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Abstract: Peptide-loaded poly(lactide-co-glycolide) (PLGA) nanocarriers represent a trans-
formative approach to addressing the challenges of peptide-based therapies. These systems
offer solutions to peptide instability, enzymatic degradation, and limited bioavailability
by providing controlled release, targeted delivery, and improved stability. The versatility
of PLGA nanocarriers extends across therapeutic domains, including cancer therapy, neu-
rodegenerative diseases, vaccine development, and regenerative medicine. Innovations
in polymer chemistry, surface functionalization, and advanced manufacturing techniques,
such as microfluidics and electrospraying, have further enhanced the efficacy and scalability
of these systems. This review highlights the key physicochemical properties, preparation
strategies, and proven benefits of peptide-loaded PLGA systems, emphasizing their role in
sustained drug release, immune activation, and tissue regeneration. Despite remarkable
progress, challenges such as production scalability, cost, and regulatory hurdles remain.

Keywords: peptide therapeutics; PLGA nanocarriers; controlled drug release; regenerative
medicine; targeted drug delivery

1. Peptide-Loaded PLGA Therapeutics

Peptide-based therapeutics are advancing rapidly due to their high specificity, potency,
and wide applicability across various diseases, including cancer, infectious diseases, and
neurodegenerative disorders. Peptides are short chains of amino acids connected by
peptide bonds, typically comprising two to fifty amino acids. They serve as versatile
bioactive molecules in various therapeutic applications, including antimicrobial therapy,
immunomodulation, tissue regeneration, and hormonal analogs. Their high specificity
and biocompatibility make them attractive therapeutic candidates, but their clinical utility
is limited by inherent challenges such as poor bioavailability, susceptibility to enzymatic
degradation, and difficulties in targeted delivery [1-8]. These limitations compromise
therapeutic efficacy and emphasize the critical need for innovative delivery systems to
protect peptides and ensure their functional stability.

Poly(lactide-co-glycolide) (PLGA) has emerged as a leading material for drug de-
livery due to its biodegradability, biocompatibility, and flexibility in modulating drug
release profiles [9-11]. These properties make PLGA ideal for peptide encapsulation and
delivery. By offering solutions to peptide instability, enzymatic degradation, and lim-
ited bioavailability, PLGA-based systems enable controlled release, protection against
degradation, and enhanced biodistribution. For instance, sustained and localized drug
delivery provided by PLGA nanocarriers mitigates systemic side effects while preserving
peptide bioactivity [12-14]. Such systems have demonstrated their ability to overcome
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peptide-specific challenges, including ensuring consistent therapeutic concentrations and
mitigating rapid clearance or degradation in vivo [9,15-19]. This strategic integration of
peptide therapeutics into advanced delivery platforms enhances their clinical application,
offering a robust response to the limitations of traditional peptide therapies.

Peptides can be classified based on their origin into natural, synthetic, or recombinant
categories. Natural peptides are derived from the enzymatic hydrolysis of proteins and
include examples like the antihypertensive peptide KGYGGVSLPEW obtained from whey
protein [16]. Microbial sources contribute antimicrobial peptides such as Dermaseptin-PP,
which is used for wound-healing applications [20]. Synthetic peptides, on the other hand,
are designed and engineered for specific purposes, such as G17 and G19 peptides for
combating resistant bacterial infections like Methicillin-resistant Staphylococcus aureus
(MRSA) and E. coli [21]. Recombinant DNA technology enables the large-scale production
of therapeutic peptides, exemplified by recombinant Interleukin-10 (IL-10) and myelin oligo-
dendrocyte glycoprotein (MOG) peptides for treating autoimmune encephalomyelitis [15].

Structurally, peptides may be linear, such as antimicrobial peptides like OH-CATH30
used for bacterial keratitis treatment [17], or cyclic, such as somatostatin analogs for
long-term cancer therapy [22]. Functionally, peptides serve various roles. Antimicrobial
peptides, such as LL37, are known for their ability to enhance wound healing [23], while
immunomodulatory peptides, such as ESAT-6(1-20), are employed in vaccine development
for tuberculosis [24]. Additionally, hormonal peptides like leuprolide acetate are used for
treating prostate cancer and other hormone-related conditions [1]. Peptides also play a
pivotal role in regenerative medicine, as seen with BMP-2-derived P24 peptides for bone
tissue repair [18].

The versatility of peptide-loaded PLGA systems spans diverse therapeutic domains.
For neurological disorders, PLGA nanocarriers facilitate the delivery of therapeutic agents
across the blood /brain barrier (BBB), a significant challenge in treating conditions such
as Alzheimer’s disease and glioblastoma [25-29]. The incorporation of peptides such as
cyclic beta-hairpin BSBP8 for inhibiting amyloid beta aggregation further underscores their
potential in addressing neurodegenerative diseases [27].

In vaccine delivery, sustained antigen release and immune system activation
achieved through PLGA systems play a pivotal role in eliciting robust and durable re-
sponses [24,30-33]. The use of antigenic peptides, such as ESAT-6(1-20) for tuberculosis
vaccines, highlights the ability of PLGA carriers to enhance vaccine efficacy [24]. In cancer
therapy, peptide-functionalized PLGA nanoparticles, such as those targeting hepatocellular
carcinoma with SP94 peptides, offer precise delivery to tumor sites, minimizing off-target
effects and improving therapeutic outcomes [34,35].

Regenerative medicine represents another frontier for peptide-loaded PLGA systems.
By leveraging their ability for controlled peptide release, these systems support critical
processes such as bone regeneration, wound healing, and nerve repair. Hybrid formulations
and functionalized scaffolds further enhance functionality by combining therapeutic and
structural roles, extending their utility in tissue engineering applications [18,19,36-38]. For
example, PLGA systems functionalized with BMP-2-derived peptides have been shown to
support osteointegration and enhance the healing of bone defects [19,39].

Despite these advancements, peptide-loaded PLGA systems face challenges in scala-
bility, reproducibility, and cost-effectiveness in large-scale production [40-42]. Addressing
these hurdles requires continued innovation in polymer chemistry, nanotechnology, and
pharmaceutical engineering to optimize these platforms for broader applications and
clinical accessibility [14,43,44]. By combining peptide engineering with advancements in
nanotechnology, future research can further improve their stability, efficacy, and patient-
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specific customization. These developments are expected to drive significant progress in
personalized medicine and open new avenues for peptide-based therapies [9,15,20].

2. Therapeutic Roles of Peptides and Drugs in PLGA Systems

PLGA-based systems are redefining therapeutic strategies across various medical
domains by enabling the targeted delivery and controlled release of bioactive agents.
Their applications span cancer treatment, neurodegenerative disease management, tissue
regeneration, infectious disease control, and advanced gene delivery systems.

2.1. Cancer Therapy

PLGA nanocarriers have transformed cancer therapy by improving the delivery and
effectiveness of therapeutic agents. For instance, leuprolide acetate, encapsulated in PLGA,
provides sustained treatment for prostate cancer by modulating hormonal pathways [1].
Functionalized nanoparticles, such as T7 peptide-functionalized carmustine systems, en-
hance blood /brain barrier (BBB) penetration, addressing challenges in glioma therapy [25].

Immunotherapeutic strategies have also advanced with synthetic long peptides (SLPs)
and antigenic peptides, which activate cytotoxic T-cell responses, offering promising path-
ways for cancer immunotherapy [33,45]. Dual-drug delivery systems, including doxoru-
bicin paired with anti-PD-L1 peptides, combine chemotherapy and immunotherapy for
enhanced tumor suppression [46]. Similarly, Trametinib-loaded nanoparticles, cloaked with

melanoma-specific T-cell membranes, demonstrate superior tumor-targeting capabilities
(Figure 1) [47].
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Figure 1. In vivo and ex vivo analysis of T-MNP biodistribution. (A) Characteristics of the IV-injected
NPs on melanoma tumor models with real-time tumor targeting at 2 h, 4 h, and 6 h time intervals.



Pharmaceuticals 2025, 18, 127

4 0f37

(B) Images of the ex vivo organ biodistribution in different study groups. (C) Intensity of in vivo
biodistribution study groups in tissue homogenates measured via fluorescent (n = 6 per group).
* Statistically significant with p < 0.05. Poly-lactide-co-glycolide (PLGA); Nanoparticle (NP); T-
cell membrane-coated PLGA NPs (T-MNPs); DO10.11 membrane-coated PLGA NPs (D-MNP’s);
Coumarin-6 (C-6); A549 membrane-coated PLGA NPs (A-MNP’s); Naked nanoparticle (NNP); Optical
Density (OD); Inhibitory Concentration (IC); Reverse Transcriptase Polymerase Chain Reaction
(RT-PCR); Ultraviolet—Visible (UV-Vis); 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium (MTS). Adopted with permission [47].

2.2. Neurodegenerative Disease Management

Peptide-loaded PLGA systems have demonstrated significant potential in neurode-
generative disease therapy. For Alzheimer’s disease, curcumin functionalized with Tet-1
or B6 peptides reduces amyloid plaques, oxidative stress, and neuroinflammation [3,5].
Insulin encapsulated in CPP-modified PLGA nanoparticles shows promise for treating
cognitive dysfunction via intranasal delivery, bypassing the BBB [29]. Innovations like
berberine conjugated with Tet-1 to reduce Tau phosphorylation [8] and phytol-loaded
nanoparticles for disrupting amyloid aggregates [48] further enhance therapeutic options
for complex neurological disorders.

2.3. Tissue Regeneration and Bone Repair

PLGA-based systems incorporating bioactive peptides significantly advance bone re-
generation and tissue repair. For example, BMP-2 delivered via PLGA-RADA16 hydrogels
or collagen-mimetic peptides enhances osteogenesis in bone defect models [19,38]. Addi-
tionally, adrenomedullin and PTHrP1-34 peptides promote osteoblast proliferation and
angiogenesis, accelerating tissue repair [49,50]. In neural tissue repair, RADA16-I-BMHP1
peptides embedded in nanofibers support Schwann cell differentiation, fostering peripheral
nerve regeneration [51,52]. Figure 2 shows in vivo experiments with the use of 3D-printed
PLGA scaffolds with BMP-9 and P-15 peptide hydrogel in the treatment of bone defects in
rabbits [38].

2.4. Infectious Diseases and Vaccines

PLGA systems have shown immense potential in combating infectious diseases and
advancing vaccine technology. Antimicrobial peptides like SAAP-148 and OH-CATH30
effectively target multidrug-resistant pathogens and bacterial keratitis [9,17]. Vaccine
candidates, including W-1 L19 peptides for canine parvovirus and multi-epitope peptides
for influenza, elicit robust immune responses [53]. In response to COVID-19, oseltamivir
phosphate encapsulated with SBP1 peptides targets the SARS-CoV-2 spike protein, offering
potential therapeutic benefits [54].

2.5. Wound Healing

Peptide-functionalized PLGA nanoparticles accelerate wound healing by promoting
angiogenesis, granulation, and collagen deposition. LL37 peptides enhance wound closure
while providing antimicrobial benefits [23]. BMP-2-loaded PLGA nanoparticles combined
with RADA16 hydrogels support osteogenesis and tissue regeneration in wound mod-
els [19]. Additionally, MSI-78(4-20), a potent antimicrobial peptide, combats infections and
expedites recovery [55].

2.6. Gene Delivery and Genetic Therapy

PLGA nanoparticles functionalized with cell-penetrating peptides or RGD ligands
enhance the intracellular delivery of genetic materials. DNA-loaded nanoparticles targeting
lung epithelial cells enable effective therapeutic gene expression, with implications for
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treating genetic disorders [56,57]. Furthermore, short cationic peptide nucleic acids (PNAs)
encapsulated in PLGA nanoparticles provide a promising platform for antisense and

gene-editing applications [58].

Sham

()

Figure 2. A 3D-printed PLGA scaffold composite peptide hydrogel implant with BMP-9 and P-15 in
the treatment of bone defects in rabbits. (a) Implantation in rabbit bone process. (b) MicroCT test used
for the detection of new bone formation and tissue-related protein expressions (blue, scaffold; pink,
new bone). The MicroCT detection of 2% polypeptide scaffold showed good bone repair, promoting
the expression of ALP, COL-1, OCN, RUNX2, and Sp7. Adopted with permission [38].
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2.7. Combating Infections

Incorporating antimicrobial peptides into PLGA systems offers effective strategies
against bacterial infections. Peptides like G17 and G19 target resistant strains, including
MRSA and E. coli, while ponericin G1 and bFGF contribute to wound healing and antibacte-
rial action [21,59]. Fusion peptides that combine antimicrobial, osteogenic, and angiogenic
properties address bone defect repair and infection control [60].

2.8. Additional Applications

Peptide-loaded PLGA systems have shown versatility in addressing unique medical
needs. For example, Asiatic acid functionalized with renal-targeting peptides enhances
kidney-specific drug delivery for chronic kidney disease [61]. In glioma treatment, dual-
peptide systems such as Euphorbia factor L1 improve tumor targeting by crossing the
BBB [62]. SDF-1alpha and VEGF peptides co-loaded in PLGA scaffolds promote angiogene-
sis and skin regeneration, supporting diabetic wound healing [37].

Table 1 explores the diverse therapeutic applications of peptide-loaded PLGA systems,
categorizing active ingredients based on their clinical use, such as antimicrobial, hormonal,
and anticancer therapies. These systems address critical challenges, including instability
and poor bioavailability, while enabling targeted delivery and immune activation. Patterns
reveal their extensive utility in combating antimicrobial resistance, facilitating vaccine
development, and advancing regenerative medicine. The data highlight PLGA’s capacity to
stabilize peptides, improve targeting precision, and reduce dosing frequency, showcasing
its pivotal role in modern therapeutic strategies.

Table 1. Therapeutic applications and functional enhancements of peptide-loaded PLGA systems.

. Key Peptides and . Clinical Significance and
Therapeutic Area Active Ingredients Therapeutic Purpose Addressed Limitations References
Antimiceobial | SAAPI4S OP145, - AMRbacteria, biofiim 16 B BT EE C IR
LL37, OH-CATH30, inhibition, wound pet . [9,17,20,21,23,
and . . . enhanced localized delivery
) . G17/G19, KSL-W, healing, bone infection . . 63,64]
Anti-Infective . and extended antibacterial
Dermaseptin-PP treatments. ..
activity.
ESAT-6, Zika virus  Vaccines for TB, Zika,  Stable, controlled-release
Vaccines and peptide, influenza influenza A, vaccine platforms address [24,31,32,65,
Immunotherapy  peptides, Toxoplasma gondii, diseases with limited existing ~ 66]
NY-ESO-1 and cancer. prophylactic options.
Targeted therapies for
Vincristine, Irﬁs?;;,o};;g,state, Tumor S pecific.ity,.reduced
Cancer Therapy doxorubicin, hepatocellular systemic t9x1c1ty, 1mproved [2,6,34,39,47]
IMM60, TAT, SP94  glioblastoma, outcomes in aggressive
neuroendocrine Cancers.
cancers.
Robust immune responses and
Multi-epitope Cancer vaccines and improved antigen-specific
Cancer Therapy peptides, STEAP1  immunotherapy:. T-cell activation for advanced [33,66,671
cancer treatment.
Carmustine, Alzheimer’s, Overcomes BBB penetration
Neurological curcumin, Tet-1 glioblastoma, challenges, poor bioavailability, [3-5,8,25,68]
Disorders peptide, NAP neurodegenerative and limited efficacy of e
peptide diseases. traditional therapies.
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Table 1. Cont.
. Key Peptides and . Clinical Significance and
Therapeutic Area Active Ingredients Therapeutic Purpose Addressed Limitations References
Addresses slow healing and
Bone and Tissue BMP—Z, P24, Bone regen.erat.lon, 1nfec.t10r.1 risks in orthopedic [18,19,36,38,
Engineering Teriparatide, osteogenesis, tissue applications with 60,69]
& Fusion peptides repair. multifunctional scaffolds and ’
sustained release.
. IL-10, IMM60, CpG Autoimmune disease Antlgen—speaﬁc tolerance fand
Autoimmune and ODN. MOG management, allergy  long-term immune regulation  [15,32,66,70—
Allergy Therapies epti c,1e BLG-Pe prevention, and to combat chronic 72]
peptide, p immune modulation.  inflammation and allergies.
Plasmid DNA, Gene therapy for lung Effective intracellular delivery
Gene and RNA . . . . and endosomal escape address
. siRNA, antisense diseases, obesity, . . [56,57,73,74]
Therapies . . challenges of systemic nucleic
oligonucleotides cancer. . .
acid therapies.
Anti- Ocular and kidney Provides safe, targeted
) Fluorometholone, . ..
inflammatory .. . inflammatory anti-inflammatory effects, [61,75,76]
. Asiatic acid . . R
Therapies disorders. reducing systemic side effects.
Sustained release for
Leuprolide, hormone-related Overcomes short half-life and
Hormonal . Iy . . .
. goserelin, conditions like frequent dosing requirements [1,44,77,78]
Peptides : . . .
octreotide prostate cancer and with long-acting formulations.
fertility.
PRRT for Reduced renal radiation dose
Radjiolabeled Lutetium-177 neuroendocrine with high therapeutic efficacy [12]
Agents DOTATATE using PEG-coated
tumors. X
formulations.
Diabetes Insulin, GLP-1 Ore?l and 1ntra.nasa1 Overc'omes.pept}de'stablh'ty
. delivery for diabetes and bioavailability issues in [29,79,80]
Therapies analogs .
management. oral and nasal formulations.
Chronic wound Promotes neovascularization,
Wound Healing L-carnitine-GHK, management and collagen deposition, and faster [19,23,59,81]
and Regeneration LL37, BMP-2 nanageme healing in hard-to-treat e
tissue repair.
wounds.
Improves endothelial function
Cardiovascular Imatinib, Atherosclerosis and and promotes angiogenesis to [82-84]
Agents WKYMVm ischemia treatments. address poor vascular
regeneration.
Targeted delivery and
Antiviral Oseltamivir, COVID-19, HIV, and sustained antiviral activity [54,68]
Therapies HIV-TAT peptide viral therapies. reduce frequent dosing !
requirements.
Oral infections and Combines sustained
Antibacterial KSL-W, . . antimicrobial action with
. . antibacterial wound L. . [20,64]
Peptides Dermaseptin-PP synergistic effects for resistant
therapy. 1 .
bacterial infections.
. ) Curcumin, NAP Neuro.protectlo.n, Targets. amylold aggregation
Alzheimer’s and . . amyloid reduction, and oxidative stress, key
. peptide, amyloid . L, [3-5,8,27]
Neuroprotection inhibitors and memory challenges in Alzheimer’s

enhancement.

disease management.
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3. Essential Polymers and Additives in Peptide-Loaded PLGA Systems

PLGA polymers serve as the foundation for numerous peptide-loaded delivery sys-
tems due to their excellent biodegradability and ability to provide controlled drug release.
Adjustments to PLGA, such as incorporating acid- or ester-terminated variants, enable
precise manipulation of its degradation properties and peptide release kinetics in specific
environments [10,43]. To enhance solubility and biocompatibility, PLGA is frequently com-
bined with polyethylene glycol (PEG) or its grafted derivatives, resulting in PEG/PLGA
polymers that improve both peptide stability and targeting capabilities [35,74,82]. More-
over, hybrid composites blending PLGA with polymers like polycaprolactone (PCL) or
gelatin-based hydrogels further expand their use, particularly in neural and skeletal tissue
engineering applications [37,85,86]. Figure 3 illustrates the use of co-axial PLGA-gelatin
fibers containing stromal cell-derived factor-1x (SDF-1¢) and angiogenic signals for enhanc-
ing cutaneous wound healing [37]. Additionally, porous PLGA has been adopted in vaccine
formulations and tissue-targeted delivery systems to enhance payload encapsulation and
enable site-specific release [87].

®
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Figure 3. Shows stromal cell-derived factor-1x (SDF-1), vascular endothelial growth factor (VEGF)-
binding peptide (BP), glucagon-like peptide-1 analog (GLP), and liraglutide (LG) in core/shell
poly(L-lactide-co-glycolide)/ gelatin fibers used to harness synergistic effects for skin repair in healthy
and diabetic wound models in rats. Adopted with permission [37].

The integration of peptides into PLGA-based systems offers distinct therapeutic ad-
vantages and facilitates precise tissue targeting. For example, cell-penetrating peptides
(CPPs) such as TAT, R8, and SBP1 enable effective drug delivery across challenging biologi-
cal barriers like the blood /brain barrier or intestinal epithelium, significantly improving
bioavailability for diseases such as Alzheimer’s and diabetes [28,29,39]. Bioactive peptides,
including RGD and YIGSR, play a vital role in promoting skeletal muscle differentiation,
while BMP-2 and P-15 peptides are crucial for bone regeneration and repair [19,38,88].
Other specialized peptides, such as OH-CATH30 and MSI-78(4-20), exhibit antimicrobial
properties, whereas angiogenic peptides like VEGF and Apelin contribute to wound healing
and tissue regeneration [55,59,89].

Surface modifications of PLGA nanoparticles are essential for enhancing stability, tar-
geting, and bioactivity. Coatings with PEG or polyethyleneimine (PEI) effectively prevent
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aggregation, extend circulation times, and enable applications such as gene delivery [3,90].
Polydopamine coatings promote osteogenic differentiation and improve mechanical in-
tegration for bone-related applications, while graphene oxide enhances hydrophilicity
and mechanical strength for skeletal tissue engineering [59,91,92]. Functionalization with
erythrocyte membranes or maleimide/PEG facilitates immune evasion and ensures stable
conjugation, critical attributes for cancer therapeutics [62,82]. These modifications not only
extend the circulation lifespan of nanoparticles but also optimize their interaction with
target tissues.

Additives are integral to preserving peptide bioactivity and stabilizing PLGA for-
mulations. Materials such as carboxymethyl chitosan (CMCS) and calcium phosphate
(Ca3(PO4),) are commonly used to prevent peptide acylation, a process that can degrade
peptide integrity during PLGA breakdown [93,94]. Stabilizers, such as hydroxypropyl-beta-
cyclodextrin, protect sensitive peptides like peptide-24, ensuring sustained therapeutic
efficacy in bone regeneration applications [95]. Superparamagnetic iron oxide nanoparti-
cles (SPIONSs) are incorporated into PLGA systems to enable simultaneous imaging and
therapeutic delivery, exemplifying the multifunctionality of these nanoparticles [96]. Fluo-
rapatite further enhances the bioactivity of PLGA formulations, particularly in dental and
bone-related applications [97].

Innovative materials also contribute to the versatility of PLGA-based systems.
Dopamine ad-layers enhance scaffold adhesion, promoting osteointegration and cellu-
lar proliferation [91,92]. Self-immolative-protecting groups safeguard peptides during
formulation processes, thereby maintaining their functional stability under challenging
conditions [98]. Additionally, fluorescent dyes like Rhodamine-B are used to enable the
tracking and imaging of nanoparticles in cellular delivery studies [28,99].

Table 2 highlights the pivotal role of PLGA as a versatile nanocarrier, enhanced by
additives like PEG, CPPs, and adjuvants to address specific therapeutic challenges. PEG
improves circulation and biocompatibility, while CPPs enable intracellular and barrier-
crossing delivery, crucial for CNS and cancer treatments. Adjuvants like CpG amplify
vaccine responses, and hydroxyapatite supports bone-targeted delivery. Innovations in self-
assembling peptides (e.g., RADA16) bolster regenerative applications. Sustained-release
strategies, leveraging stabilizers and ion-pairing agents, extend peptide bioavailability.
The integration of these excipients maximizes efficacy in applications like antimicrobials,
gene therapy, and vaccines, offering a robust blueprint for tailored peptide-loaded PLGA
systems targeting a wide range of diseases.

Table 2. PLGA compositions and their roles in PLGA-based systems.

Polymer/Excipient Applications Preparation/Processing Significance in Clinical Reference
Composition (Pattern Observed) Highlights Outcomes

Car}cer thergples, PEG enhances water solubility

brain targeting, o

. . and prevents opsonization,

ocular delivery. Emulsion solvent allowine for proloneed cireulation

PLGA with PEG  Enhanced evaporation with PEG & & JOf pro‘ong : [4,9,12,25,
: . . : . time and improved drug delivery
coatings circulation, conjugation for o . . 34,75,76]
. s . . to specific tissues. Clinically, this
bioavailability, and  prolonged circulation. . e
targeting improves therapeutic efficacy and

specificity.

minimizes systemic side effects.
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Table 2. Cont.
Polymer/Excipient Applications Preparation/Processing Significance in Clinical Reference
Composition (Pattern Observed) Highlights Outcomes
Controlled release Termination chemistry allows for
systems for Emulsion solvent fine-tuning drug release profiles
Acid- and positively charged  evaporation, and reduction of peptide [10,11,43
ester-terminated  peptides. Reduced  hydrophobicion degradation. Clinically, this 7 (’)3 §8]’
PLGA acylation and pairing, pH-controlled  ensures more consistent o
optimized release environments. therapeutic outcomes and reduces
kinetics. the frequency of dosing.
Vaccine delivery . . Chitosan inc1jeases m'ucoadhesion,
PLGA with (oral /nasal) Chitosan provides improves residence time at
. J enhanced mucosal surfaces, and stimulates
chitosan or mucoadhesive . . .. . [30,64,94,
. mucoadhesion and immunogenicity for vaccines.
chitosan-based systems, . .. . 100,101]
blends antibacterial immune response Chruc.ally, th1§ enabl.es more
applications stimulation. effective vaccine delivery and
PP ' localized antibacterial effects.
Intracellular . CPPs .facﬂit?tm.f: cellula}r uptake,
delivery, brain Double-emulsion enabling efficient delivery of
PLGA with thera ie/s ene techniques and surface therapeutics to intracellular [25,26,29
cell-penetrating deliv}e}r ;ﬁ d modifications for targets. This is crucial for diseases 56 i 02’] !
peptides (CPPs) Alzheiri,{er’s enhanced uptake and  like Alzheimer’s, where ’
treatment intracellular targeting.  intracellular pathways are
' involved.
Eglelgilration tissue The addition of conductive
. o materials like gold or graphene
PLGA with gold jﬁiﬁice;égi’ﬂ Electrospinning, oxide promotes cell signaling and
nanoparti- applications nanoparticle surface tissue regeneration while [59,85,103,
cles/graphene Conduc tivit. and modification, and 3D  maintaining antimicrobial 104]
oxide biocompatib};lity printing. properties. Clinically, this
enhance enh.ances. the success of tissug
therapeutic efficacy. engineering and wound healing.
Bone regeneration Bone-targeting peptides enhance
PLGA with osteogenic *  Incorporation into 3D osteogenic activity, leading to
bone-targeting di ffer%ntiation and scaffolds, hydrogels, or faster and more effective bone [18,19,36,
peptides (e.g., skeletal ’ composites via repair and regeneration. Clinically, 38,69,105]
BMP-2, P24) eneineerin emulsion techniques.  this is pivotal in treating fractures
& & and bone disorders.
Encapsulation stabilizes antigenic
PLGA- Immunothera Double-emulsion and  peptides, enhancing immune
encapsulating cross-protec ti\I/)eYI nanoprecipitation for ~ response and enabling precise (24,31
antigenic vaccine platforms antigen stability and targeting of tumors or pathogens. 33 é5]
peptides and cancer vaccines ’ immune response Clinically, this improves vaccine ’
vaccines ' optimization. effectiveness and reduces the need
for boosters.
Sustained release of antimicrobial
PLGA with Infection cor.ltrol, qutained releas.e peptide:'s ensures cgntingous
antimicrobial wound healing, microspheres with protection against infections, [17,20,55,
id and bacterial synergistic making it valuable for wound 59,63]
peptides biofilm inhibition. ~ photothermal effects. ~ healing and chronic infection

management.
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Table 2. Cont.
Polymer/Excipient Applications Preparation/Processing Significance in Clinical Reference
Composition (Pattern Observed) Highlights Outcomes
Enhanced Functlonal-lzatlon- mproves
. : . . blood /brain barrier crossing,
blood/brain barrier ~Functionalized o .
PLGA for enetration nanoparticles with delivering neuroprotective drugs
Alzheimer’s and p ’. p . directly to the brain. Clinically, [3-5,8]
. neuroprotection, BBB-targeting .
brain disorders . this offers targeted treatment for
and memory peptides. : . .
. neurodegenerative disorders like
improvement. . ,
Alzheimer’s.
PLGA with Sustame;i release o Hybrid blends enable the
hybrid polymer systems for Nanoprecipitation and co-delivery of multiple drugs with
Y dual-drug delivery ~ emulsion blending - ; . [34,46,74,
blends (e.g., PEG, . . . distinct release profiles, enhancing
in cancer therapy with additional . . . 106]
polycaprolac- and tssue olvmers therapeutic efficacy in complex
tone) . poly ' diseases like cancer.
regeneration.
PLGA modified . Functionalized PLGA  Largeting T-cell receptors
. Enhanced targeting . o improves immune response
with T-cell .2 with receptor-specific L. .
and retention in . . precision, reducing off-target [6,22,47,62]
receptors or . peptides for precision )
. cancer therapies. . effects and enhancing cancer
peptides delivery. immunotherapy outcomes.
Prolonged stability =~ Microspheres Stabilizers and hydrogels extend
PLGA combined  and bioactivity of  integrated into drug stability and improve
with stabilizers or  peptides for bone hydrogels with bioactivity, ensuring sustained [19,38,95]
hydrogels and vascular stabilizers like therapeutic effects in bone and

regeneration.

HP-B-CD and BSA.

vascular repair.

4. Methodologies and Optimization Strategies for Peptide-Loaded
PLGA Products

Peptide-loaded PLGA systems are critical for advanced drug delivery and tissue engi-
neering applications. This section consolidates methodologies and optimization strategies
and details techniques and guidelines for producing high-performance systems.

4.1. Emulsion Solvent Evaporation Techniques

The emulsification solvent evaporation method is a cornerstone for fabricating peptide-
loaded PLGA particles, offering flexibility and scalability for various therapeutic applica-
tions. Variants like the double-emulsion (water—oil-water) technique are particularly advan-
tageous for encapsulating hydrophilic peptides, such as MOG and plasmid DNA, as they
protect the peptides during preparation and improve encapsulation efficiency [15,43,56].
This method’s adaptability extends to large-scale production using microfluidic flow-
focusing systems, which ensure particle uniformity and scalability for drugs like exenatide
(Figure 4) [80].

Optimizing process parameters, such as homogenization speed and solvent evapo-
ration rate, allows for precise control over particle size, enhancing cellular uptake and
distribution [1,9]. Burst release, a common challenge, can be minimized by incorporating
stabilizers like polyvinyl alcohol (PVA) or hydrophilic agents like HP-beta-CD, which also
support sustained release profiles [50,78]. Moreover, maintaining an alkaline pH in the
inner aqueous phase reduces peptide degradation, preserving bioactivity [45]. Surface
functionalization with targeting ligands, such as TAT peptides, enhances specificity and
uptake for applications like brain delivery [3,107]. The integration of PLGA nanoparticles
into hydrogels has also proven effective for achieving controlled and prolonged drug re-
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lease, particularly for immune modulation applications [36,108]. However, challenges such
as residual solvent removal and peptide acylation during PLGA degradation highlight the
need for meticulous post-processing and stabilization [94].
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Figure 4. (a) The preparation of poly(lactic-co-glycolic acid) (PLGA) exenatide-loaded microspheres
via water/oil/water (W/O/W) emulsion method with the use of microfluidic device. (b) The design
of multi-channel droplet microfluidic devices [80].

4.2. Surface Functionalization and Advanced Coating Techniques

Surface functionalization plays an essential role in enhancing the bioactivity, specificity,
and therapeutic potential of peptide-loaded PLGA systems. Functionalization strategies
such as thiol-maleimide chemistry and maleimide-thiolether conjugation stabilize peptide
attachment, enabling precise targeting and improved therapeutic outcomes [55,82]. Coat-
ings like polydopamine have been shown to enhance cell adhesion and osteogenic activity,
making them highly effective for bone regeneration [69]. Similarly, graphene oxide coatings
improve mechanical strength and hydrophilicity, broadening the applications of PLGA
in wound healing and tissue engineering [59]. Functionalization with cell-penetrating
peptides (CPPs) such as transactivator of transcription (TAT) or erythrocyte membranes
expands the potential for crossing biological barriers like the blood brain barrier [107,109].
These modifications not only increase cellular uptake but also enable targeted delivery,
making them critical for applications in neurology, oncology, and tissue regeneration.
By integrating advanced coating techniques, researchers can significantly enhance the
therapeutic impact of PLGA-based systems across diverse applications.

4.3. Alternative Fabrication Techniques

Alternative methods like nanoprecipitation, electrospinning, and 3D printing offer
unique advantages for specific applications, complementing traditional emulsion tech-
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niques. Nanoprecipitation, for example, provides an environmentally friendly, solvent-
efficient approach ideal for hydrophobic drug delivery. This method is simple and rapid,
requiring minimal solvent use, but may necessitate stabilizers or co-solvents to encapsulate
hydrophilic peptides effectively [6,94,110]. Electrospinning, on the other hand, produces
nanofibers functionalized with bioactive peptides such as RADA16 or BMP-2, offering a
high surface-area-to-volume ratio and precise control over scaffold architecture, making it
ideal for neural repair and wound healing [38,51]. Similarly, 3D printing allows for unpar-
alleled control over the scaffold structure, incorporating peptides like BMP-9 to enhance
mechanical properties and mineralization for bone defect repair [49,111]. These advanced
fabrication techniques continue to expand the horizons of PLGA applications, offering
tailored solutions for regenerative medicine and specialized drug delivery.

4.4. Guidelines for Optimizing Key Parameters

Optimizing preparation methods for peptide-loaded PLGA products is crucial for
achieving the desired therapeutic outcomes. In emulsion-based systems, adjustments to
solvent systems, stabilizer concentrations, and homogenization speeds ensure uniform
particle size, high encapsulation efficiency, and controlled release profiles [1,9,78]. Surface
coatings such as polydopamine or graphene oxide further enhance mechanical properties
and biological interactions, particularly in tissue engineering [59,69]. Release kinetics can
be refined through techniques like pH neutralization and the use of stabilizers, such as
calcium phosphate salts, to inhibit peptide acylation and maintain bioactivity over extended
periods [93,98,112]. Mechanistic modeling, including tri-phasic release analysis, allows for
the precise tailoring of burst, erosion, and terminal phases to match specific therapeutic
needs [22]. These optimization strategies enable researchers to align PLGA system design
with the requirements of various applications, ensuring efficient and effective delivery.

4.5. Integration with Complementary Materials

The integration of PLGA with complementary materials significantly enhances its
functionality, broadening its application across diverse therapeutic areas. Chitosan/PLGA
blends, for instance, extend release durations in vaccine formulations, particularly for
combating multidrug-resistant pathogens (Figure 5) [30]. Composites like PLGA /nano-
hydroxyapatite improve bioactivity and osteointegration, making them ideal for bone
regeneration applications [60,92]. Similarly, ocular and pulmonary delivery systems benefit
from composite designs that enhance drug retention and bioavailability, as seen in formula-
tions incorporating agents like Licochalcone-A [76,108]. These integrations highlight the
versatility of PLGA systems and their ability to address complex therapeutic challenges,
paving the way for innovative solutions in drug delivery and regenerative medicine.

4.6. Optimization Strategies

Optimization strategies are critical for refining peptide-loaded PLGA systems to
achieve maximum therapeutic efficacy. Techniques such as factorial design and the Box—
Behnken Design (BBD) are used to optimize formulations for ocular and pulmonary deliv-
ery [108,110]. Simulated accelerated release methods allow for the prediction of long-term
performance, facilitating the creation of customized release profiles for drugs like somato-
statin analogs [13,22]. Adjusting osmotic pressure and encapsulation parameters further
improves the therapeutic potential of peptides such as OH-CATH30 [17].

4.7. Stabilization Techniques

Ensuring effective stabilization is essential for maintaining peptide functionality within
PLGA formulations. Approaches like incorporating carboxymethyl chitosan and inorganic
cations reduce peptide acylation, preserving stability during degradation [44,94]. Addition-
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ally, freeze-drying and nebulization techniques maintain bioactivity and enable efficient
pulmonary delivery for respiratory therapies [113]. Intrinsic porogens are often employed
to optimize release kinetics, ensuring consistent therapeutic effects [44].
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Figure 5. Histopathology of lung tissue specimens stained with haematoxylin-eosin and observed un-
der a microscope (200 x ) taken from six mice with A. baumannii from each group at 24 h post-challenge.
(A) Lung tissue from different immunized groups subjected to A. baumannii ATCC 19606 and three
clinical A. baumannii strains (scale bar, 50 um). (B) Lung tissue from unimmunized uninfected normal
BALB/c mice with normal histological characteristics (scale bar, 50 um). (C-F) Semiquantitative
analysis of the inflammatory area in the lung tissue (1 = 6). The histograms with mean percentage of
lesion area within the total lung. Data are presented as the means & SD (n = 6). * p < 0.05, ** p < 0.01,
*** p < 0.001. Adopted with permission [30].

Table 3 highlights the variety of methodologies used in preparing peptide-loaded
PLGA systems, from traditional emulsion techniques to advanced 3D printing and surface
functionalization. Each method is aligned with specific therapeutic goals, ensuring pre-
cision in encapsulation, stability, and delivery. Patterns emphasize how innovations like
nanoprecipitation, hydrophobic ion pairing, and functionalized scaffolds enhance encapsu-
lation efficiency, control release, and optimize bioactivity. These methodologies reflect a
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cancer therapy, tissue regeneration, and immunomodulation.

Table 3. Methodologies to prepare peptide-loaded PLGA products.

balance between scalable production and tailored functionality, supporting applications in

Preparation/Processing

Method Key Patterns Enhanced Observations Reference
Encapsulation of peptides, Achieved high encapsulation
Double-emulsion Solvent  proteins, and antigens with  efficiency for immunogenic
Evaporati trolled release and tigens, stable vaccine deli [1,13,15,19,32,63]
poration controlled release an antigens, stable vaccine delivery,
reduced burst release. and long-term peptide release.
Hydrophobic drug Supported safe delivery of
Emulsion Solvent encapsulation, antimicrobial peptides, vaccines,
Eva i functionalizat d d anti ts with [9,12,24,32,83,93]
poration unctionalization, an and anticancer agents wi
vaccine formulations. sustained release profiles.
Narrow size distribution and ~ Optimized using Box-Behnken
Nanoprecipitation Method  high stability for small drugs and similar designs for enhanced  [74,80,106,110]
and peptides. targeting and biocompatibility.
Scaffolds for tissue Promoted neuronal
. engineering applications, differentiation and angiogenesis
Electrospinning especially neural and bone  with bioactive peptide [52,85,88,104,114]
regeneration. incorporation in hybrid scaffolds.
Multi-drug delivery for Enhanced efficacy of cancer
Co-encapsulation of synergistic release of therapies by co-encapsulating [66,94.115]
Peptides/Drugs peptides and immune-stimulating peptides T
chemotherapeutics. with chemotherapeutics.
Improved biocompatibility, =~ Enabled tumor targeting, BBB
PEGylation and Surface stability, and specific crossing, and intracellular uptake [6,25,26,35,39]
Functionalization targeting through for advanced drug delivery e
functionalization. systems.
Stabilizes hydrophilic Ion pairing reduced burst release,
Hydrophobic Ton Pairing peptides, ephancmg 1mprov.ed peptldg loadl.ng, and [11,40,112]
encapsulation and release maintained drug integrity over
control. extended periods.
Allows for precise Supported controlled BMP-2 and
3D Printing of Scaffolds a.rchltecture for l.aone ;-and peptide r.elease for synergistic [36,38,60,91,111]
tissue regeneration with osteogenic and antibacterial
bioactive modifications. effects.
Freeze-Drvin Stabilizes nanoparticles Maintained structural integrity
(Lyo hiliz};tic%n) post-preparation for and bioactivity of peptides and [76,99,108]
yop enhanced re-dispersibility. vaccines during storage.
Polvdopamine-Assisted Adds adhesion and Enhanced osteogenic
Sur}f]acepMo dification osteointegration layers to differentiation and antibacterial [59,69,92]
scaffolds or nanoparticles. properties in bone scaffolds.
. Introduces porogens like Reduced acylation during
iﬁﬁg:ﬁﬁ:jﬁ;ﬁiea tion Ca(OH)2 for controlled degradation and enhanced initial ~ [44,112]
p release and peptide stability. release for sustained delivery.
o Enabled BBB and tumor
Coating with Biomimetic Mimics cellular membranes penetration for targeted
to enhance immune evasion [47,62,94]

Membranes

and targeting capabilities.

glioblastoma and melanoma
therapies.
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Table 3. Cont.
Preparation/Processing Key Patterns Enhanced Observations Reference
Method
Response Surface Statistical modeh.ng %mproved
S . . process reproducibility and
Optimization Using Methodology optimizes ;
. ) - . therapeutic outcomes for [74,80,110]
Statistical Methods encapsulation efficiency, size, .
advanced nanoparticle
and release. .
formulations.
. . Improves particle . Enhanced ocular and renal
Modified Emulsion morphology, release profiles, : o
. o delivery of anti-inflammatory and  [1,61,75,80]
Techniques and stability through solvent .
& targeted therapeutic agents.
and surfactant variations.
Combined PLGA with Increased conductivity,
Nanocomposites and graphene oxide, gold mechanical strength, and [60,92,103,104]
Hybrid Scaffolds nanoparticles, and peptides  bioactivity for neural and bone e
for enhanced properties. tissue engineering.
Prolonged drug delivery Achieved sustained release
Microspheres for Sustained ~ with optimized solvent profiles for hormone therapies, [1,12,98,116,117]

Release

evaporation methods and
process parameters.

cancer vaccines, and
neuroprotective peptides.

Cell-Penetrating Peptide

Post-preparation
modification for targeted

Improved BBB and intracellular

(CPP) Functionalization delivery to hard-to-reach targeting for Alzhenne'r S, CAnCer, [5,26,29,56]
tissues. and gene therapy applications.
Combines PLGA particles Supported enhanced
Incorporation into with hydrogels for sustained vascularization, osteogenesis, and [19,36,69,95]
Hydrogels release, especially in bone infection control in complex e
and wound healing. tissue engineering setups.
Buffering agents and pH . ca .
pHi-Controlled adjustments prevent flﬁimg(jigfcpctlfer:clltaet%cr)lrtlywhﬂe [44,93,112]
Microsphere Systems acylation and optimize & graca Y
release. extending drug stability.
Functionalizes PLGA for .
localized action through Improved targeting and
Drug/Polymer Conjugates direct coniueation of & bioactivity in bone and vascular ~ [91,92,118]
bioactive in glecules regeneration applications.
Functionalizes nanoparticles ézgtlrer:/eeri z}rllréefffl:?gocgr;?tml
Layer-by-Layer Assembly  for sequential drug release in [59,115,119]

multi-drug delivery systems.

with controlled peptide/drug
layering.

5. Key Physicochemical Features in PLGA Nanocarriers

Peptide-loaded PLGA systems possess a range of physicochemical properties that

make them highly adaptable for various medical applications. Particle size is a critical

factor, varying from 27 nm to 558 nm for nanoparticles, which are used for targeted drug

delivery in conditions such as Alzheimer’s disease and bacterial infections [2,82,103]. Larger

structures, such as microspheres designed for Triptorelin acetate, reach sizes up to 35.3 um,

enabling sustained drug release over extended periods [78]. Advanced designs, such as

grooved PLGA films with 800 nm ridges, enhance cellular alignment and are particularly

suitable for skeletal muscle engineering [88].
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5.1. Surface Stability and Charge

The surface charge and stability of PLGA nanocarriers significantly influence their
bioactivity and interaction with biological systems. Zeta potentials for these systems range
from —46.0 mV to +1.65 mV, depending on surface modifications [9,110]. Specific coatings,
such as chitosan (+4.39 mV) and Pep5 modifications (+20.01 mV), enhance colloidal stability
and cellular uptake, which are crucial for effective drug delivery in cancer therapies and
wound-healing applications [30,119].

5.2. Encapsulation Efficiency and Release Profiles

Encapsulation efficiency in peptide-loaded PLGA products is consistently high, typ-
ically exceeding 70%, and reaching as much as 96.56% in systems like BAMLET and
octreotide acetate [93,120]. These systems offer tailored release profiles to meet diverse
therapeutic requirements, from rapid initial release to sustained delivery over extended
periods. For example, BMP-2 systems retain their activity for weeks, supporting bone
regeneration [19], while self-immolative-protecting groups ensure a controlled release for
up to 50 days [98].

5.3. Biocompatibility and Bioactivity

PLGA systems are highly biocompatible and bioactive, making them suitable for a
variety of medical applications. For instance, systems designed for insulin delivery and
oral vaccines demonstrate non-cytotoxicity and safety [75,102]. Poly(dopamine)-coated
PLGA scaffolds improve osteogenic differentiation and tissue integration, proving effective
in bone regeneration [92]. Additionally, RADA16-I-BMHP1 nanofibers facilitate Schwann
cell proliferation and gene expression, making them instrumental in neural repair [51,52].

5.4. Therapeutic Efficacy Across Applications

The therapeutic efficacy of peptide-loaded PLGA systems spans a wide range of medi-
cal fields. Functionalized nanoparticles, such as those incorporating TNF-alpha-mimicking
peptides, activate dendritic cells and prime T-cells, demonstrating promise for vaccine
applications (Figure 6) [121]. In Alzheimer’s therapy, BSBP8 nanoparticles reduce amyloid
beta levels by 82%, significantly improving cognitive function [27]. For antimicrobial appli-
cations, peptides like MSI-78(4-20) and KSL-W provide sustained antibacterial activity and
effectively disrupt biofilms, addressing infections such as periodontitis [55,64].

5.5. Advanced Applications and Complex Challenges

PLGA nanocarriers are increasingly utilized in advanced and complex medical applica-
tions. BMP-9 and GFOGER peptide-functionalized PLGA scaffolds have shown significant
improvements in bone density and mineralization, making them highly effective in bone
repair [111]. Graphene oxide and RGD peptide-functionalized fibers support tissue re-
generation, particularly in promoting smooth muscle and myoblast differentiation [103].
Cutting-edge designs, such as curcumin/cisplatin nanoparticles and BMP-2-loaded fibers,
have demonstrated precise targeting capabilities, achieving superior outcomes in glioblas-
toma treatment and chronic wound healing [37,109].

Table 4 describes the physicochemical properties critical to the design and performance
of peptide-loaded PLGA systems, including size, surface charge, and encapsulation effi-
ciency. Patterns indicate that precise size control enhances tissue penetration, while surface
modifications optimize cellular uptake and colloidal stability. Tri-phasic release profiles
align with therapeutic needs for chronic conditions. The data highlight the customiza-
tion potential of PLGA systems in tailoring bioactivity, release profiles, and structural
compatibility for applications like bone regeneration, cancer therapy, and neuroprotection.



Pharmaceuticals 2025, 18, 127

18 of 37

soluble Le/shmania Ag

MPLA agjuvant

s

TNFa mimicking

Ay
//ﬂ ~{

Increased Uptake

&rfvf A

=i

,-/-.

s

Biodistribution in lymphoid organs

CD40

DCstargeting MHC Il

—
=1 £== CDB80 or CD86

,-v

<
)

. S PLGA nanoformulations ‘ Mﬂ“;;‘l?::’;:::g:onﬂ
. g = %\& jl/{ 8 ~> n-anxcrlpl:s
R < > E—'m T cell priming and
Z//,\, x ua;Fscngls differentiation
34 IL-17
transcripts
Figure 6. PLGA NPs surface-modified with a TNF-a-mimicking peptide encapsulated with soluble
Leishmania antigens (sLiAg) and MPLA adjuvant. The synthesized PLGA NPs exhibited low cytotoxic-
ity levels, efficient uptake by dendritic cells (DCs), induced maturation and functional differentiation,
and increased stimulation of IL-12 and IL-10 production. Adopted with permission [121].
Table 4. Key physicochemical features in PLGA nanocarriers.
Physmo.chemmal Key Patterns Enhanced Observations Reference
Properties
Nanoscale sizes (50-500 nm) .. . .
. . Size influences tissue penetration,
. . dominate for drug delivery; .
Size (Nanoparticles and . . ! stability, and drug release. Larger
) micron-sizes used for vaccines ) [2,9,24,80,98]
Microneedles) . particles (~350 nm) showed
and long-acting depot . .
minimal acylation over 50 days.
systems.
o Low PDI (<0.2) ensures Achieved through advanced
Polydispersity Index . o formulation techniques like
homogeneity, critical for [9,80,107,110,122]
(PDI) A . Box-Behnken and
reproducibility and stability. N
nanoprecipitation methods.
Positive zeta potential CPPs and PEGylation fine-tuned
Surface Charge (Zeta enhances cellular uptake; surface charges (—46 to +20 mV)
. . . o . [26,29,30,55,110]
Potential) negative zeta potential for specific targeting and reduced
improves colloidal stability. off-target effects.
ng.h eff1c1e'n e (6(.)_9.6 *) Ion-pairing methods significantly
achieved with optimized :
. .. . reduced burst release, ensuring
Encapsulation Efficiency = double-emulsion, . . [9,11,12,40]
. steady peptide and protein
nanoprecipitation, or .
. L . delivery.
ion-pairing techniques.
Achieved with porogen
Sustained release from weeks  incorporation (e.g., Ca(OH);) or
Release Profiles to months, often tri-phasic end-capping adjustments; [14,43,44,69,77]

(burst, diffusion, erosion).

self-immolative strategies
minimized acylation.
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Table 4. Cont.
g?gsgtt)ic:;emmal Key Patterns Enhanced Observations Reference
PEGylation, freeze-drying, Stable peptide release achieved
. and hybrid matrices improved over 60 days with hydrophilic
Stability nanoparticle stability and gels and PEG-functionalized [19,35,76,108]
re-dispersibility. surfaces.
Surface modifications (e.g., Polydopamine coating enhanced
Specific Surface CPPs, PEGylation, osteogenic and antibacterial
Fﬁnctionalization polydopamine coating) properties, while CPPs ensured [25,26,39,69,91]
improved targeting and tissue = BBB penetration and intracellular
compatibility. uptake.
Biocompatibility maintained ~ Tested on various cell lines (e.g.,
Biocompatibility and across applications; TR146, MG63) and in vivo; no [16,23,64,123]
Cytotoxicity formulations showed low or inflammatory responses observed e
no cytotoxicity. with long-term use.
Enhanced tensile strength and  Supported bone regeneration and
Mechanical Properties hydrophilicity with materials ~ wound healing with
(Scaffolds and FIi)lms) like graphene oxide, biocompatible, porous scaffolds [38,60,92,103]
hydroxyapatite, and gelatin designed for cellular infiltration
blends. and tissue growth.
Acid-terminated PLGA Peptides retained activity for up
. provides faster degradation; to 60 days; pH buffering
Controlled Degradation ester-terminated offers longer = minimized peptide degradation [10,14,77,112]
stability. during PLGA hydrolysis.
Enhanced tissue-specific BBBhC rossing achieved with
delivery using erythrocyte erythrocyte-coated or
Targeting Efficiency T CPP-functionalized nanoparticles; [4,35,61,62]
membranes, folic acid, or i .
renal-targeting peptides renal-specific accumulation
' improved Asiatic acid therapy.
S:lrfr_l:é}isgﬁ’?rt;glezrctlilesslayed Multi-epitope vaccines induced
Adjuvant Effects ) prop ! robust IgG, T-cell responses, and ~ [24,31,32]
reducing need for external . .
. . . cytokine production.
adjuvants in vaccines.
Ion-pairing and surfactants
. ... balanced hydrophilic drug Achieved sustained release for
gﬂj;iﬂl()blc/l_lydmphlhc encapsulation and hydrophilic peptides like insulin,  [11,40,80,106]
& hydrophobic PLGA exenatide, and octreotide.
interaction.
faotl;(;stfvyi tI}r: frﬁirrlgeirfiase Interconnected pores (30-220 pm)
Porosity and Pore Size ! ‘oP supported osteoblast proliferation [49,77,112]
scaffolds showing enhanced . .
P and angiogenesis.
drug diffusion.
T li ides lik Improved neural and vascular
Self-Assembly and Self-assembling peptides like tissue regeneration through
. RADA16 enhanced scaffold [51,52,114]
Nanoarchitecture controlled topography and

6. Evaluation Metrics and Methods for Peptide-Loaded PLGA

Nanocarriers

Peptide-loaded PLGA systems undergo thorough evaluation to ensure their safety, ef-

ficacy, and suitability for a wide array of therapeutic applications. These evaluations
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focus on physicochemical properties, structural integrity, biological interactions, and
in vivo performance.

6.1. Physicochemical and Structural Characterization

Characterizing the physicochemical properties of peptide-loaded PLGA systems is the
first step in their development. Analytical techniques such as scanning electron microscopy
(SEM), atomic force microscopy (AFM), and transmission electron microscopy (TEM) are
employed to assess particle size, zeta potential, and morphology [1,36,57,124,125].

Encapsulation efficiency and stability are evaluated using methods like ALP assays,
MALDI-TOF-MS, and high-performance liquid chromatography (HPLC) to confirm pep-
tide bioactivity [94,95,98]. Material interactions and thermal stability are further inves-
tigated using spectroscopic techniques (FTIR, NMR) and circular dichroism [27,93,116].
Advanced functionalization methods, including polydopamine-assisted modifications, and
fabrication techniques like electrospinning facilitate the creation of innovative material
designs [91,111,114].

6.2. Controlled Release Profiles

The ability to control the release of therapeutic peptides is crucial to their effectiveness.
In vitro studies evaluate burst and sustained release profiles under varying conditions,
including pH [11,14,108,124]. For instance, BMP-2-loaded PLGA systems deliver peptides
slowly, enhancing osteoinductive properties in bone regeneration [19,115]. Techniques
such as mathematical modeling and flow-through systems are used to optimize polymer
degradation and release kinetics, ensuring consistency [14,42,112].

6.3. Cellular and Molecular Bioactivity

The cellular uptake and bioactivity of PLGA nanoparticles are explored through
mechanisms like macropinocytosis and endosomal escape, which optimize peptide de-
livery [29,57,118]. Additional studies, including immune activation assays and cytokine
production analyses, validate their suitability for vaccine applications [33,45,126]. In regen-
erative medicine, osteoblast development, cellular differentiation, and apoptosis induction
are monitored to evaluate therapeutic potential [6,50,92].

6.4. Immune-Modulatory Properties

Peptide-loaded PLGA formulations play a critical role in immunotherapy and vaccine
development. Evaluations include T-cell response assays, cytokine profiling, and tests
for antigen-specific immune activation [32,121,127]. Studies such as immunogenic cell
death assays and PD-L1 blockade experiments assess their potential in cancer immunother-
apy [46]. Computational and experimental epitope design methodologies further refine
vaccine candidates [32,126].

6.5. Therapeutic Efficacy and Safety

Therapeutic efficacy and safety are validated through extensive in vitro and in vivo
testing. Tumor-targeting capabilities are assessed via tumor retention, survival analyses,
and cancer cell inhibition assays [47,109,125]. For instance, Figure 7 demonstrates the
intranasal delivery of Borneol/R8dGR peptide-modified PLGA nanoparticles co-loaded
with curcumin and cisplatin for pediatric brainstem glioma treatment [109].

6.6. Applications in Regenerative Medicine

In regenerative medicine, evaluations include testing for bone and cartilage repair us-
ing 3D-printed scaffolds, monitoring osteogenic marker expression, and conducting in vivo
mineralization studies [38,50,111]. Skin regeneration studies focus on epithelialization, an-
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giogenesis, and the formation of granulation tissue [59,97]. Similarly, applications in nerve
and muscle repair involve neurite alignment studies, Schwann cell behavior analysis, and
myoblast differentiation assessments [52,88,103]. Neurotherapeutic applications include
assessments of cognitive improvements and biochemical markers in Alzheimer’s disease
models [5,8,48].
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Figure 7. Intranasal administration of borneol (Bo)/R8dGR peptide-modified PLGA-based nanoparti-
cles (NP) co-loaded with curcumin and cisplatin (cur/cis). This nano-formulation improved the brain
penetration via reduction of the expression of ZO-1 and occluding in nasal mucosa, while the R8AGR
peptide modification improved the targeting of the NP by binding to integrin a«v33 receptors and
reduced hypoxia and angiogenesis in the PBSG microenvironment. Adopted with permission [109].

6.7. Antimicrobial Properties

Antimicrobial properties are demonstrated through tests for biofilm inhibition, re-
ductions in bacterial burden, and antimicrobial peptide activity [21,55,128]. Sustained
antifungal efficacy is also evaluated, including effects against Cryptococcus neoformans,
showing potential for managing infections and promoting wound healing [20,30,123].

6.8. Advanced Functional Studies

Advanced studies investigate targeted delivery and tumor penetration. For example,
integrin receptor targeting and hypoxia mitigation are evaluated for improved tumor-
specific delivery [109,125]. Apoptosis pathways are analyzed using methods such as
caspase-3 staining and mitochondrial function assays [7,119]. Neurotherapeutic studies
address challenges like blood brain barrier (BBB) targeting and amyloid plaque reduction
for Alzheimer’s disease [8,27,48].

6.9. Process Optimization

Scalable production methods are a key focus. Comparisons between microfluidic
techniques and bulk production methods help evaluate efficiency [41,80]. Quality by
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Design (QbD) methodologies optimize critical process parameters, ensuring reproducibility
and performance [42,78]. Statistical tools such as response surface methodology and
precision testing further enhance formulation reliability [22,90,110].

Table 5 outlines the comprehensive evaluation metrics used to validate the safety,
efficacy, and performance of peptide-loaded PLGA systems. These include physicochem-
ical characterization, release kinetics, and in vivo assessments of biocompatibility and
therapeutic efficacy. Patterns emphasize the integration of multidisciplinary testing, such
as imaging techniques, immune response assays, and mechanical property evaluations.
The table showcases a rigorous approach to ensuring product stability, optimized release,
and targeted delivery, highlighting their potential in advancing therapies for cancer, tissue
regeneration, and infectious diseases.

Table 5. Evaluation metrics and methods for peptide-loaded PLGA nanocarriers.

Testing/Evaluation Focus Key Observations and Patterns Reference

- Particle size, polydispersity index (PDI), surface charge

(zeta potential), and morphology were consistently

characterized. [9,28,39,65,129]
- Techniques such as SEM, TEM, DLS, and FTIR were

routinely employed.

Physicochemical
Characterization

- High encapsulation efficiency (>80% in many cases) was a

critical success factor.

- Optimized formulation methods (e.g., double-emulsion, [11-13,44,53,77]
microfluidics) enhanced consistency and reduced

variability.

Encapsulation Efficiency and
Drug Loading

- Sustained release profiles were a key feature, often
spanning weeks to months.

- Tri-phasic (burst, lag, erosion) or bi-phasic release was
observed, depending on polymer type and drug.

Release Profile Analysis [10,14,15,43,77,93]

- Advanced models (e.g., Higuchi, Korsmeyer-Peppas) and
dissolution apparatus were frequently used.

- Predictive IVIVC models helped bridge in vitro data to
in vivo outcomes.

In Vitro Drug Release Kinetics [11,13,22,54,77]

- Tested using confocal microscopy, flow cytometry, and
Cellular Uptake and endocytosis assays.
Internalization - Surface modifications like enhanced CPP uptake were
critical for BBB penetration and intracellular delivery.

[26,28,35,47,57,62]

- Non-toxic profiles were confirmed via MTT, LDH, and
ROS assays across cell lines.

- Hemolysis and irritation tests were conducted for
systemic applications.

Toxicity and Cytocompatibility [23,59,75,81,120,123]

- Immune responses were tested using cytokine profiling,

IgG/IgA/IFN-y measurements, and survival studies in

animal models. [30-32,66,127,130]
- Self-adjuvant properties were observed in some

formulations.

Immunogenicity and Vaccine
Efficacy

- MIC, CFU count reduction, and biofilm disruption were
Antimicrobial and Antibiofilm  commonly used metrics.
Activity - Synergistic effects with photothermal therapy or peptides
like Dermaseptin were noted.

[20,21,55,63,64]
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Table 5. Cont.
Testing/Evaluation Focus Key Observations and Patterns Reference
- Parameters like granulation tissue, collagen deposition,
Wound Healing and Tissue angiogenesis, and cell migration were tested.
. o8 . . [18,23,37,60,81,91]
Regeneration - Significant results were noted with osteogenic or
angiogenic peptides.
Neuronal Differentiation and - Neural scaffolds demonstrated improved alignment,
axonal regeneration, and electrical stimulation response. [51,52,85,104,131]

Growth

- IKVAV and RADA16 peptides showed consistent efficacy.

Bone Regeneration and
Osteogenic Activity

- Enhanced ALP, collagen I, and osteocalcin expression
validated osteogenic properties.

- Mechanical properties like compressive strength were key
for scaffold applications.

[18,19,36,38,92,105]

Cancer Therapy Efficacy

- Tumor targeting was validated via biodistribution,
apoptosis assays, and survival studies.

- Functionalized nanoparticles improved therapeutic
indices.

[2,6,7,47,84,119]

Blood Brain Barrier (BBB)
Penetration

- Crossing efficiency was tested via in vitro BBB models
and in vivo biodistribution.

- CPP-functionalized systems showed marked
improvements in brain delivery.

[25,27-29,62]

Allergen Response and Immune

- Models for cow’s milk allergy demonstrated reduced IgE
and cytokine responses.

Tolerance - Immune tolerance was achieved with peptide fragments [70,72,79,1301
in PLGA systems.
- Freeze-drying, pH sensitivity, and shelf stability were

Biophysical Stability and tested for long-term usability.

Performance - Nanoparticles retained functionality post-nebulization [40,76,93,108,113]
and thermal stress.
- Scaffolds and films were assessed for hydrophilicity,

Thermal and Mechanical Testing mechanical strength, and degradation under physiological [49,60,86,91,92]
conditions.
- Transfection efficiencies were high with PEG/PLGA and

Gene and Protein Delivery CPP systems.

Efficiency - Gene delivery efficacy correlated with surface [3545,56,74,89]
modification and encapsulation strategies.

Hvpoelveemic and - Bioavailability of insulin formulations was enhanced with

YPOgly CPPs. [16,29,102]

Diabetes-Related Tests

- Hypoglycemic effect was significant in in vivo models.

7. Milestones and Multifunctional Capabilities of PLGA Nanocarriers

Peptide-loaded PLGA systems represent a significant advancement in sustained drug

delivery, effectively reducing dosing frequency while enhancing therapeutic outcomes.

These nanocarriers demonstrate long-term efficacy across a wide range of applications,

including bone regeneration, infection treatment, and the management of chronic sys-

temic diseases. For instance, prolonged drug retention has been observed in ischemic

injury and Alzheimer’s disease models, highlighting their potential for addressing complex

medical challenges [3,9,36,63,77,83]. Functionalized PLGA nanoparticles enhance target-

ing and selectivity, as seen with T7 peptide-functionalized micelles for glioblastoma and

renal-targeting peptides for kidney-specific delivery, both of which improve therapeutic
precision [2,25,61,62].
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7.1. Versatile Applications

The versatility of peptide-loaded PLGA systems spans neural repair, autoimmune
disease management, and infectious disease prevention. Their applications range from
glioblastoma therapies to nanovaccines for zoonotic infections, demonstrating their broad
applicability and effectiveness [15,30,53,56,104]. Targeted delivery minimizes systemic toxi-
city and enhances bioavailability, as observed in therapies like radionuclide treatment and
thrombolysis, which reduce side effects such as renal toxicity and bleeding risk [12,16,132].

7.2. Innovative Delivery Platforms

Cutting-edge delivery platforms, such as composite hydrogels, supramolecular
nanofibers, and hybrid scaffolds, are transforming drug delivery and tissue regenera-
tion. These advanced materials improve drug retention and bioavailability in applications
like mucosal delivery and bone repair [36,92,113]. Additionally, PLGA systems have be-
come integral to vaccine development, enabling prolonged antigen release and eliciting
robust immune responses in vaccines targeting multidrug-resistant infections, influenza,
and cancer [24,30,31,66].

7.3. Clinical Translation

Peptide-loaded PLGA systems are progressing toward clinical translation, supported
by predictive IVIVC models and successful outcomes in treatments for Alzheimer’s disease
and glioblastoma. These advances underscore the systems’ readiness for broader ther-
apeutic adoption [1,25,39]. Enhanced intracellular and endosomal delivery capabilities,
facilitated by cell-penetrating peptide-functionalized nanoparticles, ensure effective gene
delivery and sustained expression in pulmonary therapies [26,56,57].

7.4. Controlled Release and Antimicrobial Properties

Controlled release mechanisms ensure long-term effects while minimizing drug insta-
bility. Examples include tri-phasic release profiles for somatostatin analogs and steady pep-
tide delivery in antifungal therapies, addressing diverse therapeutic needs [13,22,116,123].
The antimicrobial capabilities of these systems are particularly notable, with formulations
targeting MRSA, bacterial keratitis, and periodontitis, as well as photothermal therapy
providing synergistic effects [17,20,21,64].

7.5. Biocompatibility and Safety

The consistent demonstration of biocompatibility and safety makes peptide-loaded
PLGA systems suitable for managing chronic diseases, preventing allergies, and advancing
tissue regeneration [70,75,129]. In neurotherapeutics, these systems effectively cross the
blood brain barrier, reducing amyloid-beta aggregation in Alzheimer’s disease therapies
and suppressing tumor growth in glioblastoma [4,27,116].

7.6. Advances in Vaccine Development

PLGA-based platforms play a pivotal role in vaccine development, offering enhanced
immune responses, multi-epitope formulations, and extended antigen release. Applications
include cross-reactive influenza vaccines and mucosal immunity for diseases like swine
dysentery, showcasing their impact on global health challenges [31,87,121].

7.7. Tissue Engineering and Regenerative Medicine

In regenerative medicine, peptide-functionalized PLGA scaffolds demonstrate sig-
nificant potential. Functional peptides such as BMP-2 and RADA16-I improve out-
comes in bone, cartilage, and nerve repair, as well as promote angiogenesis in ischemic
models [18,60,91,114].
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7.8. Cancer Therapy Innovations

Innovations in cancer therapy have led to improved outcomes by enhancing tumor-
specific delivery while reducing systemic toxicity. For example, SP94-functionalized
nanoparticles for hepatocellular carcinoma achieve selective tumor targeting and high
therapeutic efficacy [34,46,119].

7.9. Scalable Manufacturing and Quality Control

Efficient manufacturing techniques, including microfluidics and co-axial electrospray-
ing, enhance scalability and reproducibility. These approaches are complemented by
accelerated in vitro release testing, which ensures robust quality control and supports
widespread application [13,42,80].

Table 6 summarizes the proven benefits of peptide-loaded PLGA systems, including
sustained drug release, enhanced stability, and multifunctionality. These systems address
critical therapeutic challenges like peptide instability, inefficient targeting, and dosing
frequency. Patterns emphasize their versatility across applications such as neurothera-
peutics, oncology, and vaccine delivery. The table underscores PLGA’s role in enabling
advanced diagnostics, immune response activation, and tissue engineering, paving the

way for scalable, personalized medicine solutions.

Table 6. Proven benefits of peptide-loaded PLGA products.

Benefit Description Supporting Factors Reference
Prolonged therapeutic effect Achieved using porogens,
Sustained Drug Release ~ with tri-phasic or bi-phasic end-capping, or hybrid polymer  [14,22,43,69,77]
release profiles. matrices.
Improved peptide stability Lo ..
Enhanced Stability against degradation and PEGylatlor}, ion-pairing, and [11,19,35,76]
. freeze-drying methods.
acylation.
. Long-acting formulations .
Reduced Dosing minimize the need for M1cr0sphere§ and depot systems [13,42,77.78]
Frequency P . . for chronic disease management.
requent administrations.
Tissue-specific delivery
Improved Targeting and  reduces systemic toxicity and = Functionalization with CPPs, [25,29,61,62]
Biodistribution improves therapeutic T-cell receptors, and ligands. A
outcomes.
. - Safe for use in various systems . S
Blocomp:’sl t.1b111ty and with minimal inflammatory or Yallfiated t.h1:ough in vitro and [16,23,64,123]
Low Toxicity . in vivo toxicity assays.
cytotoxic responses.
Facilitation of BBB Effective c-lehvery of CPP-functionalized nanoparticles
: therapeutic agents to the . . [25,27,29,62]
Penetration brain and erythrocyte-mimetic coatings.
. . Combines therapeutic, Integration of antimicrobial,
Multifunctional . : . . . .
Capabilities diagnostic, and regenerative osteogenic, and angiogenic [19,23,91,114]
P functions in a single platform. properties.
- Strong antigen-specific Sustained antigen release and
Efficient Immune - . -
S responses for vaccines and self-adjuvant nanoparticle [31-33,66]
Response Activation . . .
immunotherapies. designs.
Effective against Use of antimicrobial peptides and
Antimicrobial Efficacy multidrug-resistant bacteria synergistic photothermal [20,55,63,64]

and biofilm-related infections.

therapies.
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Table 6. Cont.

Benefit Description Supporting Factors Reference

Versatility Across Applicable to oral, buccal, Mucoadhesive formulations and

Deliver }I,{outes intranasal, ocular, and surface functionalization [64,76,102,110]

y parenteral delivery systems. techniques.
. Controlled drug release Techniques like hydrophobic

lg;i)sfti(l)er;uzable Release tailored for specific ion-pairing and hybrid polymer  [10,11,14,77]
therapeutic needs. blends.

Regenerative Medicine Promotes anglogenesis, Peptide-functionalized scaffolds

. osteogenesis, and neural . [18,19,52,59]

Applications . . . and self-assembling systems.
regeneration for tissue repair.
Minimizes initial drug loss, Achieved using stabilizers,

Reduced Burst Release improving therapeutic ion-pairing, and emulsion [11,43,44]
consistency. techniques.
ﬁ?;igﬁjf;?g;ques like Essential for industrial

Scalability Potential . applications and large-scale [40-42]
electrospraying improve roduction
reproducibility and scalability. P '

. . Enables real-time monitoring . .
Proven Integration with through multifunctional Use of imaging agents and [91,99,125]

Diagnostics

. dual-purpose formulations.
nanocarriers.

8. Overcoming Developmental and Translational Challenges in
Peptide-Loaded PLGA Nanocarriers

Peptide-loaded PLGA systems face significant challenges in formulation design and
stability. Peptide acylation and degradation in acidic microenvironments are persistent
issues, with positively charged peptides posing additional challenges due to strong inter-
actions with the negatively charged PLGA. Strategies such as calcium phosphate depots,
hydrophobic ion-pairing, self-immolative-protecting groups, and dynamic surface coatings
have shown promise, but universal solutions are still required to ensure stability across
diverse physiological conditions [11,22,40,77,93,98,112,116].

To provide a comprehensive overview of these challenges, Table 7 summarizes the
key applications of PLGA-based systems, highlighting their advantages and associated
challenges across diverse fields such as cancer therapy, vaccine development, and tissue
engineering. Insights include the potential of PLGA systems for targeted delivery, improved
stability, and sustained release while addressing hurdles like scalability, cost, and variability
in therapeutic outcomes. The table provides a comprehensive overview to guide strategic
improvements in the formulation, functionalization, and clinical translation of PLGA-
based technologies.

Table 7. Comparative analysis of applications, advantages, and challenges of PLGA-based systems.

Application Advantages Challenges References
Antibiofilm and Enhanced infection treatment  Limited efficacy in polymicrobial
Antimicrobial Peptides with prolonged peptide biofilms and potential resistance [9,21,55,64]
p activity. development.
Improved tareeting and High production costs and complex
Cancer Therapies p 8IS regulatory approval pathways for  [2,6,7,34,39]

reduced systemic toxicity. functionalized nanoparticles.
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Table 7. Cont.
Application Advantages Challenges References
. Challenges in translating in vitro
Neural Tissue Repair E;(ng:jcg??;ll ii(r):;‘?;z;v;h neural differentiation to clinical [51,85,104,114]
' applications.
Enhanced immunogenicity Risks of unexpected immune
Vaccine Development and sustained anticen reloase reactions or reduced stability [24,30-32,66]
& " during storage.
Autoimmune Disease Reduced severity of conditions EOE‘E; ,ic;ltlilofiee(ﬁaizd precise dose [15,79,117]
Treatment like encephalomyelitis. p o
underexplored.
Accelerated healing via Dependence on local
Wound Healing angiogenesis and microenvironment and variation in  [23,55,59,81,100]
antimicrobial activity. individual responses.
Obesity Therapy (Gene f;i?;l(;etjbiiltl uﬁigﬁ?jjﬂigd Requires optimization to avoid (73]
Delivery) oligonucleo ticifes off-target gene modulation.
Ischemic Injury Prolonged angiogenesis and Risks (.)f local.lzed 1nﬂar.nmat}on or
Treatment blood flow restoration overstimulation of angiogenic [83,89]
' pathways.
Brain penetration with o . .
Alzheimer’s Therapy reduced beta-amyloid Limited lor.l.g—te.rm efficacy studies [3,4,8,27]
deposits. and scalability issues.
Pulmonary Gene Efficient cellular uptake and Rllsls(;?cfl 1]rjxll\r1n : 25 ?;g?;if;;; d [28,56,57]
Delivery eGFP expression in lung cells. p . T
nanoparticles.
Cardiovascular Spec.1 fic endothelial targeting Limited long-term clinical data on
and improved eNOS . [84,106]
Therapy phosphorylation cardiovascular outcomes.
. Maintaining prolonged therapeutic
Ocular Therapies g?glrﬁ‘;ej foctl(l) l)e(iizilienetrahon levels in dynamic ocular [17,75,76,108]
y Y environments.
Controlled release of . .
Bone Tissue osteogenic factors; Manufacturing complexity for
Engineering multifunctional scaffold 3D-Rr1nted §caff(.)l(.is with [18,19,38,60]
integration. consistent bioactivity.
Strong CTL responses and Tumor heterogeneity may reduce
Cancer Immunotherapy enhanced antigen delivery. targeting efficacy. [33,45,46,127]
Modulation of immune . . .
Allergy Prevention responses and reduction of Risk of upmtepded Lmune [70,72]
Th2-driven symptoms. modulation with prolonged use.

. Efficient BBB penetration and ~ Validation of delivery efficiency
Neurotherapeutics sustained release. across diverse neurological models. [29,102,109]
Peptide Delivery Improved stability and Initial burst release in long-acting [44,78,94,98]
Systems reduced acylation risks. injectable systems. T

Manufacturing Scalability, Cost, and Regulatory Barriers: Implications for Clinical Use

The challenges associated with manufacturing scalability, cost, and regulatory hurdles

critically impact the clinical translation of peptide-loaded PLGA nanocarriers. Large-scale
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production requires high reproducibility, cost-effectiveness, and compliance with stringent
regulatory standards, which are often difficult to achieve with current methodologies.

Manufacturing Scalability: Techniques such as 3D printing, electrospinning, and
microfluidic technologies, while promising in controlled laboratory settings, struggle
with scalability for industrial production [37,40,41,51,69,80,86,91]. The precision required
for incorporating multifunctional elements like targeting ligands or dual-drug systems
complicates automation and increases production time. For example, microfluidic methods
require costly modifications to achieve the throughput needed for large-scale applications,
which hinders the transition from laboratory prototypes to market-ready products.

Cost Constraints: Advanced materials and processes used in peptide-loaded PLGA
systems, such as PEGylation, gold nanoparticle incorporation, and hydrophobic ion-pairing,
significantly increase production costs [3,20,59,108,115]. While these components enhance
therapeutic outcomes, their high costs make large-scale production economically pro-
hibitive. Furthermore, resource-intensive strategies, such as T-cell membrane-coated
nanoparticles, further inflate costs, limiting accessibility and affordability for widespread
clinical use.

Regulatory Barriers: The regulatory requirements for complex peptide-loaded PLGA
systems present significant obstacles [7,8,27,28,38,47,109,118]. Each added functionality,
such as targeting ligands or dual-drug formulations, necessitates rigorous safety and
efficacy evaluations. Regulatory approval processes demand consistent product quality and
compliance with Good Manufacturing Practice (GMP) standards. However, the inherent
variability in PLGA systems due to batch-to-batch differences in polymer characteristics
complicates reproducibility and standardization, further slowing clinical translation.

Clinical Impact: These challenges collectively limit the deployment of peptide-loaded
PLGA nanocarriers in clinical settings. Despite demonstrating significant promise in
preclinical studies, such as sustained drug release and enhanced targeting for cancer
therapy and neurodegenerative diseases, many systems fail to transition to clinical tri-
als [3,27,62,74,106,107]. The inability to achieve large-scale, cost-effective production un-
dermines the feasibility of widespread application, while regulatory delays and high costs
reduce the commercial appeal of these technologies.

9. Next Generation of Peptide-Loaded PLGA Systems

Future developments for peptide-loaded PLGA systems focus on enhancing cus-
tomization and scalability, addressing challenges in mass production while maintaining
precision. Techniques such as 3D printing and microfluidics must evolve to support the
synthesis of complex systems, including dual-drug hydrogels and composite scaffolds.
Incorporating Quality by Design (QbD) principles will help ensure consistent production
and regulatory compliance, making these systems more accessible [42,69,80,100].

Integrating multifunctional systems capable of therapeutic, diagnostic, and regen-
erative applications is a key direction. These platforms will combine properties such as
antimicrobial, osteogenic, and angiogenic functions, which are critical for wound healing
and tissue engineering. Stimuli-responsive components, such as light-activated nanoparti-
cles, offer promising applications in precision oncology [23,68,91,125].

9.1. Patient-Specific Applications and Personalized Medicine

Emerging trends in personalized medicine highlight the need for peptide-loaded
PLGA systems tailored to individual patient profiles. These systems can be customized
to align with specific disease pathologies, genetic markers, or immune responses. For
example, patient-derived biomolecules could be integrated into PLGA scaffolds, ensuring
compatibility and enhancing therapeutic outcomes in tissue engineering [25,51,59,91,111].
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In oncology, personalized nanoparticles targeting specific tumor markers, such as
HER2-positive breast cancers or EGFR-overexpressing glioblastomas, demonstrate potential
for precision drug delivery. Ligand-functionalized PLGA systems tailored to these markers
can improve therapeutic outcomes and reduce off-target effects [28,34,61,84]. Similarly, for
neurodegenerative disorders like Alzheimer’s and Parkinson’s, tailored brain-targeting
platforms incorporating disease-specific ligands could enhance drug distribution across the
blood /brain barrier, accommodating variability across patient populations [29,106,129].

Personalized vaccine platforms also represent a transformative application of peptide-
loaded PLGA systems. Multi-epitope nanoparticle systems, developed using tumor-specific
neoantigens, offer the potential for individualized cancer immunotherapies. Self-adjuvant
designs enhance immune activation, providing significant benefits in vaccine efficacy for
infectious diseases and emerging zoonotic pathogens [7,30-32,118].

In regenerative medicine, patient-specific bioengineered scaffolds incorporating in-
dividualized growth factors or extracellular matrix components could offer customized
solutions for complex tissue defects. Applications include scaffolds for bone regeneration
infused with patient-specific osteoinductive molecules or neural repair systems optimized
for the localized delivery of neuroprotective peptides [19,91,111].

9.2. Enhancing Precision and Stability

Advancements in targeting mechanisms and peptide stabilization techniques further
support patient-specific applications. Ligands designed to target renal, endothelial, or
bone tissues can be tailored to the unique physiological conditions of individual patients,
enhancing precision and therapeutic efficacy [29,34,61,84]. Stabilization strategies, includ-
ing hydrophobic ion-pairing and calcium phosphate depots, address the variability in
peptide degradation and clearance, ensuring consistent therapeutic effects across diverse
populations [11,22,93,98].

9.3. Clinical Translation and Future Directions

Transitioning these technologies to clinical practice will require extensive validation
in patient-specific contexts. Clinical trials targeting diseases such as glioblastoma and
Alzheimer’s, as well as chronic wounds must incorporate diverse patient populations to
evaluate efficacy and safety comprehensively [5,25,27,115,125]. For example, personalized
treatments for glioblastoma can leverage tumor-specific biomarkers to refine targeting and
improve therapeutic responses.

Incorporating artificial intelligence and machine learning may further advance patient-
specific applications by optimizing nanoparticle design and predicting release profiles
based on individual patient data. These innovations will enable peptide-loaded PLGA
systems to align with the growing emphasis on precision medicine, offering highly tailored
therapeutic solutions [2,86,118].

10. Conclusions

Peptide-loaded PLGA nanocarriers have emerged as pivotal tools in addressing the
challenges associated with peptide therapeutics, offering transformative potential in various
biomedical applications. Their inherent biodegradability, biocompatibility, and capacity
for controlled and targeted peptide delivery make them highly effective for addressing
therapeutic needs in areas such as cancer treatment, neurodegenerative disorders, and
infectious diseases. Advanced surface functionalization and hybrid polymer designs have
further expanded their applications to regenerative medicine and vaccine development,
enhancing immune responses and promoting tissue repair.
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Despite these advances, significant hurdles remain, particularly in scalability, cost-
effectiveness, and achieving regulatory approval. Future research should focus on specific
areas within polymer chemistry to address these challenges effectively. For instance,
the development of novel copolymer systems could improve the mechanical stability,
degradation rates, and drug-release profiles of PLGA carriers, enabling more reliable
therapeutic delivery. Refining surface modification strategies, such as grafting ligands or
functional groups onto PLGA surfaces, may enhance cellular targeting and bioavailability,
while responsive polymer chemistry could facilitate site-specific peptide release through
stimuli-responsive designs. Additionally, investigating advanced polymer architectures,
such as block polymers or star-shaped polymers, could further enhance control over
degradation and release kinetics. Emphasis on green chemistry approaches in polymer
synthesis would also align innovation with sustainability goals, addressing environmental
concerns during material development.

In a clinical context, these advancements could directly support the development of
cancer immunotherapies, peptide-based treatments for neurodegenerative conditions, and
targeted vaccine platforms for infectious diseases. Collaboration across disciplines, includ-
ing nanotechnology, pharmaceutical engineering, and clinical sciences, will be essential to
optimize production processes, enhance scalability, and expedite regulatory pathways. By
addressing these focused areas, peptide-loaded PLGA nanocarriers hold the potential to
drive significant progress in therapeutic delivery and play a central role in the evolution of
personalized medicine.
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