of
opioids is gaining traction as an alternative method of treatment [91]. However, opioids are
known to have limited beneficial effects on pain related to physical activity. Additionally,
they are likely to cause undesirable effects, including nausea, vomiting, drowsiness, and
respiratory depression.

An innovative initiative was undertaken by Suzuki T et al. [92] where they prepared
and used a controlled-release lidocaine consolidated with PLGA in the form of a tablet.
They administered this new formulation to patients who underwent tooth extraction
surgeries, and they would receive the administration of these lidocaine controlled-release
tablets for postoperative pain management. The results revealed that the differential
in the positive impacts of analgesic effects between the group receiving the lidocaine
sustained-release tablets and other groups was statistically insignificant. However, what
was noteworthy about this study was that the use of PLGA seemed to extend the duration
of the administration of SRLS, and it demonstrated significant clinical potential for treating
post tooth-extraction discomfort (Figure 6).

100~ —+—None
PLGA 100 mg
20 SRLS 100 mg

—8—SRLS 200 mg

—=—SRLS 400 mg
60 4

40 A

VAS mean=SD

20 4

220 A
Time (Days)

Figure 6. VAS score of postoperative pain. The efficacy or dose response of the sustained-release
lidocaine sheet (SRLS) was evaluated by comparing the VAS scores of the unadministered group,
the PLGA control group, and the 100 mg, 200 mg, and 400 mg groups of SRLS. Reprinted from
ref. [92] under the terms and conditions of the Creative Commons Attribution (CC BY) license
(http:/ /creativecommons.org/licenses/by/4.0/). https:/ /doi.org/10.1371/journal.pone.0200059
(accessed on 18 August 2023).
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The research of Fu X et al. [93] also analyzed the analgesic effects of a single adminis-
tration of ropivacaine loaded onto a PLGA-PEG-PLGA thermosensitive gel at the incision
site in rat models. The benefits of the pain-relieving effects lasted for up to 48 h, a period
significantly lengthened relative to the usage of ropivacaine alone.

In another experiment by Pek YS et al. [94], they utilized a distinct approach where
they adopted core-shell polymer microspheres consisting of a PLGA core and a poly (I-
lactide) shell. The aim was to ensure the continuous release of bupivacaine to alleviate
the discomfort of knee pain after surgery. The gathered data indicated that, at least in
goat models post-surgery, the aforementioned microsphere was able to linearly release
bupivacaine for a fortnight. Concurrently, Yu YH and colleagues [95] made significant
strides in developing a biodegradable PLGA /lidocaine nanofiber membrane to manage
the discomfort associated with rib fractures during the course of operation. On application,
the release effect of PLGA /lidocaine was slightly better than the other groups. Compared
with the same dose of lidocaine alone, the effect of PLGA was significantly improved.
Lidocaine sustained-release tablets after PLGA improvement can maintain no differential
treatment effect on the basis of prolonged release and alleviating side effects, which we
believe can reduce the frequency of administration and improve treatment compliance. The
application of the PLGA /lidocaine nanofiber membrane, therefore, could potentially be a
viable technique for enabling extended relief from pain.

5.4. Cancerous Pain

Discerning the category of pain a patient encounters is central to effective pain man-
agement, given that treatments fluctuate depending on the type of pain. Tumor-related
pain can be segregated into three types: neuropathic pain resultant from local compression
and subsequent neuropathy, somatic pain due to tumor invasion and destruction, and
visceral pain [96].

In the treatment of cancer pain, PLGA can be used to encapsulate various analgesic
drugs, such as non-opioid analgesics, opioid analgesics, and other adjuvant drugs. It is
slowly released in the body in the form of PLGA nanoparticles or microspheres, which
provides continuous pain relief, reduces the dependence on single doses, and reduces
the risk of side effects. PLGA nanoparticles can also be modified via surface modifica-
tion and functionalization technology to enhance targeting specificity and improve the
therapeutic effect.

The first-line treatment for tumors, comprised of surgical resection along with ra-
diotherapy and chemotherapy, often inflicts grave harm upon the human body whilst
targeting the tumors. Consequently, the primary focus of cancer pain alleviation rests on
the treatment of the cancer itself [97,98].

In a study, Ma Y et al. [99] devised PLGA nanoparticles infused with doxorubicin
(DOX), which were layered onto planar (1D) microneedles. This method was aimed at
addressing recurrent oral cancer. The results from the tests on a 1D tissue model and
microscopic examination of pig buccal tissue demonstrated that DOX could permeate both
horizontally and vertically into the tissue, thereby causing cytotoxicity. The microneedle
array ensured the even distribution of DOX in the cadaver’s buccal tissue, reaching depths
greater than 3 mm. Through PLGA nanoparticles, the effect of DOX was significantly en-
hanced, and the sustained release effect was increased. This miniaturized device delivering
drugs consistently to localized oral cancer sites and could potentially be transformative
for oral cancer treatment regimens. Furthermore, an evaluation conducted by Ma Y et al.
analyzed the sustained release effect of DOX within a 24 h period. The evaluations revealed
that the nanoparticles released roughly 30% of the total DOX over the first three hours,
subsequently slowing down to a release of 34% over the next 21 h. Such continuous release
of DOX—along with the subsequent diffusion of the remaining 66% of drugs contained
within the nanoparticles—could enhance the cytotoxicity against tumor cells, offering a
favorable condition for chemotherapy.
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Hepatocellular carcinoma dominates as one of the most commonplace cancers in
East Asian countries and is the third leading cause of cancer-related deaths on a global
scale [100]. Transcatheter arterial chemoembolization (TACE) is a beneficial technique in
which embolic agents and chemotherapeutic drugs are injected into the hepatic artery to
incapsulate the tumor, resulting in necrosis [101]. Owing to its efficacy, TACE is often
the primary choice of treatment for advanced, non-resectable liver cancers [102]. Bio-
degradable PLGA employed as a drug-delivery system for TACE during liver tumor
treatments has attained FDA approval for specific clinical interventions [103]. Li X [104]
used a liquid solvent diffusion method to formulate sorafenib (SOR)- and catalase (CAT)-
coated PLGA microspheres (SOR-CAT-PLGAMS), forming a SOR-CAT-PLGA microsphere
sustained-release system to treat VX2 liver tumors in rabbits. The continuous-release effect
of PLGA was clearly demonstrated in this system. Sorafenib inhibits tumor angiogenesis,
and catalase catalyzes the breakdown of hydrogen peroxide (HO,), producing oxygen
in the tumor. The SOR-CAT-PLGAMS demonstrated significant on-site efficacy, both
in vitro and in vivo, in ameliorating the efficacy of hepatic artery embolization while
treating the VX2 liver tumor in rabbits (Figure 7). The system proved to modulate tumor
hypoxia and the immunosuppressive microenvironment, achieving near-complete, rapid
necrosis of the liver tumor. Salerno et al. developed alendronate (ALN) -conjugated
PLGA nanoparticles loaded with doxorubicin (DOX) for the treatment of bone metastases
from breast cancer [105], and the obtained ALN-PLGA-DOX nanoparticles had good
biocompatibility and the ability to target tumor-induced osteolytic sites.

SOR-PLGA CAT-PLGA SOR-CAT-
Control PLGAMSs MSs MSs PLGA MSs

Before treatment

After treatment

Figure 7. Perfusion CT images of liver tumors in different groups before and after treatment. The
red and black circles in the perfusion CT image indicate the liver tumor. The scale bar on the right is
1 cm in length. Reprinted from ref. [105] under the terms and conditions of the Creative Commons
Attribution (CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/). https://doi.org/10.1
016/j.biopha.2020.110512 (accessed on 25 August 2023).

PLGA is indicated for the relief of long-term or chronic pain and for the reduction of
opioid dependence. For patients with cancer pain, PLGA nanoparticles or microspheres can
be used to encapsulate non-opioid and opioid analgesics to achieve precise drug-release
control, improve efficacy, and reduce side effects. PLGA can improve the specificity and
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effectiveness of treatment through advanced technologies, such as targeted drug delivery
and combination therapy. The continuous monitoring and adjustment of treatment based
on patient feedback is also a key step to ensure optimal pain management. The application
of PLGA can provide an effective pain-management strategy for patients with cancer pain
and help to improve patient compliance and quality of life.

5.5. Angina

Angina pectoris denotes a type of chest discomfort primarily triggered by inadequate
blood supply to the coronary artery [106]. The sensation is generally described as oppres-
sive or constrictive, localized behind the sternum, or at the chest’s center [107]. Typical
manifestations of angina encompass chest pain and tightness, which may project to the left
shoulder, arm, neck, lower jaw, or back. Accompanying symptoms may include breathless-
ness, perspiration, nausea, or vomiting [108]. The overarching cause of angina pectoris is
usually coronary artery stenosis or obstruction, a derivative of coronary atherosclerosis.
The primary therapeutic objectives for angina pectoris include symptom relief, myocardial
infarction prevention, and enhancement of life quality [109].

To augment the bioavailability of felodipine and address its oral administration chal-
lenges through the gastrointestinal barrier, felodipine-loaded PLGA nanoparticles were
devised via the nano-precipitation technique by Shah U et al. [110]. These nanoparticles are
designed to target M cells within Peyer’s patches. Pharmacodynamic investigations in rats
demonstrated that felodipine-loaded PLGA nanoparticles are capable of normalizing both
blood pressure and electrocardiogram alterations (specifically ST-segment elevation) within
a three-day period when compared to conventional drug suspensions. By augmenting
bioavailability, these felodipine-loaded PLGA nanoparticles present a viable alternative
medicine for managing hypertension and angina pectoris. Zhang X et al. [111] developed
an acidic nanoparticle-delivery system using PLGA that can concentrate in macrophage
lysosomes and maintain the acidic pH necessary for lysosomal function, provide functional
benefits to macrophages in the presence of atherogenic lipids, and improve the complexity
of atherosclerotic plaques, including a reduction in cytotoxic protein aggregation, apoptosis,
and necrotic core formation. This work has important implications for the future treatment
of angina.

In summary, PLGA-based drug-delivery systems have been extensively explored in
pain management trials, focusing on safety, extended release time, enhanced therapeutic
efficacy, and a reduced dosing frequency and side effects. For example, Zhang W et al.
studied the safety and pharmacokinetics of subcutaneous bupivacaine PLGA microspheres
for postoperative pain control [61]. The subcutaneous injection of tramadol hydrochloride
using PLGA nanoparticles has been shown to enhance efficacy while reducing systemic
side effects by Lalani J et al. [112]. The continuous monitoring and adjustment of treatment
based on patient feedback will be a critical step to ensure optimal pain management, and
the application of PLGA provides an effective pain-management strategy that can help
improve patient compliance and quality of life. Combining analgesics with immunother-
apy is also an effective mode of addressing underlying inflammation or lesions in pain
management. PLGA nanoparticles can efficiently deliver proteins, DNA, or other biologics
to endothelial cells and induce favorable cellular responses for vascular graft healing and
remodeling. For example, it was reported by Davda et al. [113] that PLGA NPs with bovine
serum albumin as a model protein and 6-coumarin as a fluorescent label were successfully
prepared. This study shows that nanoparticles can be used to implant therapeutic agents
or genes into endothelial cells. Nanoparticles located in endothelial cells can prolong the
efficacy of drugs because of their sustained-release characteristics and also protect the
encapsulated drugs from enzymatic degradation. D ] Smith et al. [114] determined the
effect of mucosal delivery of Streptococcus sobrinus glucosyltransferase (GTF) in bioad-
hesive PLGA microparticles on the induction of salivary IgA and serum IgG antibody
responses in SD rats. The results indicate that the intranasal delivery of GTF-containing
PLGA bioadhesive microparticles induced the highest and longest duration of salivary
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immune responses with any mucosal or systemic route or vehicle tested, promising a useful
approach for inducing mucosal immunity.

In the clinical trial, Elisabeth Kjeer Jensen et al. performed human experiments with
a novel microparticle extended-release local anesthetic containing bupivacaine/PLGA
(PLGA LIQ865A) [115]. Serial comparisons were made between the assay and plain
bupivacaine (LIQ865B). Dose safety/tolerability and pharmacodynamics were examined.
The randomized subcutaneous injections of LIQ865A (n = 16) or LIQ865B (n = 12) and
diluent, contralaterally, were administered in a dose-ascending manner (150 to 600 mg
bupivacaine). Subjects were admitted 24 h post-injection and followed for 30 days post-
injection. The risk ratio (RR; 95% CI) of erythematous reactions for LIQ865A versus diluent
was 9.00 (1.81-52.23; p = 0.006), and for LIQ865B versus diluent, it was 2.50 (0.69-9.94;
p = 0.37). The RRs for the development of hematomas (LIQ865A versus diluent) were 3.25
(1.52-8.16; p = 0.004) and 4.00 (0.72-24.89; p = 0.32) (LIQ865B versus diluent). Subcutaneous
indurations persisting for 4-13 weeks were seen in 6/16 subjects receiving LIQ865A. One
subject receiving LIQ865A (600 mg bupivacaine) developed intermittent central nervous
system (CNS) symptoms of local anesthetic systemic toxicity (85 min to 51 h post-injection)
coinciding with plasma peak bupivacaine concentrations (490-533 ng/mL). Both LIQ865
formulations demonstrated dose-dependent hypoesthesia and hypoalgesia. The duration
of analgesia ranged between 37 and 86 h. The overall number of local adverse events,
however, prohibits clinical application without further pharmacological modifications. In
the clinical use of PLGA drug-delivery systems, continuous monitoring and adjustment of
treatment based on patient feedback may be a key step to ensure optimal pain management.
In the future, the application of PLGA may provide effective pain-management strategies,
improve patient compliance, and achieve a better quality of life.

6. Discussion

Pain, as one of the most common clinical symptoms, inflicts significant negative
impacts on many patients’ lives [116]. Tasked with the prospect of efficacious pain manage-
ment, clinicians face immense challenges while simultaneously harboring enormous poten-
tial for future developments. This article provides an exhaustive review concerning the
efficacy and side-effects related to first-line pain-management pharmacological treatments,
in conjunction with investigating the application of PLGA as a drug-delivery medium.

When compared with other polymers, PLGA triumphs due to its optimal biocom-
patibility, customizability pertaining to release rates, and potential to alter characteristics
to achieve superior delivery efficacy. Importantly, the Food and Drug Administration
(FDA) has accorded its approval for the clinical usage of PLGA in humans, and numerous
PLGA-loaded therapeutics have pervaded the frontline of clinical medicine, thereby setting
a promising precedent for future clinical applications involving PLGA.

While numerous validations support the biocompatibility of PLGA, currently, the
sector faces a glaring deficiency in longitudinal follow-up post-clinical applications. Nu-
merous challenges remain in translating clinical trials fully into clinical practice, alongside
ensuring that all safety requirements mandated for clinical approval are comprehensively
met. Presently, most insights into efficacy and safety predominantly originate from animal
studies, primarily involving rodents, such as mice and rats.

Current research predominantly concentrates on PLGA nanoparticles and microparti-
cles, encapsulating various RNAs and therapeutics. Already, numerous analgesics have
been successfully incorporated within PLGA nanoparticles. These advancements are not
confined to encapsulation alone, with some innovations taking forms, such as nano-films
and other structures, or integrating with established practices, like costal periosteum
and nanoparticle microneedle coatings, as referenced in this text. Common administra-
tion routes include localized administration, intrathecal injection, oral administration,
and embolization.

Beyond biocompatibility, drug-loaded PLGA also holds advantageous potential in
amplifying analgesic effects, enhancing continuous-release capabilities, and prolonging
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therapeutic action. These benefits are paving the way toward reduced the frequency and
dosage for patients. Through the application of surface modifications and functionalization,
selected types of PLGA may achieve targeted delivery, accurately navigating therapeutics
to pain-sensation organs or inflammation regions. Certain degrees of attenuation or circum-
vention of the original side-effects become feasible when drugs are encapsulated. While
PLGA drug loading maintains therapeutic stability, it also serves an indispensable role for
unstable or easily degradable therapeutics. This technique extends their in vivo retention
period and beneficial effects, dramatically improving pain management and enhancing
patients” quality of life.

An increasing amount of research is converging on the intersection of PLGA and
pain-management therapeutics, paving the way for numerous potentialities in further
clinical translation. Particularly, in neuroanalgesia, PLGA nanoparticles demonstrate their
strengths through enhanced targeting and continuous drug release to spinal microglia. The
triumphant applications of gene therapy or drug-encapsulated nanoparticles in neuropathic
pain management attest to the broad potential of this innovative delivery system. In the
near future, with the accumulation of valuable animal studies, it will become feasible to
identify optimal therapeutics tailored to distinct pain-management requirements.

However, challenges and opportunities reside hand in hand. Although PLGA can
govern therapeutic release rate timings, its release behavior remains subject to variables,
such as size, molecular weight, and drug solubility. Additionally, the influence of PLGA
integration on therapeutic activity, the limitations of PLGA-synthesis methods, quality con-
trol in manufacturing scale-up, technical transferability capabilities, and cost-effectiveness
pose obstacles to its clinical implementation. Therefore, moving forward necessitates fur-
ther research to optimize PLGA microsphere and nanoparticle design parameters, monitor
in vivo performance and safety, and refine synthesis technology.

With the resolution of these challenges, the production of PLGA will become sim-
plified, controllable, and scalable, ensuring production efficiency and quality consistency.
Consequently, the production and commercialization of PLGA at scale will transform into
a plausible reality. In the foreseeable future clinical translations, designing an appropriate
PLGA-drug-delivery system according to the types of pain, individual patient character-
istics, and treatment requirements may facilitate personalized pain management. As the
clinical translation of PLGA analgesics make strides, it becomes imperative to rigorously
conduct preclinical and early clinical safety and efficacy trials. Through these extended
investigations and clinical verifications, we may discover superior PLGA-related anal-
gesics, providing innovative pain-management solutions, sparking new breakthroughs and
progress in the field of pain management.
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