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Abstract: In recent years, biodegradable polymers have gained the attention of many researchers
for their promising applications, especially in drug delivery, due to their good biocompatibility and
designable degradation time. Poly (lactic-co-glycolic acid) (PLGA) is a biodegradable functional
polymer made from the polymerization of lactic acid (LA) and glycolic acid (GA) and is widely
used in pharmaceuticals and medical engineering materials because of its biocompatibility, non-
toxicity, and good plasticity. The aim of this review is to illustrate the progress of research on PLGA
in biomedical applications, as well as its shortcomings, to provide some assistance for its future
research development.

Keywords: drug delivery; PLGA; synthesis; biodegradable; applications

1. Introduction

To enhance the therapeutic impact of medications and lessen potentially dangerous
side effects, researchers are looking for more efficient means of drug delivery. Some of the
most attractive kinds of materials are polymeric materials, which can be structurally modi-
fied. However, the focus of research has gradually shifted to absorbable and biodegradable
polymeric materials due to the problems associated with the solubility, degradability, and
biotoxicity of polymeric materials [1]. A vast variety of synthetic and natural biodegradable
polymeric materials are available. Chitosan, sodium alginate, gelatin, albumin, and starch
are typical natural biodegradable polymers [2]. Common synthetic biodegradable polymers
include polylactic acid (PLA), PLGA, and polycaprolactone (PCL) [3–5], which are widely
used in tissue engineering, therapy, diagnostics, human imaging, etc [6].

In recent years, PLGA has been extensively studied as a common biodegradable
polymer that is usually broken down in the body into LA and GA, which is eventually
metabolized by the body into carbon dioxide and water [7,8]. Because of its outstanding
biocompatibility, biodegradability, and good mechanical properties, PLGA has received
approval from the US Food and Drug Administration (FDA) as well as the European
Medicines Quality Agency (EMA) as a superior drug carrier [9,10]. There are currently
numerous pharmaceutical formulations based on them on the market or in clinical trials,
such as microspheres, implants, gels, and others [11,12].
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2. Methodology

The main purpose of our research was to study the application of PLGA in the biomed-
ical field and to summarize the advantages and existing problems in its application to
provide some help for its future research development. We used Web of Science, PubMed,
CAS SciFinder, and other databases to search for articles written in English between 1995
and 2022 using the following keywords: Drug delivery, PLGA, Synthesis, Biodegradable,
and Applications. The retrieved studies were analyzed and screened in detail, and selected
references cited in the full-text downloaded studies were reviewed for other relevant stud-
ies. We selected articles that made significant research advances in the field of biomedicine
in the last five years, excluding articles that applied some of these advances to other
non-medical fields and those that have been in publication longer.

This paper first introduces the physicochemical properties, synthesis, and degradation
characteristics of PLGA and then covers the applications of PLGA-based composites in the
biomedical field in the past five years. Finally, we discuss the potential future development
of PLGA and the problems that exist. In the meantime, we hope that our review will
provide useful references for future research.

3. The Synthesis of PLGA

The biodegradable aliphatic amorphous polymer called PLGA is composed of LA that
has been randomly polymerized with GA [13]. There are two classical methods for the
synthesis of PLGA: ring-opening polymerization addition and direct polycondensation
reactions [14,15]. The use of this approach is considerably constrained due to the necessity
for metal catalysts and the elimination of leftover monomers in the manufacture of high-
molecular-weight PLGAs utilizing ring-opening polymerization [16]. Although the direct
polycondensation procedure is less expensive, its use is somewhat constrained due to the
lesser molecular weight of PLGA that it can synthesize [14].

It is crucial that materials used in biomedicine be both biosafe and biocompatible. Re-
cently, scientists have investigated a fresh metabolic engineering approach for the synthesis
of PLGA, as shown in Figure 1. In one study, Choi et al. [17] discovered a new method
for the one-step generation of PLGA from carbohydrates in Escherichia coli (E. coli). The
cells were made to utilize both glucose and xylose to produce D-LA and GA, and E. coli
was designed to synthesize ethanolate from xylose. D-LA and GA were then transformed
into their coenzyme A (CoA) intermediates in vivo by propionyl-coenzyme A transferase.
Finally, these CoA intermediates were copolymerized into PLGA by polyhydroxyalkanoate
synthase. This approach significantly lowered the cost of PLGA manufacture by enabling
the metabolically modified strain to synthesize the numerous monomers needed for PLGA
production in vivo via several metabolic pathways as compared with conventional syn-
thesis techniques. Moreover, using microbial production methods makes it very simple
to bind to other copolymer monomers, enabling the synthesis of many D-lactone copoly-
mer types [17]. This heterologous biosynthetic pathway for the production of PLGA is a
promising strategy.
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Figure 1. The synthesis of PLGA in Escherichia coli. Black arrows indicate the native pathways
in E. coli; red arrows indicate heterologous pathways for polymerization of various monomers;
pink, purple and orange arrows and shading indicate biosynthetic pathways for the generation of
2-hydroxyisovalerate CoA (2HIV-CoA), 3-hydroxybutyrate CoA (3HB-CoA) and 4-hydroxybutyrate
CoA (4HB-CoA), respectively; blue arrows indicate the Dahms pathway. X-marks indicate inactivated
metabolic pathways; bold arrows indicate metabolic pathways strengthened by replacement of native
promoter. Dotted arrows indicate pathways that have been simplified from more than one conversion
step. G6P, glucose 6-phosphate; F1,6BP, fructose-1,6-bisphosphate; PEP, phosphoenolpyruvate;
Succinate SA, succinate semialdehyde; Ac-CoA, acetyl-CoA; LA, D-lactate; GA, glycolate; 2KIV,
2-ketoisovalerate [17]. Copyright 2016, Springer Nature.

4. The Physicochemical Properties of PLGA

Two monomers, LA and GA, are polymerized to create the biocompatible and biodegrad-
able polymer known as PLGA [13]. Different relative molecular weight and monomer
composition ratios primarily affect the physicochemical characteristics of PLGA [18]. Typ-
ically, the higher the level of GA, the faster the degradation of PLGA. Therefore, in the
realm of biomedical research, greater focus has been placed on choosing the right LA
to GA ratio in order to control the degradation kinetics of in vivo delivery systems [19].
In biomedical applications, PLGA typically has a molecular weight of 5–40 kDa [9]. In
addition, the viscosity of PLGA and its molecular weight are closely related [19]. The
glass transition temperature (Tg) of PLGA copolymers, which are intrinsically amorphous,
ranges from 45–55 ◦C [19]. Since PLGA is soluble in numerous organic solvents, including
dichloromethane, tetrahydrofuran, ethyl acetate, trichloromethane, acetone, and benzyl
alcohol [13], various PLGA-based biomaterials can be constructed using various methods
and procedures.

The main elements determining the drug-release system are the crystallinity, Tg, char-
acteristic viscosity, and relative molecular mass of PLGA. The crystallinity of PLGA impacts
its mechanical strength, swelling, and biodegradation rate. The crystallinity of the poly-
mer itself depends on the monomer units formed during the copolymerization process
between GA and LA [20]. Modifying the composition of a polymer can result in a variety
of property changes that may ultimately have an impact on drug release and polymer
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degradation, among other issues [19]. It has been reported that a decrease in LA content
leads to a decrease in Tg, and a decrease in Tg causes the polymer matrix to plasticize;
these modifications cause the mechanical characteristics of PLGA to decline [21]. Conse-
quently, Tg is directly correlated with both the relative molecular mass and composition
of the copolymer [19,20]. Additionally, the contact surface area and the release of highly
hydrophilic medicines are closely correlated with the degradation of PLGA. Furthermore,
chemical interactions between the polymer matrix and the medication may cause higher
rates of degradation [22]. To adjust the system degradation and drug release mechanisms,
all parameters that have an impact on the complete polymer system that is used must be
taken into consideration.

5. The Degradation Properties of PLGA

The primary processes of PLGA degradation are hydrolytic ester bond degradation
and autocatalytic degradation [13,23]. Table 1 lists the pertinent factors influencing PLGA
degradation as well as their occurring mechanisms. Some of the relevant factors affecting
the degradation characteristics of PLGA are listed in Figure 2. In an aquatic environment,
PLGA degrades via hydrolysis as follows: Initially, water permeating into the amorphous
regions of the polymer matrix lowers its Tg, breaking the van der Waals forces and hydrogen
bonds. In turn, the molecular weight of the polymers is reduced, which raises their
hydrophilicity and speeds up the breakdown of the polymers into water-soluble fragments.
This process is caused by the continuous breaking of covalent bonds between the polymers.
Finally, these fragments are hydrolyzed into LA and GA, which are then broken down by
normal metabolic pathways into energy, CO2, and water [13,24]. Since the methyl group
on the side chain and poly (lactic acid) are more hydrophobic than poly (glycolic acid), by
adjusting the ratio of LA to GA monomer, which degrade the fastest when the ratio is 50:50,
the degradation rate may be variably regulated [25,26]. In addition, PLGA can undergo
autocatalytic degradation. The slightly acidic local microenvironment of the organism
can be brought on by the acidic degradation products produced during its degradation,
which could speed up degradation [27]. However, the acidic environment caused by PLGA
degradation may lead to local inflammatory reactions in the body [28], and it might have a
negative impact on how long encapsulated pharmaceuticals stay stable; particularly, how
long therapeutic proteins stay stable [29]. In order to improve the stability of medications
and provide better therapeutic effects, the pH at local tissues can be controlled by adding a
less water-soluble alkaline material.

Table 1. The factors and mechanisms affecting the degradation of PLGA.

Influence Factors Performance Mechanism

LA: GA ratio The higher the LA ratio, the slower
the degradation

The higher the percentage of LA, the more hydrophobic it
is and the slower the degradation rate

End group Acid-terminated degrades more
quickly than ester-terminated Highly hydrophobic PLGA with ester-capped end

Molecular weight The higher the molecular weight, the
slower the degradation

The larger the molecular weight, the longer the polymer
chain and the slower the degradation

pH
Slower rate of degradation under
alkaline conditions compared to

acidic conditions

The H+ produced by degradation is neutralized with
OH− in the environment, making the autocatalytic effect

of -COOH weaker

Temperature The higher the temperature, the faster
the degradation rate

Increased temperature promotes hydration layer
formation
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Figure 2. (A), Comparison of PLGA degradation rates under different pH conditions [30]. Copyright
2008, Wiley. (B), Comparison of PLGA degradation rates for different monomer ratios [31]. Copyright
2010, Springer Nature. (C), Comparison of the degradation rates of PLGAs with different intrinsic
viscosities; the magnitude of the intrinsic viscosities of the four PLGAs is P < L < E < M [32]. Copyright
2022, Elsevier.

6. The Applications of PLGA to Biomedical Research

In recent years, the development of biomolecular therapeutics has raised the de-
mand for designing efficient and highly specific drug delivery strategies to ensure optimal
bioavailability of encapsulated therapeutics for optimal therapeutic efficacy. Due to its
diversity in formulation, functionalization, biodegradability, biosafety, and biocompatibil-
ity, PLGA is among the most developed polymers for modern medical applications [33].
Currently, PLGA-based pharmaceutical formulations have been extensively researched
and developed. This section provides a brief review of the current status of their research
in biomedicine.

6.1. In-Tumor Diseases

Given their millions of fresh instances each year, tumors are one of the deadliest and
most serious diseases in the world. Examples of conventional treatments include surgery,
radiation therapy, and chemotherapy. The employment of standard therapy techniques,
however, might have major negative effects on patients. Additionally, conventional therapy
failure can increase the risk of tumor metastasis and recurrence [34]. The utilization of
nanoparticles has recently offered a solid foundation for effective drug delivery and moni-
toring systems due to our growing understanding of the interactions between microparticles
(MPs), nanoparticles (NPs), biological tissues, and the tumor microenvironment [35].

In the treatment of oncological diseases, drugs are more effectively administered and
less harmful when they are specifically directed to cancer cells using nanocarriers. To
control medication distribution and drastically reduce the incidence of cardiomyopathy
during application, Park et al. [36] applied polyethylene glycolic PLGA NPs to encapsulate
adriamycin. Glioblastoma multiforme (GBM) is one of the most common and aggres-
sive malignancies [37–39]. Drug molecules typically encounter the blood–brain barrier
during drug delivery, and repeated drug administration can result in tumor resistance
and ineffective tumor clearance [40]. Verteporfin (VP) inhibits the proliferation of GBM
cells while improving the radiosensitive phenotype of these cells. In order to generate
biodegradable MPs for the treatment of GBM, Shah et al. [41] encapsulated VPs with PLGA
matrix. They implanted MPs into mice with established tumor models, and tumor growth
was significantly inhibited in mice in the VP–PLGA group compared to the control group.
On the other hand, the brain is a very fragile and unstable organ that tolerates only minimal
trauma; as PLGA MPs are not only capable of loading sufficient doses of drugs but are also
long-lasting, slow-release, and biodegradable, they are very useful in the treatment of brain
diseases. The life and health of women are significantly threatened by breast cancer, one of
the most prevalent malignant tumors in women [42–44]. Quercetin–PLGA MPs (PLGAq)
were loaded with PLGA MPs by Karthick et al. [45], and the results of cytotoxicity assays
revealed that they were not toxic to normal cells (THP-1 cell line), while in mammary cells
(MCF-7 cell line), PLGAq demonstrated effective antitumor activity at concentrations of
1.5–3 g/mL. At higher concentrations, PLGAq significantly inhibited the growth of MCF-7
cell lines in flow cytometry experiments (Figure 3). These studies have shown the potential
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of PLGA-based drug formulations for the treatment of tumor-like disorders by demonstrat-
ing improved efficacy with more accurate drug delivery and reducing undesirable effects
brought on by elevated toxicity of chemotherapeutic medicines.

1 
 

 
Figure 3. Effect of PLGAq on the induction of apoptosis in MCF-7 cell line detected by Annexin
V-FITC and PI double-staining method. At a concentration of 1.5 µg, the early and late apoptosis
rates of PLGA microspheres were 5% and 2.36% respectively; at a concentration of 3.0 µg, the early
and late apoptosis rates of PLGA microspheres were 10.38% and 4.83% respectively. At a PLGAq
concentration of 1.5 µg, 35.70% and 9.94% apoptosis (early and late) was observed. When the
concentration was increased to 3.0 µg, the apoptosis rate (early stage) was 53.37% and 6.78% in the
late stage. A significant increase in the number of apoptotic cells was observed with increasing
concentrations of PLGAq after administration. [45]. Copyright 2019, Elsevier.

6.2. In Neurodegenerative Diseases

Neurodegenerative diseases are diseases of irreversible and progressive loss of nerve
cells. They include Alzheimer’s disease (AD) [46] and Parkinson’s disease (PD) [47], can
lead to severe disability, and have a huge social and economic impact. The selectivity of
the blood–brain barrier, which significantly lowers the therapeutic efficacy of medicine, is
the main barrier to effective drug administration. Due to their controlled and sustained
release effects, low cytotoxicity, superior biocompatibility, and targeted delivery, PLGA
NPs are often utilized in CNS-targeted drug delivery. Szymusiak et al. [48] encapsulated
the highly hydrophobic curcumin in PLGA NPs, which improved oral absorption and
decreased the drug dose necessary to achieve comparable plasma and nervous system
tissue concentrations in mice after oral administration by approximately twofold compared
to unencapsulated curcumin. In addition, a promising strategy for the treatment of neu-
rodegenerative conditions like AD was discovered by Tiwari et al. [49], who discovered
that PLGA-encapsulated curcumin improved brain self-healing mechanisms and restored
abnormalities in hippocampus neurogenesis and learning memory loss in a rat model of
AD. Barcia et al. [50] developed a novel drug delivery system for the treatment of PD that
encapsulates ropinirole in PLGA NPs, and behavioral testing experiments in rats showed
that the system was able to restore PD symptoms in neurodegeneration. Selegiline PLGA
nanoparticles (SPNPs) were prepared by a single emulsion dissolution evaporation method
by Raman et al. [51]. In vitro studies showed a drug penetration rate of 77.56% for SPNPs,
compared to 65% for pure selegiline. In vivo experiments have shown that SPNPs have
stable controlled-release properties with a half-life of approximately 13.5 h and higher drug
concentrations in rat brain tissue compared to pure selegiline administration (Figure 4);
therefore, SPNPs are promising carriers for the intranasal delivery of selegiline and can
effectively improve its brain bioavailability. By loading drugs into PLGA NPs, it is possible
to overcome the limitations of traditional forms of drug delivery and significantly improve
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the ability of drugs to penetrate the blood–brain barrier, allowing them to be targeted to
localized lesions, significantly improving their therapeutic efficacy and making them a very
promising strategy for the treatment and prevention of neurodegenerative diseases.

Figure 4. Concentrations of selegiline in rat brain tissue after administration of different dosage
forms, SPNP is a selegiline PLGA nanoparticle, SLPNP is a Phospholipon® 90 G modified selegiline
PLGA nanoparticle [51]. Copyright 2022, Elsevier.

6.3. In Pulmonary Diseases

As a result of modern formulations like MPs, which may carry medications directly to
the lungs to treat pulmonary disorders, drug therapy is now more effective, systemic toxicity
is decreased, and patient compliance is increased [52]. The third-most common cause of
mortality worldwide is a dangerous lung condition called chronic obstructive pulmonary
disease (COPD) [53]. The current treatment of COPD mainly uses anti-inflammatory,
antioxidant, and corticosteroid drugs, but the process of application requires higher doses
and serious adverse effects [54]. Small molecule heat shock protein α,β-crystallin (HSPB5)
is an extracellular protein with anti-inflammatory properties in a majority of inflammatory
models [55]. However, the body possesses natural anti-HSPB5 antibodies to block its
binding to the receptor, and Johannes et al. [56] encapsulated HSPB5 in porous PLGA MPs,
which effectively protected HSPB5 from neutralization, while PLGA MPs stimulated the
phagocytosis of HSPB by macrophages. In contrast to a 30-fold dose of free HSPB5 that
remained ineffective, alveolar macrophages in COPD model mice selectively took up PLGA
MPs loaded with HSPB5 when delivered via the lung, significantly inhibiting lung invasion
by inflammatory cells. Similar to the previous investigation, Marcianes et al. [57] used
Labrafil to surface-modify PLGA MPs and targeted gatifloxacin to macrophages for the
treatment of tuberculosis. They reported that in the study of the phagocytic behavior of
macrophages, surface-modified MPs could be phagocytosed within a short period, and after
co-incubation for 48 h, macrophages were still alive, and MPs were visible inside the cells
(Figure 5). While also enhancing their targeting from macrophages, these MPs overcome
the disadvantage of excessively rapid drug release and extend the therapeutic window of
the drug. Although the pharmacokinetic features of PLGA MPs in the respiratory system
still need to be further investigated, they exhibit enormous promise as an inhaled delivery
mechanism for the treatment of respiratory illnesses.
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Figure 5. Phagocytosis of MPs by macrophages at 24 h (a) and 48 h (b). The red circles indicate
that MPs do not influence macrophages to replicate while inside the cell [57]. Copyright 2020,
Springer Nature.

6.4. In Bone Tissue Engineering

Clinical management of bone abnormalities and the illnesses they are associated with
continue to be quite challenging. Bone grafting is usually the mainstay of clinical treatment
for bone defects, which can be regenerated to some extent by using different grafts. Au-
tologous bone grafts have osteoconductive and osteoinductive capabilities [58]; however,
their availability and donor site morbidity continue to constrain their utilization [59]. Al-
lografts run the risk of transmitting infectious diseases and triggering an immunological
response [60]. High-biocompatibility artificial bone substitutes are currently receiving more
attention. Because of its superior biocompatibility, tunable biodegradability, and mechani-
cal characteristics, PLGA has been employed extensively in bone tissue engineering [61,62].
Additionally, it can promote the electrical conductivity of bone scaffold materials, promote
osteoblast adherence and value addition, and stimulate mesenchymal stem cell differentia-
tion into osteoblasts [63]. In a recent study, Esrafilzadeh et al. [64] created multifunctional
graphene–PLGA fibers with exceptional mechanical properties, cellular affinity, and electri-
cal conductivity. These fibers also had a significantly higher Young’s modulus and tensile
strength than previously reported nano-carbon–PLGA fibers. Due to its advantages in
accurate manufacturing, rapid prototyping, and customizable structures, over the past
two decades, 3D printing has become increasingly applied in various tissue engineering
and regenerative medicine contexts [65–67]. Yang et al. [68] created PLGA/hydroxyapatite
(HA) 3D-printed scaffolds with quaternized chitosan (HACC)-grafting for the treatment of
significant bone deficiencies following trauma or tumor resection (Figure 6). In their ex-
periments, PLGA/HA composite scaffolds with HACC grafts shown noticeably enhanced
anti-infection and bone regeneration efficacy in both rat cortical bone defects and rabbit
hairy bone defects. For spinal fusion treatment, Lin et al. [69] generated a PLGA/tricalcium
phosphate (β-TCP) scaffold that was loaded with salvianolic acid B. In animal experiments,
salvianolic acid B has been found to have a dose-dependent effect on the rate of mineral
adsorption and angiogenesis. The PLGA/β-TCP composite scaffold loaded with salviano-
lic acid B promoted osteogenesis and angiogenesis to enhance bone fusion. There is still
more to be accomplished before PLGA-based skeletal materials may be utilized in clini-
cal situations, despite recent studies demonstrating that they have high biocompatibility,
angiogenesis, and osteogenesis.
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Figure 6. HACC–PLGA/HA composite scaffold in cortical bone defects in rats and hairy bone defects
in rabbits [68]. Copyright 2018, Elsevier.

6.5. In Ocular Disease

Static barriers like the corneal layer, retina, blood–aqueous barrier, and blood–retinal
barrier, as well as dynamic barriers like tear dilution and lymphatic clearance, are fre-
quently found in the administration of ocular drugs [70–72]. Due to the existence of
these barriers, it might be challenging to maintain an adequate drug concentration due
to unequal therapeutic drug distribution, and major side effects such as cataracts and
retinal detachment can occur during treatment [73]. As a result, a continuous-release drug
delivery system (DDS) that is secure and safe must be created in order to treat ocular
illnesses. A glucocorticoid called triamcinolone acetonide is frequently used to treat a
variety of inflammatory ocular illnesses, because it has the potential to effectively restrict
the generation of vascular endothelial growth factor and cytokine production and reduce
vascular permeability [74]. Triamcinolone acetonide was encapsulated in chitosan-coated
PLGA NPs by Dandamudi et al. [75], and they reported that a plateau could be reached
27 h after administration. The medication was then continuously delivered in a low-burst
form to improve bioavailability. In a different study, Chauhan et al. [76] investigated the
development of PLGA MPs that were loaded with dasatinib for the treatment of value-
added retinopathy. Microspheres >1.0 µm in diameter showed sustained drug release for
55 days. In addition, in an in vitro scar contraction experiment, dasatinib-encapsulated
PLGA MPs dramatically decreased collagen matrix contraction (Figure 7), and the ther-
apeutic effect of dasatinib-loaded PLGA microspheres was found to be superior to that
of dasatinib alone in experiments simulating the ocular environment. Additionally, it is
critical to address the limited bioavailability of ocular drug delivery. Vasconcelos et al. [77]
coupled PLGA–polyethylene-glycol (PEG) NPs with human immunodeficiency virus trans-
activator and peptide for ocular delivery (POD) to obtain PLGA–PEG–POD NPs with
smaller particle size, higher encapsulation rate, and better-sustained release performance.
Meanwhile, the positive charge on the surface of NPs combined with the positively charged
peptide-promoted penetration into corneal epithelial cells, which greatly improved the
bioavailability of ocular drugs. In summary, PLGA-based DDSs show excellent promise for
ocular drug delivery because of their biodegradable and biocompatible properties as well
as their capacity for effective and secure drug administration.

6.6. In Diagnostic

Currently, magnetic resonance imaging (MRI), computed tomography (CT), and ul-
trasound imaging are the principal diagnostic techniques frequently utilized in clinical
practice [78]. In recent years, the use of contrast agents in illness detection and therapy
has steadily increased, because they can achieve high spatial resolution and high sensi-
tivity for disease imaging [79,80]. However, the drawbacks of contrast agents, such as
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poor stability, a rapid in vivo clearance rate, and a lack of targeting, restrict their appli-
cations [81], and encapsulating contrast agents in a PLGA-based DDS can enhance their
targeting capability and biocompatibility [79,82]. Usually, combining PLGA with inorganic
nanoparticles (INP) with magnetic properties produces an enhancement of MRI signals.
pH-sensitive PLGA nanoparticles were prepared to encapsulate manganese oxide (MnO)
by Bennewitz et al. [83] Polymer particles under physiological conditions do not release
Mn2+ and have almost no contrast in MRI. The MRI properties can vary up to 35-fold with
a more prominent contrast in acidic environments; however, when the polymer particles
are worn down and MnO dissolves, Mn2+ is released. Recently, Lu et al. [84] developed
contrast-agent–PLGA–iron-oxide particles (PLGA–IO MPs) for photoacoustic tomography
(PA) with MRI dual-modality tracking of tendon stem cells (TSCs). As observed by fluores-
cence staining and transmission electron microscopy, PLGA–IO MPs had good PA/MRI
tracer TSCs at relatively low iron concentrations, and the signal of PA with MRI was higher
as the iron concentration increased (Figure 8). Although it is still in the preclinical research
stage, the application of PLGA in conjunction with INP for the diagnosis of diseases is a
very promising field and is now utilized to help study major diseases including cancer and
neurodegenerative diseases. As a result, it is critical to keep investigating and developing
effective PLGA–INP for therapeutic use.

Figure 7. Collagen matrix contraction assay. (A) Collagen matrix contraction images. (B) Quantitative
data of collagen contraction. n = 5; * p < 0.05: significant difference from the control group; # p < 0.05:
significantly different from the PLG–Adasatinib group [76]. Copyright 2019, Elsevier.

Figure 8. Dual-modal PA and MRI imaging ability of magnetic PLGA-IO MPs. Qualitative observa-
tions show an enhanced PA signal with increasing iron content in the particles and a low signal on
MRI [84]. Copyright 2018, Public Library of Science.
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6.7. In Immunomodulation

In the past decades, organ tissues, including the kidney, liver, and heart, have been suc-
cessfully transplanted [85], but there can be severe organ rejection in organ transplantation.
The immunosuppressive drugs currently used have the disadvantages of low specificity
and causing serious adverse effects [86]. However, researchers have shown that micro-
nanoparticles, for instance, can target, maintain, and control the release of medications to
improve therapeutic effect, somewhat addressing the shortcomings of immunosuppressive
drugs [87]. Allogeneic islet transplantation is a highly promising therapeutic approach for
the management of type 1 diabetes mellitus [88]. The drawbacks of systemic immunosup-
pression, host-mediated immunological rejection, and shortage of donor cells, however,
severely restrict application [89]. Li et al. [90] used PLGA MPs to encapsulate transforming
growth factor-β1 (TGF-β1), thereby achieving its localization and controlled release. They
co-transplanted TGF-β1-loaded PLGA MPs with mouse islets in a diabetic mouse model
with favorable biocompatibility and detectable insulin expression in the peripheral sites of
the long-term functioning grafts (Figure 9). The results of studies on the extensive impacts
of TGF-β1/PLGA MPs on the host immune system suggest that this immune regulation is
localized. In conclusion, the use of a PLGA-based DDS, which is suitable for the local graft
microenvironment to provide drugs, can effectively improve the targeting performance of
drugs, reduce systemic toxicity after drug administration, and reduce the occurrence of
graft rejection.

Figure 9. The biocompatibility study of TGF-β1/PLGA MPs with rat islet cells, (A) control islets,
(B) islets incubated with TGF-β1 PLGA microparticles, (C) islets incubated with soluble TGF-β1,
Red = dead cells, Green = viable cells [90]. Copyright 2021, Frontiers.

6.8. In Inflammatory Diseases

The inflammatory response is a defense mechanism that the tissues of the body acti-
vate when they sustain harm, but it may also obliterate tissue structure and cause lesions
or necrosis [91]. To lessen the danger of severe side effects related to the long-term sys-
temic administration of medications for the treatment of inflammatory disorders, topical
administration may be a viable option. The development of new anti-arthritic medica-
tions should be a top priority, because arthritis is one of the illnesses that causes the most
suffering in humans. Naringin (NAR) is a flavonoid that is present in grapefruit and
herbs and has pharmacological properties that include anti-inflammatory, antioxidant, and
hypolipidemic [92,93]. In recent work, Mohanty et al. [94] performed in vivo anti-arthritis
investigations in a mouse model after first encapsulating NARs with PLGA NPs. The
experimental findings demonstrated that, as compared to blank NPs and free medication
at a dosage of 20 mg/kg, NAR–PLGA NPs considerably increased anti-inflammatory capa-
bility, decreased rheumatoid factor (RF) and C-reactive protein (CRP) levels, and efficiently
increased the bioavailability of NAR. One of the most prevalent inflammatory disorders
that can harm different areas of the eye and surrounding tissues to differing degrees is
inflammation of the eye [95]. The natural anti-inflammatory licochalcone-A has limited
water solubility, which frequently prevents its application. It was loaded into polyethylene
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glycolyzed PLGA nanoparticles and modified with cell-penetrating peptides (B6 and Tet-1)
by Galindo et al. [96] to alleviate eye inflammation. The experimental results showed that
PLGA NPs, when surface-functionalized using cell-penetrating peptide B6, had a stronger
inflammatory inhibitory effect compared to other forms of drug delivery, effectively avoid-
ing rapid clearance of the drug by the organism and improving its targeting (Figure 10).
The bioavailability of anti-inflammatory medications can be significantly increased by
combining PLGA with drugs, providing important benefits during the treatment of inflam-
mation and offering promising potential for topical administration. However, the acidic
environment produced in the degradation of PLGA may have an impact on the treatment
of inflammation, which is a side effect that needs to be further addressed.

Figure 10. Inhibitory ability of different doses of licochalcone-A on ocular inflammation [96]. Copy-
right 2022, MDPI.

6.9. In Cardiovascular Diseases

More than 60 million individuals in Europe are at risk of mortality from cardiovascular
disease (CVD), which continues to be one of the main causes of mortality worldwide [97].
The main pathogenic processes of atherosclerosis (AS), which contribute significantly
to the majority of CVD cases, are interactions between immune cells, endothelial cells,
and lipids [98]. Statin usage to decrease plasma cholesterol levels is the usual therapy
for CVD; however, this treatment requires lifetime adherence. Ortega-Rivera et al. [99]
developed a vaccine that induces targeting of the S100A9 protein, offering an alterna-
tive to the repeated use of statins as a therapeutic measure. The S100A9 polypeptide
epitope-displaying Qβ-phage virus-like particles (VLPs) were used to construct the vac-
cine as a PLGA–VPL implant. In an animal model of cerebrovascular illness, the implant
considerably decreased the levels of serum calcineurin, Interleukin-1β (IL-1β), Interleukin-
6 (IL-6), and monocyte chemoattractant protein-1 (MCP-1), offering long-lasting relief
from atherosclerosis (Figure 11). On the other hand, blood clots can also cause a range
of CVD [100]. Streptokinase (SK) and tissue-type fibrinogen activator (t-PA) are two of
the most effective thrombolytic medicines for treating thrombosis and enhancing patient
survival. Hasanpour et al. [101] wrapped SK in mPEG–PLGA NPs to prolong its in vivo
action. Results from in vivo studies showed good biocompatibility with no histopathologi-
cal changes in the liver or kidneys even after 21 days of administration. In a recent study,
Zamanlu et al. [102] prepared PEG–PLGA NPs loaded with t-PA using a single emulsion
solvent diffusion/evaporation technique to prolong the circulation time and thrombolytic
activity of t-PA and enhance its targeting ability. Compared to normal t-PA solutions,
t-PA–PEG–PLGA NPs exhibit higher thrombolytic activity, up to 2–6 times that of free t-PA.
In conclusion, the use of PLGA-based DDSs has tremendous potential for the treatment
of CVD, since they can increase patient compliance, target performance, and duration of
effect of medicines.
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Figure 11. Effect of QβS100A9 vaccine implantation on atherosclerosis in mice on a high-fat diet,
(A) Body weight (grams), (B) The concentration of total cholesterol in plasma., (C) The presence
of atherosclerotic plaques shown as the percentage of lesion determined by oil red O staining.,
(D) Plasma concentrations of calprotectin, (E) Plasma concentrations of MCP-1, (F) Plasma concentra-
tions of IL-6, (G) Plasma concentrations of IL-1β. Data are means ± SEM (n = 10), unpaired two-tailed
t-test, 95% confidence value, p < 0.05 was considered the threshold for statistical significance versus
control group [99]. Copyright 2022, Wiley.

6.10. In Infection

Antibiotic abuse leads to multidrug resistance (MDR) in bacterial infections, which
is already a significant, global problem in clinical treatment [103]. Methicillin-resistant
Staphylococcus aureus (MRSA) is a group of bacteria that are highly virulent and can
cause serious diseases such as pneumonia, purulent skin, and soft tissue infections [104].
Tedizolid phosphate (TR-701) is a novel antibiotic for the treatment of acute bacterial skin
and tissue infections caused by MRSA [105]. Wu et al. [106] explored the encapsulation of
PLGA NPs loaded with TR-701 (RPTR-701 NPs) with red blood cell membranes (RBCM).
Their RPTR-701 NPs had a 192.50 ± 5.85 nm bilayer nuclear structure, which significantly
reduced phagocytosis of RAW 264.7 cells due to the presence of RBCM. On the other hand,
this approach helped to reduce damage to red blood cells via MRSA exotoxin and promoted
wound healing due to a strong exotoxin-neutralizing ability (Figure 12). Polymeric film-
forming systems (FFSs) are currently a subject of considerable interest for their ability to
control the release of drugs at a target site on the skin, thereby improving therapeutic
efficacy [107]. Snejdrova et al. [108] prepared FFSs loaded with terbinafine hydrochloride
(Ter-HCl) for the treatment of superficial fungal infections using PLGA and the plasticisers
ethyl pyruvate and methyl salicylate.
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Figure 12. In vivo antibacterial effect of RPTR-701 NPs on MRSA-infected mice, (A) Schematic
diagram of MRSA-infected model establishment and treatment plan, (B) Wound skin after treated
with PBS, TR-701, PTR-701Ns and RPTR-701Ns, (C) Relative change in the wound area, (D) LB culture
pates of different groups of skin, (E) Quantitative analysis of bacteria colony, Data were presented as
mean * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001 [106]. Copyright 2021, MDPI.

7. Prospectives and Research Gaps

The approval of PLGA by the FDA and EMA for a variety of medical applications is
one of its key benefits, and gives PLGA-based materials significant advantages for clinical
trials and applications.

Because of its superior mechanical properties, strong biodegradability, and biocom-
patibility, PLGA is recognized as a suitable DDS for the controlled-release drug delivery
of medicines, peptides, proteins, and other substances. Generally speaking, the monomer
composition, molecular weight, Tg, and characteristic viscosity of PLGA all have a signifi-
cant impact on its characteristics. These factors also have an impact on the drug-loading
capacity, when PLGA is used as a drug-delivery matrix, and drug-release characteristics. As
a result, when selecting various PLGA types, researchers should take their physicochemical
characteristics into account. Another important factor to consider is the physicochemical
profile of the drugs themselves. The structural and functional characteristics of PLGA
matrices can be used in the future to build PLGA polymers with a particular application or
degradation kinetics.

By specifically functionalizing the polymeric MP/NP surface, it is possible to limit
entry into healthy cells and increase biodistribution in the target tissues and organs. At
the same time, the use of the PLGA matrix as a contrast agent carrier can significantly
increase the precision of major disease diagnosis and offer a more efficient treatment for
many diseases that are challenging to treat. More research is needed before practical
clinical applications.

Degradable biomaterials based on PLGA have advanced significantly in tissue en-
gineering research in recent years due to the continued advancement of biodegradable
materials research and growing demand. In order to increase their applicability in clinical
treatment, basic research on the interaction between the material and the organism could
be conducted in the future to assess potential benefits and drawbacks. In addition, the
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low Tg of PLGA indicates that appropriate sterilizing methods, including autoclaving and
radiation sterilization, must be chosen for tissue-engineering applications.

On the other hand, biomimetic DDSs using PLGA as a substrate and modified with
cell membranes (CM) are also becoming a popular topic of research [109]. The use of CM
coatings can inhibit the sudden release of PLGA NPs to some extent, enhancing immune
escape from the organism and improving its targeting.

Based on the available literature, we have found that in vivo degradation of PLGA-
based DDS may cause changes in the local microenvironment of tissues, which may cause
problems such as histopathology during relevant treatments, but this drawback has not
been explored in an effective manner and requires further research. At the same time, there
is a gap between basic research on and product development of PLGA MPs and NPs, and
more research is needed to optimize and evaluate their performance. In addition, the ana-
lytical methods for the structure of PLGA molecules are not yet perfect and more research
on this issue is needed as well, especially for the quality control of PLGA derivatives. Most
importantly, the mechanism of interaction between PLGA and drugs is still unclear, and
more theoretical and experimental studies are needed to reveal the effect of PLGA on the
drug-release rate, stability, and bioavailability.

8. Conclusions

In this paper, we reviewed the synthesis process, physicochemical properties, bio-
degradation characteristics, and factors affecting the biodegradation of PLGA. More impor-
tantly, we describe its recent applications to tumor diseases, neurodegenerative diseases,
pulmonary, bone tissue engineering, ocular disease, diagnostic, immunomodulation, in-
flammatory disease, cardiovascular disease, infection, and other conditions. Many of the
examples in this review demonstrate that by utilizing PLGA-based DDSs, it is possible
to effectively improve the bioavailability of drugs, reduce adverse effects, and reduce the
frequency of dosing, which may improve patient compliance with medication. However,
these systems still have disadvantages, such as low drug-loading capacity, high production
costs, and difficulties with large-scale production. It is due to these shortcomings that
many studies are still at the basic research stage and lack extensive clinical trial data to
assess their practical application. Therefore, we hope to further accelerate this research
and development process to speed up the translation of the results of basic research into
clinical treatment.
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4. Jašo, V.; Glenn, G.; Klamczynski, A.; Petrović, Z.S. Biodegradability study of polylactic acid/ thermoplastic polyurethane blends.
Polym. Test. 2015, 47, 1–3. [CrossRef]

5. Xu, Y.; Kim, C.-S.; Saylor, D.M.; Koo, D. Polymer degradation and drug delivery in PLGA-based drug-polymer applications: A
review of experiments and theories. J. Biomed. Mater. Res. Part B 2017, 105, 1692–1716. [CrossRef] [PubMed]

6. Rezvantalab, S.; Keshavarz Moraveji, M. Microfluidic assisted synthesis of PLGA drug delivery systems. RSC Adv. 2019,
9, 2055–2072. [CrossRef]

7. Koerner, J.; Horvath, D.; Groettrup, M. Harnessing Dendritic Cells for Poly (D,L-lactide-co-glycolide) Microspheres (PLGA
MS)—Mediated Anti-tumor Therapy. Front. Immunol. 2019, 10, 707. [CrossRef]

8. Kim, S.-H.; Moon, J.-H.; Jeong, S.-U.; Jung, H.-H.; Park, C.-S.; Hwang, B.Y.; Lee, C.-K. Induction of antigen-specific immune
tolerance using biodegradable nanoparticles containing antigen and dexamethasone. Int. J. Nanomed. 2019, 14, 5229–5242.
[CrossRef]

9. Makadia, H.K.; Siegel, S.J. Poly lactic-co-glycolic acid (PLGA) As biodegradable controlled drug delivery carrier. Polymers 2011,
3, 1377–1397. [CrossRef]

10. Mirakabad, F.S.T.; Nejati-Koshki, K.; Akbarzadeh, A.; Yamchi, M.R.; Milani, M.; Zarghami, N.; Zeighamian, V.; Rahimzadeh, A.;
Alimohammadi, S.; Hanifehpour, Y.; et al. PLGA-Based Nanoparticles as Cancer Drug Delivery Systems. Asian Pac. J. Cancer Prev.
2014, 15, 517–535. [CrossRef]

11. Li, X.; Jiang, X. Microfluidics for producing poly (lactic-co-glycolic acid)-based pharmaceutical nanoparticles. Adv. Drug Deliv.
Rev. 2018, 128, 101–114. [CrossRef] [PubMed]

12. Pandey, A.; Jain, D.S.; Chakraborty, S. Poly Lactic-Co-Glycolic Acid (PLGA) Copolymer and Its Pharmaceutical Application.
Handb. Polym. Pharm. Technol. 2015, 2, 151–172.

13. Martins, C.; Sousa, F.; Araújo, F.; Sarmento, B. Functionalizing PLGA and PLGA Derivatives for Drug Delivery and Tissue
Regeneration Applications. Adv. Health Mater. 2018, 7, 1701035. [CrossRef]

14. Erbetta, C.D.A.C.; Alves, R.J.; Resende, J.M.; Freitas, R.F.d.S.; Geraldo de Sousa, R. Synthesis and Characterization of Poly(D,L-
Lactide-co-Glycolide) Copolymer. J. Biomater. Nanobiotechnology 2012, 3, 208–225. [CrossRef]

15. Kaihara, S.; Matsumura, S.; Mikos, A.G.; Fisher, J.P. Synthesis of poly(L-lactide) and polyglycolide by ring-opening polymerization.
Nat. Protoc. 2007, 2, 2767–2771. [CrossRef] [PubMed]

16. Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O.C. Degradable Controlled-Release Polymers and Polymeric Nanoparticles:
Mechanisms of Controlling Drug Release. Chem. Rev. 2016, 116, 2602–2663. [CrossRef]

17. Choi, S.Y.; Park, S.J.; Kim, W.J.; Yang, J.E.; Lee, H.; Shin, J.; Lee, S.Y. One-step fermentative production of poly(lactate-co-glycolate)
from carbohydrates in Escherichia coli. Nat. Biotechnol. 2016, 34, 435–440. [CrossRef]

18. Lamprecht, A.; Ubrich, N.; Pérez, M.H.; Lehr, C.-M.; Hoffman, M.; Maincent, P. Influences of process parameters on nanoparticle
preparation performed by a double emulsion pressure homogenization technique. Int. J. Pharm. 2000, 196, 177–182. [CrossRef]

19. Kapoor, D.N.; Bhatia, A.; Kaur, R.; Sharma, R.; Kaur, G.; Dhawan, S. PLGA: A unique polymer for drug delivery. Ther. Deliv. 2015,
6, 41–58. [CrossRef]

20. Mchugh, A.; Graham, P.; Brodbeck, K. Phase Inversion Dynamics of PLGA Solutions Related to Drug Delivery. MRS Proc. 1999,
550, 41–46. [CrossRef]

21. Wu, L.; Zhang, J.; Jing, D.; Ding, J. “Wet-state” mechanical properties of three-dimensional polyester porous scaffolds. J. Biomed.
Mater. Res. Part A 2006, 76A, 264–271. [CrossRef] [PubMed]

22. Park, T.G. Degradation of poly(lactic-co-glycolic acid) microspheres: Effect of copolymer composition. Biomaterials 1995, 16, 1123–1130.
[CrossRef] [PubMed]

23. Villemin, E.; Ong, Y.C.; Thomas, C.M.; Gasser, G. Polymer encapsulation of ruthenium complexes for biological and medicinal
applications. Nat. Rev. Chem. 2019, 3, 261–282. [CrossRef]

24. Lü, J.-M.; Wang, X.; Marin-Muller, C.; Wang, H.; Lin, P.H.; Yao, Q.; Chen, C. Current advances in research and clinical applications
of PLGA-based nanotechnology. Expert Rev. Mol. Diagn. 2009, 9, 325–341. [CrossRef] [PubMed]

25. Gentile, P.; Chiono, V.; Carmagnola, I.; Hatton, P.V. An Overview of Poly(lactic-co-glycolic) Acid (PLGA)-Based Biomaterials for
Bone Tissue Engineering. Int. J. Mol. Sci. 2014, 15, 3640–3659. [CrossRef] [PubMed]

26. Yoon, J.J.; Park, T.G. Degradation behaviors of biodegradable macroporous scaffolds prepared by gas foaming of effervescent
salts. J. Biomed. Mater. Res. 2001, 55, 401–408. [CrossRef]

27. Siepmann, J.; Elkharraz, K.; Siepmann, F.; Klose, D. How Autocatalysis Accelerates Drug Release from PLGA-Based Microparticles:
A Quantitative Treatment. Biomacromolecules 2005, 6, 2312–2319. [CrossRef]

28. Go, E.J.; Kang, E.Y.; Lee, S.K.; Park, S.; Kim, J.H.; Park, W.; Kim, I.H.; Choi, B.; Han, D.K. An osteoconductive PLGA scaffold
with bioactive β-TCP and anti-inflammatory Mg(OH)2 to improve in vivo bone regeneration. Biomater. Sci. 2020, 8, 937–948.
[CrossRef]

29. Astete, C.E.; Sabliov, C.M. Synthesis and characterization of PLGA nanoparticles. J. Biomater. Sci. Polym. Ed. 2006, 17, 247–289.
[CrossRef]

30. Li, J.; Jiang, G.; Ding, F. The effect of pH on the polymer degradation and drug release from PLGA-mPEG microparticles. J. Appl.
Polym. Sci. 2008, 109, 475–482. [CrossRef]

31. Amann, L.C.; Gandal, M.; Lin, R.; Liang, Y.; Siegel, S.J. In Vitro–In Vivo Correlations of Scalable PLGA-Risperidone Implants for
the Treatment of Schizophrenia. Pharm. Res. 2010, 27, 1730–1737. [CrossRef] [PubMed]

http://doi.org/10.1016/j.polymertesting.2015.07.011
http://doi.org/10.1002/jbm.b.33648
http://www.ncbi.nlm.nih.gov/pubmed/27098357
http://doi.org/10.1039/C8RA08972H
http://doi.org/10.3389/fimmu.2019.00707
http://doi.org/10.2147/IJN.S210546
http://doi.org/10.3390/polym3031377
http://doi.org/10.7314/APJCP.2014.15.2.517
http://doi.org/10.1016/j.addr.2017.12.015
http://www.ncbi.nlm.nih.gov/pubmed/29277543
http://doi.org/10.1002/adhm.201701035
http://doi.org/10.4236/jbnb.2012.32027
http://doi.org/10.1038/nprot.2007.391
http://www.ncbi.nlm.nih.gov/pubmed/18007612
http://doi.org/10.1021/acs.chemrev.5b00346
http://doi.org/10.1038/nbt.3485
http://doi.org/10.1016/S0378-5173(99)00422-6
http://doi.org/10.4155/tde.14.91
http://doi.org/10.1557/PROC-550-41
http://doi.org/10.1002/jbm.a.30544
http://www.ncbi.nlm.nih.gov/pubmed/16265648
http://doi.org/10.1016/0142-9612(95)93575-X
http://www.ncbi.nlm.nih.gov/pubmed/8562787
http://doi.org/10.1038/s41570-019-0088-0
http://doi.org/10.1586/erm.09.15
http://www.ncbi.nlm.nih.gov/pubmed/19435455
http://doi.org/10.3390/ijms15033640
http://www.ncbi.nlm.nih.gov/pubmed/24590126
http://doi.org/10.1002/1097-4636(20010605)55:3&lt;401::AID-JBM1029&gt;3.0.CO;2-H
http://doi.org/10.1021/bm050228k
http://doi.org/10.1039/C9BM01864F
http://doi.org/10.1163/156856206775997322
http://doi.org/10.1002/app.28122
http://doi.org/10.1007/s11095-010-0152-4
http://www.ncbi.nlm.nih.gov/pubmed/20422263


Pharmaceuticals 2023, 16, 454 17 of 20

32. Wan, B.; Bao, Q.; Burgess, D.J. In vitro-in vivo correlation of PLGA microspheres: Effect of polymer source variation and
temperature. J. Control. Release 2022, 347, 347–355. [CrossRef]

33. Pandita, D.; Kumar, S.; Lather, V. Hybrid poly(lactic-co-glycolic acid) nanoparticles: Design and delivery prospectives. Drug
Discov. Today 2015, 20, 95–104. [CrossRef]

34. Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell
2017, 168, 707–723. [CrossRef]

35. Salvioni, L.; Rizzuto, M.A.; Bertolini, J.A.; Pandolfi, L.; Colombo, M.; Prosperi, D. Thirty Years of Cancer Nanomedicine: Success,
Frustration, and Hope. Cancers 2019, 11, 1855. [CrossRef] [PubMed]

36. Park, J.; Fong, P.M.; Lu, J.; Russell, K.S.; Booth, C.J.; Saltzman, W.M.; Fahmy, T.M. PEGylated PLGA nanoparticles for the improved
delivery of doxorubicin. Nanomed. Nanotechnol. Biol. Med. 2017, 5, 410–418. [CrossRef] [PubMed]

37. Duwa, R.; Emami, F.; Lee, S.; Jeong, J.-H.; Yook, S. Polymeric and lipid-based drug delivery systems for treatment of glioblastoma
multiforme. J. Ind. Eng. Chem. 2019, 79, 261–273. [CrossRef]

38. Le Reste, P.J.; Pineau, R.; Voutetakis, K.; Samal, J.; Jégou, G.; Lhomond, S.; Gorman, A.M.; Samali, A.; Patterson, J.B.; Zeng, Q.; et al.
Local intracerebral inhibition of IRE1 by MKC8866 sensitizes glioblastoma to irradiation/chemotherapy in vivo. Cancer Lett. 2020,
494, 73–83. [CrossRef]

39. Rahn, J.J.; Lun, X.; Jorch, S.K.; Hao, X.; Venugopal, C.; Vora, P.; Ahn, B.Y.; Babes, L.; Alshehri, M.M.; Cairncross, J.G.; et al.
Development of a peptide-based delivery platform for targeting malignant brain tumors. Biomaterials 2020, 252, 120105. [CrossRef]

40. Floyd, J.A.; Galperin, A.; Ratner, B.D. Drug encapsulated polymeric microspheres for intracranial tumor therapy: A review of the
literature. Adv. Drug Deliv. Rev. 2015, 91, 23–37. [CrossRef] [PubMed]

41. Shah, S.R.; Kim, J.; Schiapparelli, P.; Vazquez-Ramos, C.A.; Martinez-Gutierrez, J.C.; Ruiz-Valls, A.; Inman, K.; Shamul, J.G.;
Green, J.J.; Quinones-Hinojosa, A. Verteporfin-Loaded Polymeric Microparticles for Intratumoral Treatment of Brain Cancer. Mol.
Pharm. 2019, 16, 1433–1443. [CrossRef] [PubMed]

42. Shavi, G.V.; Nayak, U.Y.; Reddy, M.S.; Ginjupalli, K.; Deshpande, P.B.; Averineni, R.K.; Udupa, N.; Sadhu, S.S.; Danilenkoff, C.;
Raghavendra, R. A novel long-acting biodegradable depot formulation of anastrozole for breast cancer therapy. Mater. Sci. Eng. C
2017, 75, 535–544. [CrossRef] [PubMed]

43. Bai, J.; Chen, W.-B.; Zhang, X.-Y.; Kang, X.-N.; Jin, L.-J.; Zhang, H.; Wang, Z.-Y. HIF-2α regulates CD44 to promote cancer stem
cell activation in triple-negative breast cancer via PI3K/AKT/mTOR signaling. World J. Stem Cells 2020, 12, 87–99. [CrossRef]
[PubMed]

44. Domínguez-De-La-Cruz, E.; Muñoz, M.D.L.; Pérez-Muñoz, A.; García-Hernández, N.; Meza, C.M.; Hinojosa-Cruz, J.C. Reduced
mitochondrial DNA copy number is associated with the haplogroup, and some clinical features of breast cancer in Mexican
patients. Gene 2020, 761, 145047. [CrossRef] [PubMed]

45. Karthick, V.; Panda, S.; Kumar, V.G.; Kumar, D.; Shrestha, L.K.; Ariga, K.; Vasanth, K.; Chinnathambi, S.; Dhas, T.S.; Suganya, K.U.
Quercetin loaded PLGA microspheres induce apoptosis in breast cancer cells. Appl. Surf. Sci. 2019, 487, 211–217. [CrossRef]

46. Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer
disease. Nat. Rev. Dis. Prim. 2021, 7, 33. [CrossRef]

47. Poewe, W.; Seppi, K.; Tanner, C.M.; Halliday, G.M.; Brundin, P.; Volkmann, J.; Schrag, A.E.; Lang, A.E. Parkinson disease. Nat.
Rev. Dis. Primers 2017, 3, 17013. [CrossRef] [PubMed]

48. Szymusiak, M.; Hu, X.; Leon Plata, P.A.; Ciupinski, P.; Wang, Z.J.; Liu, Y. Bioavailability of curcumin and curcumin glucuronide in
the central nervous system of mice after oral delivery of nano-curcumin. Int. J. Pharm. 2016, 511, 415–423. [CrossRef]

49. Tiwari, S.K.; Agarwal, S.; Seth, B.; Yadav, A.; Nair, S.; Bhatnagar, P.; Karmakar, M.; Kumari, M.; Chauhan, L.K.S.; Patel,
D.K.; et al. Correction to Curcumin-Loaded Nanoparticles Potently Induce Adult Neurogenesis and Reverse Cognitive Deficits in
Alzheimer’s Disease Model via Canonical Wnt/β-Catenin Pathway. ACS Nano 2019, 13, 7355. [CrossRef]

50. Barcia, E.; Boeva, L.; García-García, L.; Slowing, K.; Fernández-Carballido, A.; Casanova, Y.; Negro, S. Nanotechnology-based
drug delivery of ropinirole for Parkinson’s disease. Drug Deliv. 2017, 24, 1112–1123. [CrossRef]

51. Raman, S.; Khan, A.A.; Mahmood, S. Nose to brain delivery of selegiline loaded PLGA/lipid nanoparticles: Synthesis, characteri-
sation and brain pharmacokinetics evaluation. J. Drug Deliv. Sci. Technol. 2022, 77, 103923. [CrossRef]

52. Cook, R.O.; Pannu, R.K.; Kellaway, I.W. Novel sustained release microspheres for pulmonary drug delivery. J. Control. Release
2005, 104, 79–90. [CrossRef]

53. Barnes, P.J. Chronic Obstructive Pulmonary Disease: A Growing but Neglected Global Epidemic. PLoS Med. 2007, 4, e112.
[CrossRef] [PubMed]

54. Saxena, J.; Bisen, M.; Misra, A.; Srivastava, V.K.; Kaushik, S.; Siddiqui, A.J.; Mishra, N.; Singh, A.; Jyoti, A. Targeting COPD with
PLGA-Based Nanoparticles: Current Status and Prospects. BioMed Res. Int. 2022, 2022, 5058121. [CrossRef] [PubMed]

55. Erni, S.T.; Fernandes, G.; Buri, M.; Perny, M.; Rutten, R.J.; Van Noort, J.M.; Senn, P.; Grandgirard, D.; Roccio, M.; Leib, S.L.
Anti-inflammatory and Oto-Protective Effect of the Small Heat Shock Protein Alpha B-Crystallin (HspB5) in Experimental
Pneumococcal Meningitis. Front. Neurol. 2019, 10, 570. [CrossRef] [PubMed]

56. Van Noort, J.M.; Bsibsi, M.; Nacken, P.J.; Gerritsen, W.H.; Amor, S.; Holtman, I.R.; Boddeke, E.; van Ark, I.; Leusink-Muis,
T.; Folkerts, G.; et al. Activation of an immune-regulatory macrophage response and inhibition of lung inflammation in a
mouse model of COPD using heat-shock protein alpha B-crystallin-loaded PLGA microparticles. Biomaterials 2013, 34, 831–840.
[CrossRef]

http://doi.org/10.1016/j.jconrel.2022.05.014
http://doi.org/10.1016/j.drudis.2014.09.018
http://doi.org/10.1016/j.cell.2017.01.017
http://doi.org/10.3390/cancers11121855
http://www.ncbi.nlm.nih.gov/pubmed/31769416
http://doi.org/10.1016/j.nano.2009.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19341815
http://doi.org/10.1016/j.jiec.2019.06.050
http://doi.org/10.1016/j.canlet.2020.08.028
http://doi.org/10.1016/j.biomaterials.2020.120105
http://doi.org/10.1016/j.addr.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25895620
http://doi.org/10.1021/acs.molpharmaceut.8b00959
http://www.ncbi.nlm.nih.gov/pubmed/30803231
http://doi.org/10.1016/j.msec.2017.02.063
http://www.ncbi.nlm.nih.gov/pubmed/28415496
http://doi.org/10.4252/wjsc.v12.i1.87
http://www.ncbi.nlm.nih.gov/pubmed/32110277
http://doi.org/10.1016/j.gene.2020.145047
http://www.ncbi.nlm.nih.gov/pubmed/32783993
http://doi.org/10.1016/j.apsusc.2019.05.047
http://doi.org/10.1038/s41572-021-00269-y
http://doi.org/10.1038/nrdp.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28332488
http://doi.org/10.1016/j.ijpharm.2016.07.027
http://doi.org/10.1021/acsnano.9b03830
http://doi.org/10.1080/10717544.2017.1359862
http://doi.org/10.1016/j.jddst.2022.103923
http://doi.org/10.1016/j.jconrel.2005.01.003
http://doi.org/10.1371/journal.pmed.0040112
http://www.ncbi.nlm.nih.gov/pubmed/17503959
http://doi.org/10.1155/2022/5058121
http://www.ncbi.nlm.nih.gov/pubmed/35309178
http://doi.org/10.3389/fneur.2019.00570
http://www.ncbi.nlm.nih.gov/pubmed/31244750
http://doi.org/10.1016/j.biomaterials.2012.10.028


Pharmaceuticals 2023, 16, 454 18 of 20

57. Marcianes, P.; Negro, S.; Barcia, E.; Montejo, C.; Fernández-Carballido, A. Potential Active Targeting of Gatifloxacin to
Macrophages by Means of Surface-Modified PLGA Microparticles Destined to Treat Tuberculosis. AAPS PharmSciTech 2020, 21, 15.
[CrossRef]

58. Albrektsson, T.; Johansson, C. Osteoinduction, osteoconduction and osseointegration. Eur. Spine J. 2001, 10 (Suppl. 2), S96–S101.
[CrossRef]

59. Armiento, A.R.; Hatt, L.P.; Rosenberg, G.S.; Thompson, K.; Stoddart, M.J. Functional Biomaterials for Bone Regeneration: A
Lesson in Complex Biology. Adv. Funct. Mater. 2020, 30, 1909874. [CrossRef]

60. Muscolo, D.L.; Ayerza, M.A.; Aponte-Tinao, L.A. Massive Allograft Use in Orthopedic Oncology. Orthop. Clin. N. Am. 2006,
37, 65–74. [CrossRef]

61. Sun, F.; Sun, X.; Wang, H.; Li, C.; Zhao, Y.; Tian, J.; Lin, Y. Application of 3D-Printed, PLGA-Based Scaffolds in Bone Tissue
Engineering. Int. J. Mol. Sci. 2022, 23, 5831. [CrossRef]

62. Zhao, D.; Zhu, T.; Li, J.; Cui, L.; Zhang, Z.; Zhuang, X.; Ding, J. Poly(lactic-co-glycolic acid)-based composite bone-substitute
materials. Bioact. Mater. 2021, 6, 346–360. [CrossRef] [PubMed]

63. Du, Z.; Wang, C.; Zhang, R.; Wang, X.; Li, X. Applications of Graphene and Its Derivatives in Bone Repair: Advantages
for Promoting Bone Formation and Providing Real-Time Detection, Challenges and Future Prospects. Int. J. Nanomed. 2020,
15, 7523–7551. [CrossRef] [PubMed]

64. Esrafilzadeh, D.; Jalili, R.; Stewart, E.M.; Aboutalebi, S.H.; Razal, J.M.; Moulton, S.E.; Wallace, G.G. High-Performance Multi-
functional Graphene-PLGA Fibers: Toward Biomimetic and Conducting 3D Scaffolds. Adv. Funct. Mater. 2016, 26, 3105–3117.
[CrossRef]

65. Heinrich, M.A.; Liu, W.; Jimenez, A.; Yang, J.; Akpek, A.; Liu, X.; Pi, Q.; Mu, X.; Hu, N.; Schiffelers, R.M.; et al. 3D Bioprinting:
From Benches to Translational Applications. Small 2019, 15, e1805510. [CrossRef]

66. Matai, I.; Kaur, G.; Seyedsalehi, A.; McClinton, A.; Laurencin, C.T. Progress in 3D bioprinting technology for tissue/organ
regenerative engineering. Biomaterials 2020, 226, 119536. [CrossRef] [PubMed]

67. Placone, J.K.; Engler, A.J. Recent Advances in Extrusion-Based 3D Printing for Biomedical Applications. Adv. Healthc. Mater. 2018,
7, e1701161. [CrossRef]

68. Yang, Y.; Chu, L.; Yang, S.; Zhang, H.; Qin, L.; Guillaume, O.; Eglin, D.; Richards, R.G.; Tang, T. Dual-functional 3D-printed
composite scaffold for inhibiting bacterial infection and promoting bone regeneration in infected bone defect models. Acta
Biomater. 2018, 79, 265–275. [CrossRef]

69. Lin, S.; Cui, L.; Chen, G.; Huang, J.; Yang, Y.; Zou, K.; Lai, Y.; Wang, X.; Zou, L.; Wu, T.; et al. PLGA/β-TCP composite scaffold
incorporating salvianolic acid B promotes bone fusion by angiogenesis and osteogenesis in a rat spinal fusion model. Biomaterials
2019, 196, 109–121. [CrossRef]

70. Huang, H.; Yang, X.; Li, H.; Lu, H.; Oswald, J.; Liu, Y.; Zeng, J.; Jin, C.; Peng, X.; Liu, J.; et al. iRGD decorated liposomes: A novel
actively penetrating topical ocular drug delivery strategy. Nano Res. 2020, 13, 3105–3109. [CrossRef]

71. Bravo-Osuna, I.; Andrés-Guerrero, V.; Arranz-Romera, A.; Pérez, S.E.; Molina-Martínez, I.T.; Herrero-Vanrell, R. Microspheres as
intraocular therapeutic tools in chronic diseases of the optic nerve and retina. Adv. Drug Deliv. Rev. 2018, 126, 127–144. [CrossRef]

72. Patel, A.; Cholkar, K.; Agrahari, V.; Mitra, A.K. Ocular drug delivery systems: An overview. World J. Pharmacol. 2013, 2, 47–64.
[CrossRef] [PubMed]

73. Falavarjani, K.G.; Nguyen, Q.D. Adverse events and complications associated with intravitreal injection of anti-VEGF agents: A
review of literature. Eye 2013, 27, 787–794. [CrossRef]

74. Imai, S.; Otsuka, T.; Naito, A.; Shimazawa, M.; Hara, H. Triamcinolone Acetonide Suppresses Inflammation and Facilitates
Vascular Barrier Function in Human Retinal Microvascular Endothelial Cells. Curr. Neurovascular Res. 2017, 14, 232–241.
[CrossRef] [PubMed]

75. Dandamudi, M.; McLoughlin, P.; Behl, G.; Rani, S.; Coffey, L.; Chauhan, A.; Kent, D.; Fitzhenry, L. Chitosan-Coated PLGA
Nanoparticles Encapsulating Triamcinolone Acetonide as a Potential Candidate for Sustained Ocular Drug Delivery. Pharmaceutics
2021, 13, 1590. [CrossRef] [PubMed]

76. Chauhan, R.; Balgemann, R.; Greb, C.; Nunn, B.M.; Ueda, S.; Noma, H.; McDonald, K.; Kaplan, H.J.; Tamiya, S.; O’Toole,
M.G. Production of dasatinib encapsulated spray-dried poly (lactic-co-glycolic acid) particles. J. Drug Deliv. Sci. Technol. 2019,
53, 101204. [CrossRef]

77. Vasconcelos, A.; Vega, E.; Pérez, Y.; Gómara, M.J.; García, M.L.; Haro, I. Conjugation of cell-penetrating peptides with poly(lactic-
co-glycolic acid)-polyethylene glycol nanoparticles improves ocular drug delivery. Int. J. Nanomed. 2015, 10, 609–631. [CrossRef]

78. James, M.L.; Gambhir, S.S. A Molecular Imaging Primer: Modalities, Imaging Agents, and Applications. Physiol. Rev. 2012,
92, 897–965. [CrossRef]

79. Shen, X.; Li, T.; Chen, Z.; Geng, Y.; Xie, X.; Li, S.; Yang, H.; Wu, C.; Liu, Y. Luminescent/magnetic PLGA-based hybrid
nanocomposites: A smart nanocarrier system for targeted codelivery and dual-modality imaging in cancer theranostics. Int. J.
Nanomed. 2017, 12, 4299–4322. [CrossRef]

80. Yang, H.; Chen, Y.; Chen, Z.; Geng, Y.; Xie, X.; Shen, X.; Li, T.; Li, S.; Wu, C.; Liu, Y. Chemo-photodynamic combined gene therapy
and dual-modal cancer imaging achieved by pH-responsive alginate/chitosan multilayer-modified magnetic mesoporous silica
nanocomposites. Biomater. Sci. 2017, 5, 1001–1013. [CrossRef]

http://doi.org/10.1208/s12249-019-1552-3
http://doi.org/10.1007/s005860100282
http://doi.org/10.1002/adfm.201909874
http://doi.org/10.1016/j.ocl.2005.08.003
http://doi.org/10.3390/ijms23105831
http://doi.org/10.1016/j.bioactmat.2020.08.016
http://www.ncbi.nlm.nih.gov/pubmed/32954053
http://doi.org/10.2147/IJN.S271917
http://www.ncbi.nlm.nih.gov/pubmed/33116486
http://doi.org/10.1002/adfm.201505304
http://doi.org/10.1002/smll.201805510
http://doi.org/10.1016/j.biomaterials.2019.119536
http://www.ncbi.nlm.nih.gov/pubmed/31648135
http://doi.org/10.1002/adhm.201701161
http://doi.org/10.1016/j.actbio.2018.08.015
http://doi.org/10.1016/j.biomaterials.2018.04.004
http://doi.org/10.1007/s12274-020-2980-9
http://doi.org/10.1016/j.addr.2018.01.007
http://doi.org/10.5497/wjp.v2.i2.47
http://www.ncbi.nlm.nih.gov/pubmed/25590022
http://doi.org/10.1038/eye.2013.107
http://doi.org/10.2174/1567202614666170619081929
http://www.ncbi.nlm.nih.gov/pubmed/28625129
http://doi.org/10.3390/pharmaceutics13101590
http://www.ncbi.nlm.nih.gov/pubmed/34683883
http://doi.org/10.1016/j.jddst.2019.101204
http://doi.org/10.2147/IJN.S71198
http://doi.org/10.1152/physrev.00049.2010
http://doi.org/10.2147/IJN.S136766
http://doi.org/10.1039/C7BM00043J


Pharmaceuticals 2023, 16, 454 19 of 20

81. Niu, C.; Wang, Z.; Lu, G.; Krupka, T.M.; Sun, Y.; You, Y.; Song, W.; Ran, H.; Li, P.; Zheng, Y. Doxorubicin loaded superparamagnetic
PLGA-iron oxide multifunctional microbubbles for dual-mode US/MR imaging and therapy of metastasis in lymph nodes.
Biomaterials 2013, 34, 2307–2317. [CrossRef] [PubMed]

82. Shen, X.; Li, T.; Chen, Z.; Xie, X.; Zhang, H.; Feng, Y.; Li, S.; Qin, X.; Yang, H.; Wu, C.; et al. NIR-Light-Triggered Anticancer
Strategy for Dual-Modality Imaging-Guided Combination Therapy via a Bioinspired Hybrid PLGA Nanoplatform. Mol. Pharm.
2019, 16, 1367–1384. [CrossRef] [PubMed]

83. Bennewitz, M.F.; Lobo, T.L.; Nkansah, M.K.; Ulas, G.; Brudvig, G.W.; Shapiro, E.M. Biocompatible and pH-Sensitive PLGA
Encapsulated MnO Nanocrystals for Molecular and Cellular MRI. ACS Nano 2011, 5, 3438–3446. [CrossRef] [PubMed]

84. Lu, M.; Cheng, X.; Jiang, J.; Li, T.; Zhang, Z.; Tsauo, C.; Liu, Y.; Wang, Z. Dual-modal photoacoustic and magnetic resonance
tracking of tendon stem cells with PLGA/iron oxide microparticles in vitro. PLoS ONE 2018, 13, e0193362/0193361. [CrossRef]

85. Watson, C.J.E.; Dark, J.H. Organ transplantation: Historical perspective and current practice. Br. J. Anaesth. 2012, 108 (Suppl. 1),
i29–i42. [CrossRef]

86. Allan, J.S.; Madsen, J.C. Recent advances in the immunology of chronic rejection. Curr. Opin. Nephrol. Hypertens. 2002, 11, 315–321.
[CrossRef]

87. Hubbell, J.A.; Thomas, S.N.; Swartz, M.A. Materials engineering for immunomodulation. Nature 2009, 462, 449–460. [CrossRef]
88. Shapiro, A.M.J.; Pokrywczynska, M.; Ricordi, A.M.J.S.M.P.C. Clinical pancreatic islet transplantation. Nat. Rev. Endocrinol. 2017,

13, 268–277. [CrossRef]
89. Coronel, M.; Liang, J.-P.; Li, Y.; Stabler, C. Oxygen generating biomaterial improves the function and efficacy of beta cells within a

macroencapsulation device. Biomaterials 2019, 210, 1–11. [CrossRef]
90. Li, Y.; Frei, A.W.; Labrada, I.M.; Rong, Y.; Liang, J.-P.; Samojlik, M.M.; Sun, C.; Barash, S.; Keselowsky, B.G.; Bayer, A.L.; et al.

Immunosuppressive PLGA TGF-β1 Microparticles Induce Polyclonal and Antigen-Specific Regulatory T Cells for Local Im-
munomodulation of Allogeneic Islet Transplants. Front. Immunol. 2021, 12, 653088. [CrossRef]

91. Wei, Y.; Yang, L.; Pandeya, A.; Cui, J.; Zhang, Y.; Li, Z. Pyroptosis-Induced Inflammation and Tissue Damage. J. Mol. Biol. 2022,
434, 167301. [CrossRef] [PubMed]

92. Wang, D.-M.; Yang, Y.-J.; Zhang, L.; Zhang, X.; Guan, F.-F.; Zhang, L.-F. Naringin Enhances CaMKII Activity and Improves
Long-Term Memory in a Mouse Model of Alzheimer’s Disease. Int. J. Mol. Sci. 2013, 14, 5576–5586. [CrossRef] [PubMed]

93. Yin, L.; Cheng, W.; Qin, Z.; Yu, H.; Yu, Z.; Zhong, M.; Sun, K.; Zhang, W. Effects of Naringin on Proliferation and Osteogenic
Differentiation of Human Periodontal Ligament Stem Cells In Vitro and In Vivo. Stem Cells Int. 2015, 2015, 758706. [CrossRef]
[PubMed]

94. Mohanty, S.; Konkimalla, V.B.; Pal, A.; Sharma, T.; Si, S.C. Naringin as Sustained Delivery Nanoparticles Ameliorates the
Anti-inflammatory Activity in a Freund’s Complete Adjuvant-Induced Arthritis Model. ACS Omega 2021, 6, 28630–28641.
[CrossRef]

95. Sánchez-López, E.; Esteruelas, G.; Ortiz, A.; Espina, M.; Prat, J.; Muñoz, M.; Cano, A.; Calpena, A.C.; Ettcheto, M.; Camins,
A.; et al. Dexibuprofen Biodegradable Nanoparticles: One Step Closer towards a Better Ocular Interaction Study. Nanomaterials
2020, 10, 720. [CrossRef]

96. Galindo, R.; Sánchez-López, E.; Gómara, M.J.; Espina, M.; Ettcheto, M.; Cano, A.; Haro, I.; Camins, A.; García, M.L. Development
of Peptide Targeted PLGA-PEGylated Nanoparticles Loading Licochalcone-A for Ocular Inflammation. Pharmaceutics 2022,
14, 285. [CrossRef]

97. Townsend, N.; Kazakiewicz, D.; Wright, F.L.; Timmis, A.; Huculeci, R.; Torbica, A.; Gale, C.P.; Achenbach, S.; Weidinger, F.; Vardas,
P. Epidemiology of cardiovascular disease in Europe. Nat. Rev. Cardiol. 2022, 19, 133–143. [CrossRef]

98. Zhong, S.; Li, L.; Shen, X.; Li, Q.; Xu, W.; Wang, X.; Tao, Y.; Yin, H. An update on lipid oxidation and inflammation in cardiovascular
diseases. Free Radic. Biol. Med. 2019, 144, 266–278. [CrossRef]

99. Ortega-Rivera, O.A.; Shin, M.D.; Moreno-Gonzalez, M.A.; Pokorski, J.K.; Steinmetz, N.F. A Single-Dose Qβ VLP Vaccine against
S100A9 Protein Reduces Atherosclerosis in a Preclinical Model. Adv. Ther. 2022, 5, 2200092. [CrossRef]

100. Zhang, J.; Huang, H.; Ju, R.; Chen, K.; Li, S.; Wang, W.; Yan, Y. In vivo biocompatibility and hemocompatibility of a polytetrafluo-
roethylene small diameter vascular graft modified with sulfonated silk fibroin. Am. J. Surg. 2017, 213, 87–93. [CrossRef]

101. Hasanpour, A.; Esmaeili, F.; Hosseini, H.; Amani, A. Use of mPEG-PLGA nanoparticles to improve bioactivity and hemocompati-
bility of streptokinase: In-vitro and in-vivo studies. Mater. Sci. Eng. C 2021, 118, 111427. [CrossRef]

102. Zamanlu, M.; Eskandani, M.; Barar, J.; Jaymand, M.; Pakchin, P.S.; Farhoudi, M. Enhanced thrombolysis using tissue plasminogen
activator (tPA)-loaded PEGylated PLGA nanoparticles for ischemic stroke. J. Drug Deliv. Sci. Technol. 2019, 53, 101165. [CrossRef]

103. Arias, C.A.; Murray, B.E. Antibiotic-Resistant Bugs in the 21st Century—A Clinical Super-Challenge. N. Engl. J. Med. 2009,
360, 439–443. [CrossRef]

104. Cascioferro, S.; Carbone, D.; Parrino, B.; Pecoraro, C.; Giovannetti, E.; Cirrincione, G.; Diana, P. Therapeutic Strategies To
Counteract Antibiotic Resistance in MRSA Biofilm-Associated Infections. ChemMedChem 2021, 16, 65–80. [CrossRef] [PubMed]

105. Douros, A.; Grabowski, K.; Stahlmann, R. Drug–drug interactions and safety of linezolid, tedizolid, and other oxazolidinones.
Expert Opin. Drug Metab. Toxicol. 2015, 11, 1849–1859. [CrossRef] [PubMed]

106. Wu, X.; Li, Y.; Raza, F.; Wang, X.; Zhang, S.; Rong, R.; Qiu, M.; Su, J. Red Blood Cell Membrane-Camouflaged Tedizolid
Phosphate-Loaded PLGA Nanoparticles for Bacterial-Infection Therapy. Pharmaceutics 2021, 13, 99. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biomaterials.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23276658
http://doi.org/10.1021/acs.molpharmaceut.8b01321
http://www.ncbi.nlm.nih.gov/pubmed/30776896
http://doi.org/10.1021/nn1019779
http://www.ncbi.nlm.nih.gov/pubmed/21495676
http://doi.org/10.1371/journal.pone.0193362
http://doi.org/10.1093/bja/aer384
http://doi.org/10.1097/00041552-200205000-00008
http://doi.org/10.1038/nature08604
http://doi.org/10.1038/nrendo.2016.178
http://doi.org/10.1016/j.biomaterials.2019.04.017
http://doi.org/10.3389/fimmu.2021.653088
http://doi.org/10.1016/j.jmb.2021.167301
http://www.ncbi.nlm.nih.gov/pubmed/34653436
http://doi.org/10.3390/ijms14035576
http://www.ncbi.nlm.nih.gov/pubmed/23478434
http://doi.org/10.1155/2015/758706
http://www.ncbi.nlm.nih.gov/pubmed/26078764
http://doi.org/10.1021/acsomega.1c03066
http://doi.org/10.3390/nano10040720
http://doi.org/10.3390/pharmaceutics14020285
http://doi.org/10.1038/s41569-021-00607-3
http://doi.org/10.1016/j.freeradbiomed.2019.03.036
http://doi.org/10.1002/adtp.202200092
http://doi.org/10.1016/j.amjsurg.2016.04.005
http://doi.org/10.1016/j.msec.2020.111427
http://doi.org/10.1016/j.jddst.2019.101165
http://doi.org/10.1056/NEJMp0804651
http://doi.org/10.1002/cmdc.202000677
http://www.ncbi.nlm.nih.gov/pubmed/33090669
http://doi.org/10.1517/17425255.2015.1098617
http://www.ncbi.nlm.nih.gov/pubmed/26457865
http://doi.org/10.3390/pharmaceutics13010099
http://www.ncbi.nlm.nih.gov/pubmed/33466655


Pharmaceuticals 2023, 16, 454 20 of 20

107. Kim, Y.; Beck-Broichsitter, M.; Banga, A.K. Design and Evaluation of a Poly(Lactide-co-Glycolide)-Based In Situ Film-Forming
System for Topical Delivery of Trolamine Salicylate. Pharmaceutics 2019, 11, 409. [CrossRef]

108. Šnejdrová, E.; Martiška, J.; Loskot, J.; Paraskevopoulos, G.; Kováčik, A.G.R., Jr.; Budai-Szűcs, M.; Palát, K.; Konečná, K. PLGA
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