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a b s t r a c t

Peptide and protein drugs with therapeutic effects suffer from their short half-life and low stability, albeit

their high efficiency and specificity. To overcome these demerits, long-acting drug delivery systems have

been developed, wherein poly(lactic-co-glycolic acid) (PLGA) implants are most preferred owing to their

excellent biodegradability and biocompatibility. Dozens of PLGA based products have been approved since

1986, when the first product, named Decapeptyl R©, successfully marched into market. To meet the increas-

ing demand for delivering various peptides and proteins, different kinds of technologies have been devel-

oped for lab-scale fabrication or industrial manufacture. This review aims to introduce recent advances

of PLGA implants, and give a brief summary of fundamental properties of PLGA, fabrication technolo-

gies of peptides/proteins-loaded PLGA implants as well as factors influencing the drug release processes.

Moreover, challenges and future perspectives are also highlighted.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Peptide and protein drugs have shown great potential for

decades owing to their low toxicity and high specific interactions

with biological targets. In addition to vaccination and diagnosis,

the main applications of peptide and protein drugs are treating

chronic diseases, autoimmune disorders, AIDS as well as cancers

[1]. However, their therapeutic efficiency is always hampered as

most peptide and protein drugs exhibit short half-lives and rapid

clearance from systematic circulation. Additionally, the abundant

proteases and pH fluctuation in the metabolic system may con-

fer denaturation or degradation of proteins, which subsequently in-

duces severe immune responses [2].

The emergence of controlled and sustained drug delivery sys-

tems has revolutionized the pharmaceutical, especially for phar-

maceuticals with short half-lives. By prolonging the drug release

period, patient compliance has been largely improved by avoid-

ing repeated dosing while guaranteeing therapeutic efficiency. Due

to their low absorption and high enzymatic degradation of pep-

tides and proteins, oral, pulmonary, nasal, ocular and transdermal

administration were actually not commonly utilized in long-acting
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drug delivery [3]. In contrast, parenteral administrations including

injection, implantation, and infusion are preferred as they could

enable an excellent bioavailability and low first-pass elimination of

peptides and proteins.

For long-acting delivery system, reservoirs based on versatile

polymers have been studied for more than 50 years. One of

the most popular polymers investigated is poly(lactic-co-glycolic

acid) (PLGA), which has been approved by U.S. Food and Drug

Administration (FDA) for clinical use and drug delivery owing to its

superior biocompatibility and biodegradability [4,5]. PLGA-based

implants not only provide a long-acting delivery of peptides and

proteins, but also efficiently protect them from the harsh environ-

ment in vivo, such as abundant enzymes and unfavorable pH. The

first development of PLGA-based products can be traced back to

1986, when the injectable suspension of PLGA microspheres were

approved for prostate cancer treatment [6]. Afterwards, dozens

of products based on PLGA have reached clinical trials or even

the market. It is noteworthy that marketed PLGA implants are

not merely developed for delivery of peptides and proteins, small

molecular chemicals, such as risperidone and dexamethasone, are

also formulated for long-acting therapy.

In this review, we aim to introduce the fundamental properties

of PLGA, and summarize the current status of PLGA implants, fab-

rication technologies of peptides/proteins-loaded PLGA devices, as

https://doi.org/10.1016/j.cclet.2023.108250
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Fig. 1. The hydrolysis degradation process of PLGA implant in vivo. m and n indicate the number of glycolic acid and lactic acid unit in the polymer, respectively. The l-lactic

acid could be metabolized into CO2 directly while the glycolic acid needs to be transformed to pyruvate before processing by mitochondria to enter the Krebs cycle. The

final product is only CO2 that is excreted from the lung.

well as factors influencing the drug release processes. We hope this

review can help to encourage and inspire formulation development

and optimization for sustained delivery of protein drugs.

2. Fundamental properties

PLGA is a kind of polyester made of two types of poly-

mers, polylactic acid and polyglycolic acid. By adjusting their

compositions, such as the ratio of polylactic acid to polyglycolic

acid and molecular weight, the drug release kinetic, degradation

as well as the encapsulation efficiency can be well tuned. The

molecular weight of PLGA commonly ranges from 10,000 g/mol to

200,000 g/mol, which is directly related to the degradation rate

of the polymer matrix and the intrinsic viscosity [7]. High in-

herent viscosity compromises the diffusion of encapsulated pep-

tides and proteins, therefore favors the encapsulation efficiency

[8,9]. Lactide-rich PLGA is more hydrophobic than counterparts

with a high glycolic ratio, showing much slower degradation due

to abundant methyl side groups [10]. Exceptionally, the copolymer

of 50:50 ratio exhibits the fastest degradation, which is probably

ascribed to its lowest crystallinity as well as excellent hydrophilic-

ity. Being highly biocompatible and biodegradable, as shown in

Fig. 1, PLGA could be hydrolyzed into lactic acid and glycolic acid

monomers in vivo and further metabolized through tricarboxylic

acid (TCA) cycle, and finally excreted as CO2 and water [11]. Be-

sides, PLGA is soluble in a wide range of solvents, including chlo-

rinated, tetrahydrofuran, and ethyl acetate, making it favorable in

manufacturing [12].

To further functionalize PLGA, polyethylene glycol (PEG) has al-

ways been adopted to conjugate to PLGA as diblock (PLGA-PEG)

and triblock molecules (PLGA-PEG-PLGA or PEG-PLGA-PEG) [13,14].

The layer of PEG could perform as a barrier to protect the drug

matrix from interactions with foreign molecules. Nevertheless, the

encapsulation efficiency would be sacrificed, even with the appro-

priate fabrication techniques. In addition to PEG, conjugating other

polymers to PLGA also shows beneficial effects. For example, com-

bining biodegradable photoluminescent polyester (BPLP) with PLGA

provides convenience for photoluminescence imaging [15]. Surface

modification of PLGA particles with hydrophilic molecules, such as

polyethylene glycol, has been suggested to circumvent particles’ ac-

cumulation in the liver and enhance circulation time [16]. Besides,

PLGA-based reservoirs allow the cooperation with other nanotech-

nologies such as lipids and exosomes, forming novel delivery vehi-

cles which could improve the loading efficiency of drug payloads

and biocompatibility [17–23].

3. PLGA-based implants reaching clinical trials or market

As PLGA has shown excellent safety and great potential to

provide sustained drug release for drug products and tissue

engineering scaffolds, more than twenty PLGA-based products

have been approved by FDA since 1986, including microparticles,

injectable in-situ hydrogels, and surgical solid implants [24]. Fig.

2 presents the approval timeline of implanted PLGA products

for drug delivery in recent thirty years [6,25,26]. Decapeptyl R©
was the first injectable, biodegradable microparticle depot sys-

tem introduced by Debiopharm into the European market for

prostate cancer treatment. The active pharmaceutical ingredient

(API), triptorelin, is a synthetic decapeptide agonist analog of

luteinizing hormone releasing hormone (LHRH). Later in 1989, FDA

approved PLGA microspheres (Lupron Depot R©) as an alternative

treatment for advanced prostate cancer, which contained synthetic

nonapeptide (leuprolide acetate/leuprorelin) as one of the initial

products for sustained peptide delivery. In recent ten years, im-

planted PLGA products Bydureon R© and Signifor R© LAR have been

approved in 2012 and 2014 respectively for long-acting peptides

2
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Fig. 2. Timelines of injectable/implantable PLGA-based products in market. The Decapeptyl R© is the first clinically approved PLGA product in the market developed by Ipsen

pharmaceutical. Effective component and the indication for each product are mentioned on branches. Peptide/protein products are highlighted with yellow background.

delivery. Bydureon R© is comprised of PLGA microparticles that

encapsulate exenatide for antidiabetic usage and needs to be ad-

ministered subcutaneously. Signifor R© LAR is a pasireotide-loaded

PLGA microparticle suspension for treating Cushing’s disease

and acromegaly. After re-suspension, immediate intramuscular

injection in the gluteus is required.

Inspired by the successful marketing of PLGA products, more

PLGA-based implants have paved their way to clinics in recent

years. According to ClinicalTrails.gov [27], more than thirty trials

are completed or still ongoing with different clinical phases (Table

1). The purpose of these clinical trials is either to explore exist-

ing products on other indications or to investigate the potential of

PLGA implants for sustained delivery of newly approved therapeu-

tic agents. NCT04094298 is an ongoing phase III trial for assess-

ing the overall safety and tolerability of TA-ER/FX006, which con-

tains triamcinolone-loaded PLGA microsphere to treat rotator cuff

disease. CEB-01 is a newly developed antineoplastic PLGA mem-

brane loaded with SN-38 and could be implanted on resection sur-

faces infiltrated by tumor cells. During the phase I clinical trial

that started in 2020, the safety and tolerability will be evaluated

in patients with recurrent or locally advanced retroperitoneal soft

tissue sarcoma after surgery (NCT04619056). Somatuline R©, PLGA-

based injectable microparticle, which has been approved by FDA

to treat acromegaly in 2007, was introduced in a phase II clini-

cal trial for unresectable and/or metastatic Merkel cell carcinoma

treatment.

4. Fabrication technologies for PLGA-based implants

PLGA-based implants have various forms, such as implanted mi-

crospheres/nanoparticles, injectable in-situ hydrogels, and solid im-

plants. And their characteristics, including advantages and draw-

backs are summarized in Table 2. The main differences between

these implants lie in preparation methods, production expenses,

administration route, drug loading and patients’ compliance. By far,

various technologies have been developed to fabricate these im-

plants.

4.1. Preparation of PLGA microparticles and nanoparticles

Polymer microparticles (MPs) are defined as particles of any

shape with particle sizes ranging from 100nm to 100μm while

nanoparticles (NPs) are particles smaller than 100nm [16,28]. Ow-

ing to their capacity of suspending in aqueous solutions, implanted

MPs/NPs can be injected without anesthesia, which largely im-

proves patients’ compliance [29]. According to the physicochemical

feature of loaded peptides/proteins and PLGA copolymer, various

techniques have been applied to prepare peptide/protein-loaded

MPs/NPs. The conventional methods include emulsification-solvent

evaporation, spray-drying, nanoprecipitation, and phase separa-

tion, while novel fabrication techniques, such as microfluidic ap-

proaches and PRINT technology, have been also developed in re-

cent decades (Fig. 3). Among marketed products, Sandostatin R©
and Bydureon R© are manufactured through coacervation, while

Somatuline R© Depot and Trelstar R© are fabricated by spray drying

technology. Besides, Signifor R© LAR as well as Lupron Depot R© in-

volve the emulsification-solvent evaporation technology.

4.1.1. Emulsification-solvent evaporation

As the most common method to prepare peptide/protein-loaded

MPs/NPs, emulsification-solvent evaporation methods can be cate-

gorized into single and double emulsion solvent evaporation meth-

ods (Fig. 4). Polyvinyl alcohol (PVA) is frequently used as the sur-

factant or stabilizer as it could be removed conveniently [30,31].

Oil-in-water (O/W) emulsification is a typical example of the sin-

gle emulsion process. Briefly, the polymer is firstly dissolved in

an organic solvent that is water-immiscible and volatile, such as

dichloromethane (DCM). The drug is then added to the organic

phase to produce a dispersion before adding PVA aqueous solution

for emulsion at the appropriate temperature with stirring. Single

emulsion solvent evaporation method is commonly utilized for en-

capsulating small molecular hydrophobic chemicals or hydrophobic

peptides, while water-in-oil-in-water (W/O/W) methods are pre-

ferred to encapsulate water-soluble peptides/proteins. For instance,

proteins are dissolved in deionized water and then added to the

3



F. Hu, J. Qi, Y. Lu et al. Chinese Chemical Letters 34 (2023) 108250

Table 1

Completed and undergoing clinical trials on injectable/implantable PLGA formulations in twenty years.

NCT numbera Title Administration

method

Start time Status

NCT01729195 Ankle Syndesmosis Fixation by Antibiotic Releasing

Bioabsorbable Screw

Implantation 2006.03 Phase II

NCT01352091 Adjuvant AI Combined with Zoladex Subcutaneous

injection

2008.05 Phase III

NCT01246401 Naltrexone for Opioid Dependent Released Human

Immunodeficiency Virus Positive (HIV+) Criminal Justice

Populations (NewHope)

Intramuscular

injection

2011.03 Phase

I/Phase II

NCT01556425 The Separate and Combined Effects of Vivitrol and Opiate

Abstinence Reinforcement in the Treatment of Opioid

Dependence

Intramuscular

injection

2012.5 Phase II

NCT01681381 Evaluate Safety and Effectiveness of The Tivoli R© DES and The

Firebird2 R© DES For Treatment Coronary Revascularization

Implantation 2012.09 Not

applicable

NCT01753089 Dendritic Cell Activating Scaffold in Melanoma Implantation 2013.06 Phase I

NCT02017275 Comparison of BuMA eG Based BioDegradable Polymer Stent

with EXCEL Biodegradable Polymer Sirolimus-eluting Stent in

"Real-World" Practice (PANDA-III)

Implantation 2013.11 Phase IV

NCT02578069 First-in-man Trial Evaluating the Safety and Efficacy of the

NOVA Intracranial Stent (NOVA Trial) (NOVA)

Implantation 2015.04 Not

applicable

NCT02351128 Treatment of Unresecable and/or Metastatic Merkel Cell

Carcinoma by Somatostatine Analogues (PHRC-Merkel)

Subcutaneous

injection

2015.04 Phase II

NCT02409849 Octreotide LAR as Maintenance Treatment for Patients With NEC Intramuscular

injection

2015.04 Phase II

NCT02559973 Pharmacokinetics, Safety, and Tolerability of Depot

Buprenorphine at Three Different Molecular Weights in

Treatment-Seeking Subjects with Opioid Use Disorder

Subcutaneous

injection

2015.09 Phase I

NCT02568527 Biodegradable Synthetic Scaffold as a Substitute for hAM in

Limbal Epithelial Cells Transplant in LSCD Patients

Implantation 2015.10 Not

applicable

NCT02621489 Effects on Re-endothelialisation With Bydureon Treatment in

Type 2 Diabetes Subjects (Rebuild)

Subcutaneous

injection

2015.12 Phase IV

NCT03401216 StEnt Coverage and Neointimal Tissue Characterization After

eXtra Long evErolimus - Eluting Stent imPlantation

Implantation 2017.03 Not

applicable

NCT04082962 Dexamethasone Implant (OzurdexTM) for Retinal Detachment in

Uveal Melanoma

Implantation 2018.04 Phase I

NCT04094298 Use of Extended Release Triamcinolone in the Treatment of

Rotator Cuff Disease (TA-ER/FX006) (microspheres)

Implantation b 2019.07 Phase III

NCT05475444 PLGA Nanoparticles Entrapping Ciprofloxacin to Treat E-Fecalis

Infections in Endodontics

Implantation 2020.03 Not

applicable

NCT04619056 First-in-man Clinical Trial of CEB-01 PLGA Membrane in

Recurrent or Locally Advanced Retroperitoneal Soft Tissue

Sarcoma

Implantation 2020.06 Phase I

Note: Trails listed here are found from ClincalTrails.gov and in chronological order of the actual start time [27]. Products listed here include long-acting injectables and

PLGA-based scaffold for implantation.
a NCT number represents the identifier of each trail from ClinicalTrails.gov.
b TA-ER is injected into the subacromial space with the guidance of ultrasound.

Table 2

Characteristics of various PLGA-based implants.

Implant form Advantage Drawback

Implantable

MPs/NPs

Minimally invasive

Facile administration

Low tissue responses

Good patients’ compliance

High initial burst

Organic solvent residues

Low encapsulate efficiency

Unable to manage withdrawal

High production cost

In situ implants Minimally invasive

Good patients’ compliance

Economic

Facile preparation and storage

High initial burst

Toxicity of organic solvents

High viscosity may restrict administration

Solid implants Economic

Easy of withdrawal

Easy storage

High encapsulation efficiency

Surgery required

Poor patients’ compliance

Denaturation of proteins during preparation

organic phase containing PLGA. The primary emulsion is added to

the PVA aqueous solution to further emulsify at appropriate con-

ditions. The organic solvent, either from single or double emulsion

methods, could be evaporated or extracted. The prepared MPs/NPs

are then separated by ultracentrifugation and freeze-dried. The size

of final particles and encapsulation efficiency could be adjusted by

altering emulsify condition, solvent and the stirring rate [32]. The

structure of MPs could be tuned by adjusting protein concentra-

tion in the aqueous phase. In a study conducted by Zhang et al.,

high bovine serum albumin (BSA) content usually leads the forma-

tion of porous microspheres while low BSA content confer a hol-

low porous structure [33]. In addition to peptides and proteins, the

double emulsion method has been extensively utilized for fabricat-

ing NPs for anticancer therapies. It has been evidenced that the

hemin and lipoxidase co-loaded CaCO3-encapsulated PLGA nanore-

actor (HLCaP NRs) could suppress the growth of residual tumors
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Fig. 3. Fabrication technologies for PLGA MPs/NPs and the corresponding character-

istics.

using tumor debris as the fuel [34]. A PLGA-based nanocarrier has

been developed for transporting Na+ and Cl− to induce apoptosis

via W/O/W double emulsion, which shows great potential to elim-

inating cancer cells [35].

4.1.2. Spray-drying

Unlike the emulsion method that requires precise and com-

plicated control for high encapsulation efficiency and mass pro-

duction, spray-drying is suitable for scalable industrial production

with a few process parameters such as the orientation of jets, and

material flow rates as well as the rate of solvent extraction [36].

Hydrophobic drugs are usually dissolved in organic solvent such

as DCM, while hydrophilic proteins are dissolved in aqueous sol-

vent before emulsified with polymer-containing organic solution.

Then, the water-in-oil emulsion is subjected to a hot gas stream

for solvent evaporation. The feed rate and the temperature dur-

ing the solvent evaporation influence the morphology of obtained

PLGA particles [37]. However, the high temperature often leads to

the denaturation and aggregation of proteins which usually occurs

at the water/oil interface. As a result, solid-in-oil dispersion has

been applied as an alternative method during the spray drying

due to the relatively high stability of dehydrated proteins in neat

organic solvents and their thermostability [38]. Additionally, PEG

could form complexes with proteins in pure DCM directly without

introducing water, facilitating the production of low-initial-burst

PLGA microparticles using spray drying [39].

4.1.3. Nanoprecipitation

Nanoprecipitation is one of the most popular methods for

NPs fabrication and has also been used for preparation of pep-

tide/protein encapsulated PLGA NPs in past years. Commonly, PLGA

polymers are dissolved in water-miscible organic solvent while the

protein drug is added to the aqueous solution containing emulsi-

fiers. The polymer solution and the drug are diffused to the aque-

ous solution dropwise under constant agitation. The organic sol-

vent such as acetone could be easily removed by reduced pressure

evaporation. The particle size of NPs obtained by nanoprecipitation

is usually around 200nm which is smaller than the counterparts

produced via other approaches [40]. The most critical parameter

for this methodology is the solvent miscibility, while solvent with

good solubility in water often produces NPs with smaller size. The

size and drug loading efficiency could be tuned either by adjust-

ing the rate of polymer addition or the stirring speed [41]. Unfor-

tunately, owing to the hydrophilicity nature of protein drugs, the

encapsulation efficiency of this technique is always limited.

4.1.4. Phase separation

Phase separation, also called coacervation, fabricates

peptide/protein-loaded PLGA MPs by liquid–liquid phase sepa-

ration. Briefly, PLGA polymers are dissolved entirely in the organic

solvent, and the protein drugs in solid form are then added.

Fig. 4. The schematic illustration of the single emulsion solvent evaporation method (a), and double emulsion solvent evaporation (b).
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Fig. 5. The schematic illustration of microfluidic devices for fabricating PLGA

MPs/NPs via T-junction microfluidic device (a), co-flow microfluidic device (b), and

flow-focusing microfluidic device (c). Arrows with real lines indicate continuous

phases, and arrows with dashed lines represent disperse phases.

Afterwards, silicon oil is added into the primary dispersion at a

defined rate to decrease the solubility of PLGA, which induces

the coacervation. The PLGA-rich phase encapsulates surrounded

protein molecules to form microspheres, which finally solidify by

transferring into a heptane medium to remove solvents. Rinsed by

water, the collected MPs are sieved and dried to obtain the final

product. For example, protein diphtheria tocoid was encapsulated

by this technique [42]. It is noteworthy that encapsulation effi-

ciency of peptides/proteins is subject to the compatibility between

the PLGA and the coacervation agent [6].

4.1.5. Microfluidic approaches

The emerging microfluidic technology is a versatile alternative

to conventional methods for producing uniform PLGA MPs/NPs.

Different materials could be used on microfluidic devices, such as

glass, silicon, perfluoropolyether, polydimethylsiloxane (PDMS), and

polymethyl methacrylate (PMMA) [43,44]. Small volumes of flu-

ids ranging from microliters to picoliters are driven through mi-

crochannel networks with various shapes, including the T-junction

channel, the co-flow channel, and the flow-focusing channel (Fig.

5). Immiscible continuous and dispersed phases are injected at in-

dependent entrances and then confined into isolated droplets or

narrow streams. The size and chemical composition could be al-

tered by controlling the flow rate and the formulation of con-

stituent fluid separately. Particles are assembled at the intersec-

tion of channels due to the high shear force. The advantages of

microfluidic method include high production efficiency, low cost

and facile operation. It allows precise control of fabrication of

peptide/protein-loaded MPs from small amount to large-scale [45].

Besides, the electrostatic forces could be incorporated into mi-

crofluidics to control the morphology of drug-loaded particles [46].

To achieve the demand of mass production, some improvements

have been adapted for microfluidic methodology. For instance,

chips containing multiple droplet generators and a single droplet

generator with multiple layers of geometry structure are used to

improve the production efficiency [47,48].

4.1.6. PRINT technology

Particle replication in non-wetting templates (PRINT) was firstly

introduced in 2005 and is a continuous top-down technology to

produce monodisperse MPs/NPs with precise structure [49]. A non-

wetting elastomeric mold containing wells or cavities of prede-

fined shape and size is pressed against the cargo-containing poly-

mer solution on another non-wetting surface. After solidification

by altering pressure or temperature, particles with sizes ranging

from 80nm to 20μm could be recovered with various structures

using the adhesive film (Fig. 6). Generally, the PRINT technology

utilizes perfluoropolyether (PFPE) material to make template mold

due to its low toxicity and organic-solvent-tolerant capacity. Be-

sides, the inherits minimal surface energy of PFPE facilitates the

detachment of particles from the mold surface. It prevents the

overflow on non-cavity regions, leading to the formation of well-

isolated MPs/NPs. Similar to microfluidic approaches, PRINT tech-

Fig. 6. Particle replication in non-wetting templates (PRINT) technology. A non-

wetting elastomeric mold containing predefined cavities is pressed against the

cargo-containing polymer solution on another non-wetting surface. After the so-

lidification by altering pressure or temperature, particles could be recovered by ap-

plying the adhesive film.

nology could easily achieve the translation from laboratory to mar-

ket as it is compatible with GMP requirements [50].

During preparation of the PLGA-based MPs/NPs, the active pro-

tein ingredients are encapsulated by dissolving into the organic or

aqueous solution, using ultrasonic devices or high shear homog-

enization. Moreover, the desired peptide/protein could be loaded

to the blank particles by incubation overnight under defined con-

ditions at 4 °C. The protein-absorbed MPs/NPs could be further

separated from free protein solution by ultra-centrifugation or gel

filtration. Then the particle pellets are ready for washing and

lyophilization prior to use.

4.1.7. Characterization

To characterize physical/chemical properties of fabricated

protein-loaded particles, a variety of analytical tools are em-

ployed. Nuclear magnetic resonance (NMR) and differential scan-

ning calorimeter (DSC) are applied to analyze the solid state of

PLGA polymer as well as the ratio of lactic and glycolic acids and

end groups. Optical microscopes help to obtain a quick overview

of the size and shape of the PLGA particles, while scanning elec-

tron microscopy (SEM) could further determine the surface mor-

phology and structure. Porosity analyzer can be utilized to deter-

mine the pore size and pore distribution on MPs/NPs. The confor-

mational structure and the distribution of protein drugs loaded in

the matrix could be detected by Raman spectroscopy. The high-

performance liquid chromatography (HPLC) and ultra-performance

liquid chromatography (UPLC) help to characterize and quantify

the released/degraded effective components. To quantify loaded

peptides or proteins, the UV–visible spectrophotometer, HPLC and

other methods could be involved. And sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) can help to inves-

tigate the structural integrity of peptide/protein drugs [30].

4.2. PLGA-based in situ forming gels

In-situ forming implant (ISFI) systems are described as polymer-

based systems initially comprised of the liquid solution which

can be solidified after being administered subcutaneously or in-

tramuscularly [51]. Peptide/protein drug is dissolved or suspended

in a concentrated solution of PLGA polymer and water-miscible

biocompatible solvent. The active component could be entrapped

within the polymer matrix during the precipitation when the or-

ganic solvent dissipates into the surrounding external aqueous

body fluids. According to the mechanism of solidification, ISFI sys-

tems have been classified in cross-linking systems [52], in-situ so-

lidifying organogel systems [53] and the widespread in-situ phase

6
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separation systems [54]. Thanks to its facile manufacture, en-

hanced patient compliance and economic benefits, a few PLGA-

based ISFI products for sustained peptide/protein release have

been introduced to the market, such as Eligard R©, Lupron DepotTM,

and Sandostatin LAR R©. Eligard R© is designed to deliver leuprolide

acetate subcutaneously for prostate cancer treatment [55]. With

the same component, Lupron DepotTM works as an intramuscu-

lar ISFI product offering variable dosing regimens for treating ad-

vanced prostate cancer. Lupron Depot-PedTM is another commer-

cially available product of Lupron DepotTM for the treatment of

central precocious puberty in 1–3 months infants [56]. Sandostatin

LAR R©, loaded with octreotide, is prescribed as a monthly intra-

muscular ISFI product to control the growth hormone levels and

the gastrointestinal hormone secretions [57].

Solvents employed in AtriGel R© range from hydrophilic solvents

(i.e., dimethyl sulfoxide, N-methyl-2-pyrrolidone (NMP), tetra gly-

col, and glycol furol) to hydrophobic solvents (i.e., ethyl acetate, tri-

acetin, and benzyl benzoate). The lyophilized drug-containing pow-

der is commonly filled in one syringe and necessitate mix with

the polymeric solution (PLGA/NMP) present in the other syringe to

form a homogeneous combination before administration [58–60].

Compared with MPs/NPs, PLGA-based ISFI systems have distinct

properties which need to be well characterized. Generally, the clar-

ity test apparatus could be utilized to determine the presence of

undesirable components in the ISFI formulation, while viscosity

and rheology can be assessed using Brookfield rheometer or other

type of viscometers as ISFI systems with suitable viscosity should

guarantee no difficulties during its administration to patients. The

syringeability is a key mechanical parameter to be considered dur-

ing the preparation of ISFI system and could be evaluated via the

texture profile analyzer. Moreover, the gel strength is an important

indication of the system viscosity under physiological conditions

to describe the stiffness of gel networks, which could be measured

by Rheometer. Ideal gel strength contributes to easier control of

the drug release owing to the none leakage from the injection site

[61,62]. The hardness is determined as the maximum compres-

sion force to deform the sample [63]. Low hardness express good

spreadability and easy administration of the system, while ISFI for-

mulations with high hardness, adhesiveness and cohesiveness dis-

play a slow and controlled drug release.

4.3. PLGA-based solid implant

As an alternative to the solvent-based production methods,

PLGA materials are moldable via thermal processing in solid and

melt state. Not only for small-scale fabrication, this solid-based

formulation technology is also suitable for industrial production

owing to its high throughput and continuous operation without

compromising the encapsulation efficiency. Generally, proteins are

loaded into PLGA particles before or during the sintering pro-

cessing prior to assembling together into implantable devices. The

melting temperature (Tm) and glass transition temperature (Tg) of

PLGA copolymer depend on the percentage of glycolic acid, with

the range of 80–160 °C and 33–60 °C, respectively [64]. The 50:50

PLGA which exhibits the lowest Tm and Tg has been widely ap-

plied for thermal processing [12]. Nevertheless, elevated temper-

ature and pressure may lead to the denaturation or aggregation

of peptide/protein components. Viscosity modifiers such as PEG

or sugars could help to decrease the required temperature during

the molding. For instance, a novel PLGA/PEG scaffold loaded with

BMP-2 allows a reduced production Tg around 37 °C. It provides a

promising surgical tool for bone tissue engineering of craniomax-

illofacial repair [65].

Hot-melt extrusion (HME) has been predominately used in pep-

tide/protein encapsulation by melting the mixture of API and solid

PLGA with conveying screw until it is forced through a die and so-

lidified [66]. To avoid the detrimental effects brought by high shear

force and high temperature during the HME process, solid proteins

have better performance on maintaining correct conformation than

proteins in aqueous state. When water is removed, Tg shifts from

the limited 30 °C to 130–185 °C, which is beneficial for fabricating

solid state implants due to the restricted molecular motion [67].

There is also risk of thermal-induced acylation or thioester forma-

tion between PLGA and the surface residues of protein during melt

processing [68]. To achieve the stabilization of protein structure,

additives such as PEG or sugar align along the protein/polymer in-

terface to shield the protein from the hydrophobic polymer melt

[69].

Ghalanbor et al. have proved that lysozyme, a widely utilized

model protein, could be completely released from different formu-

lations while the release rate was controlled by the protein loading

and additives. And DSC results indicated that the protein confor-

mation conserved at 105 °C during the extrusion, which is lower

than the denaturation temperature 204 °C. The spectra of 25%

lysozyme loaded into implant was comparable to the raw lysozyme

power. As a consequence, there was no evidence for any denatura-

tion or aggregation of protein during the molding process [70].

PLGA-based implants have also been explored to delivery vac-

cines as well as therapeutic proteins (e.g., antibodies) recently. For

instance, HPV vaccines can be encapsulated in PLGA matrix using a

bench top melt-extrusion equipment. It was reported that the im-

munogenicity of protein conjugate HPV-Qβ was well-maintained

during the melt extrusion process. The titer of IgG generated by

single-dose HPV-Qβ/PLGA implant was comparable to traditional

soluble vaccines [71]. Efforts have been devoted to combining

HME with 3D printing method to produce protein-loaded devices

for achieving tissue engineering and drug delivery simultaneously

[72–74]. Recently, Carlier et al. developed a monoclonal antibod-

ies (mAbs)-loaded 3D-printed PLGA implant. The mixture of PEG,

PLGA and mAb power was extruded into printable filaments to

feed 3D printer. The stability of mAb against thermal degradation

has been improved by using a lower amount of l-leucine in the

formulation. Additionally, d-(+)-trehalose dihydrate and l-leucine

help the proteins maintained in small molecule and high released

feasibly. Thus, despite the relative high temperature during the ex-

trusion and printing process (90 and 105 °C), over 70% of binding

capacity of mAb was maintained up to 24h after dissolution [72].

5. Encapsulation efficiency, drug release and influencing factors

5.1. Encapsulation efficiency (EE%) of PLGA-based implants

EE% is one of important parameters for long-acting delivery sys-

tems. Commonly, the EE% of peptides/proteins in implants is in-

fluenced by the fabrication technologies, constituents, and prop-

erties of PLGA polymers. For example, the EE% in PLGA NPs/MPs

prepared by emulsion methods is always limited, and predomi-

nately affected by stirring rates and solvents [5]. However, replac-

ing the external water phase in W/O/W emulsification with an oil

phase immiscible with the polymer organic phase can prevent the

protein diffusion and further facilitate encapsulation [75]. Com-

pared with emulsion methods, the spray-drying and microfluidic

approaches could enable a relative high EE%, while the nanoprecip-

itation always confers a low EE%. To achieve a high encapsulation,

an adaption has been reported, with a first protein nanoprecipita-

tion followed by a second precipitation of PLGA [76].

During the emulsification, the immiscibility of the organic sol-

vent could affect the initial extraction of PLGA and thus EE%. For

instance, MPs prepared with DCM display a higher EE% than coun-

terparts made with ethyl acetate [77]. The removal of solvent also

affects the encapsulation efficiency. A rapid process favors a high

encapsulation. According to the Cho’s research, EE% varied from
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10% to 75%, which ethyl acetate quenching time was tuned from

45min to 5min [78]. Appropriate excipients such as stabilizers

could also contribute to the high encapsulation. With the addi-

tion of dextran sulfate sodium (DSS) and diethyl phthalate (DEP),

the EE% of octreotide acetate in PLGA could be enhanced to 90%

[79]. In contrast, surfactants such as poloxamer 188 and 331 may

compromise the encapsulation of proteins [80]. In addition to the

additive type, additive concentration impact drug encapsulation as

well. It has been reported that PVA concentration at 1% (w/v) pro-

vides the highest EE% compared with ones at 0.5% and 2% (w/v)

[81].

The fundamental properties of PLGA polymers also play an im-

portant role in encapsulation efficiency. It has been observed that

NPs formulated with PLGA with the molecule weight of 80 kDa

have the highest EE% of 98% among others [82]. This is mainly

ascribed to the fact that high intrinsic viscosity of PLGA polymer

could enhance the encapsulation process by decreasing the diffu-

sion of peptide/protein molecules [9]. Besides, the presence of un-

capped carboxylic end groups of PLGA could enhance EE% by the

ionic interaction between negatively charged carboxylic acids and

positively charged proteins [82]. And conjugating PLGA with PEG

usually results in the reduction of EE%, which is mainly due to the

steric hindrance on protein–polymer interaction [83].

5.2. Drug release of PLGA-based MPs/NPs

5.2.1. Polymer-related factors

It has been well acquainted that encapsulated peptides and pro-

teins can be released from PLGA matrix by diffusion and erosion

[84]. Any factors that influence the degradation of PLGA can af-

fect drug release. Therein, the primary characteristics needed to

be considered are the lactide/glycolide (L/G) ratio and molecular

weight. In detail, they could impact the hydrophilicity, hydration

rate and Tg of the PLGA polymer. Polylactide displays slower degra-

dation than polyglycolide, owing to its less hydrophilicity. There-

fore, high lactide/glycolide (L/G) ratio confers a slow degradation of

PLGA, and thus a long drug release duration. Besides, PLGA poly-

mers with larger molecular weights demonstrate a longer drug re-

lease duration than counterparts with smaller molecular weights

[85,86]. The melting point and the degree of crystallinity are both

directly related to the molecular weight [10]. Another factor that

could influence degradation is the end group of PLGA copolymer.

For instance, the presence of free carboxylic acid moieties will im-

pact the water uptake and accelerate the rates of hydrolysis and

erosion, which shortens drug release period [87]. Therefore, the

drug release rate and duration in implants are commonly impacted

by a variety of processes including the surface diffusion, surface

erosion, bulk diffusion, bulk erosion and drug dissolution. Gen-

erally, the drug release of peptides and proteins often follows a

biphasic curve which is consisted of an initial burst followed by a

progressive drug release phase.

The release of peptides and proteins from the polymer ma-

trix can be influenced by the interaction between polymers and

drugs, as well. It has been reported that positively charged pep-

tides loaded in a negatively charged polymer matrix show slow-

release profiles over a long period [88]. Besides, peptides and pro-

teins can be acylated during the degradation process, which leads

to the formation of peptide-PLGA adducts by involving the nucle-

ophilic attack process between peptide residues and electrophilic

carbonyl groups [89]. Newly formed covalent bonds between pep-

tides and PLGA can sustain the release of peptides and proteins,

as well [90]. Strategies have been applied to minimize the com-

promised drug release associated with acylation. Additives such as

sodium do-decyl sulfate (SDS), dextran sulfate A (DSA), and dex-

tran sulfate B (DSB) could mask the reactive nucleophile amine of

octreotide, forming reversible hydrophobic ion-pairing (HIP) com-

Fig. 7. The illustration of microspheres with different morphologies and the drug

release rates. Light yellow spheres in the figure represent peptide/protein drugs

loaded into PLGA microspheres. The lengths of arrows indicate the duration of var-

ious drug release stages.

plex [91]. While additional water-soluble dicationic salts, such as

Mn2+ and Zn2+, could inhibit acylation by shielding the binding

sites on PLGA and peptide/protein drugs [92]. Besides, PEGylation

of peptides and proteins has been also reported to reduce the acy-

lation [93].

5.2.2. Protein-related factors

The denaturation and aggregation of peptides and proteins are

commonly thought to be the important factors that confer a sus-

tained and even incomplete release [94]. It has been reported

that the interfacial force between the water and organic phase in-

duces the denaturation and aggregation of peptides and proteins

[95]. Proteins containing intermolecular antiparallel beta-sheets are

vulnerable to the hydrophobic absorbent from the oil/water in-

terface [96]. To combat this, various strategies have been devel-

oped. For instance, Hong et al. have introduced a hydrophilic oil

phase to reduce the hydrophobicity as a novel W/O/Oh/W emul-

sion to formulate long acting injectable PLGA-based microspheres

[97]. Stabilizers such as surfactants could also be applied to protect

proteins from denaturation [98]. Besides, a solid-in-oil-in-water

(S/O/W) emulsion has been reported, formulating peptide/protein

as 1–10μm freeze-dried bulk powder to prevent the conforma-

tional change [99,100].

5.2.3. System-related factors

Other factors, such as size and morphology, can contribute to

the degradation and drug release duration [101]. According to Siep-

mann et al.’s results, the diffusion pathways’ length increases when

the average diameter increases from 7.2 μm to 53μm, leading to a

decrease in the drug release rate [102].

The morphology of implanted MPs/NPs may impact the diffu-

sion pathway, and thus affect stages during the drug release pe-

riod. Ma et al. prepared microspheres with various morphologies

and loaded BSA as the model protein (Fig. 7). And their results re-

vealed that the macroporous microspheres and conventional solid

microspheres have the highest initial burst and rapid release rate,

due to large pores and surface absorption, respectively [103]. For

hollow microspheres, BSA was released with an initial burst from

the shell followed by a much slower second burst for 60h, and

85% of drug was released in the third stage. For hollow-porous mi-

crospheres, the initial burst was controlled within 20% and most

BSA followed a slower linear release profile from the interior by

diffusion due to the concentration gradient. It has been evidenced

that the severe initial burst induced by surface-enrichment parti-

cles could be tuned by different preparation methods [104].
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Extreme environmental factors also threaten the integrity of

drug-loading PLGA particles, and thus affect drug release. In gen-

eral, microspheres are stable in about 12 months below glass tran-

sition temperature. It has been proposed that humid conditions

and elevated temperature could influence the chain mobility and

lead to a different glass transition temperature, therefore introduce

to undesirable drug release behavior. In contrast, low storage tem-

perature brings negligible physical change with time [105,106].

5.3. Drug release of PLGA-based in situ gels

Distinct from PLGA MPs/NPS, the drug release process of the

ISFI systems typically involves three stages, that is, an initial burst

during the solidification, a second stage via diffusion, and subse-

quent drug release via erosion of the polymeric matrix [107].

The solidification relies on the kinetics of the exchange be-

tween the solvent and non-solvent (i.e., body fluids). This phase

inversion dynamics and the initial burst drug release can be con-

trolled by altering the composition of the ISFI system. Liu et al.

pointed out that the hydrophilicity of the polymer is negatively

correlated to accelerate phase inversion and drug release [108]. In

contrast, highly hydrophobic PLA copolymer without glycolic acid

could form a highly porous structure and undergo faster precip-

itation. And the solubility, diffusivity, dissociation constant, and

molecular weight of studied drug can influence the initial burst re-

lease, as well [109].

The subsequent diffusion stage mainly relies on the physio-

chemical properties of active component, the polymer and the

morphology of the matrix. Polymers with lower molecular weight

and more flexible polymeric chain allow higher diffusivity of pep-

tides and proteins in the system. Studies conducted by Mittal

et al. revealed that the diffusion of drug through PLGA with low

molecular weight followed zero-order kinetics, while drug dif-

fusion through PLGA with higher molecular weight followed a

Higuchi model with constant diffusion coefficients [110]. In another

study, Ibrahim et al. pointed out that the increasing PLGA concen-

tration and viscosity could reduce the drug release in the diffusion

stage [62].

5.4. Drug release of PLGA solid implants

Similar to microparticle systems, the release profiles and the

stability of proteins released from solid PLGA implants depend on

protein properties, protein loading, protein dispersion as well as

additives [111]. Bulk implants have lower specific surface area than

PLGA MPs/NPs. Therefore, the solid bulk implant requires extensive

water uptake for degradation and elicits pore formation allowing

diffusion of peptides and proteins. Increased protein loading could

confer rapid release because abundant proteins are localized at the

surface layer and released during the early hydration and degrada-

tion phases. Noteworthily, incorporation with additives such as hy-

drophilic porogens, can accelerate the release of peptides and pro-

teins. The basic metal salts could neutralize the acid environment

during the PLGA degradation, and attenuate the aggregation of pro-

teins, allowing the fast diffusion of monomeric proteins through

the implant [70]. The aggregation can also be adjusted by control-

ling initial particle size of solid protein before melting with PLGA

[69]. Besides, modified protein with amphiphilic or hydrophobic

moieties exhibits higher release rate [112].

6. Challenges and future perspectives

With the rapid advancement of biotechnology, the role of

peptides and proteins in diagnostic, therapeutic and preventive

medicine is increasing. However, most of commercial peptides and

proteins are administrated by repeatedly injection, which compro-

mises patients’ compliance. Concert efforts have been devoted to

develop novel drug delivery systems for improving bioavailability,

stability as well as targeting efficiency of peptides and proteins,

while PLGA implants have gained more and more interests in re-

cent years. Thanks to their excellent biodegradability and biocom-

patibility, decades of products have been approved for clinical use.

In spite of various technologies developed for fabrication of PLGA

based implants, the obtained PLGA implants are far from satisfac-

tion.

Firstly, the drug loading efficiency of peptides and proteins in

PLGA implants is not adequate. For instance, the nanoprecipitation

technology and phase separation are commonly thought to be un-

suitable for mass production owing to their low encapsulation ef-

ficiency. Although the drug loading efficiency could be tuned by

adjusting parameters, such as the rate of polymer addition, the

amount of dissolved/solid protein that can be loaded into the poly-

mer matrix is limited as both of the methods rely on random in-

corporation of surrounding proteins [41,113]. Secondly, safety issue

remains when organic solvents are involved during the prepara-

tion process. This not only refers to the safety for manufacture,

but also the toxicity of residual solvents. W/O/W emulsification-

solvent evaporation are most commonly utilized for fabricating

peptide/protein-loaded MPs/NPs owing to the relative high encap-

sulation efficiency, whereas the organic solvents such as DCM are

hard to remove completely. Other technologies, such as phase sep-

aration and microfluidic approaches, also suffer from such safety

concern [94].

The instability of proteins becomes another issue associated

with the safety and the cost. Denatured proteins usually lose the

therapeutic efficiency or even trigger dangerous immune response.

During the manufacture, the interfacial force between water and

organic phases may lead to the undesired denaturation. Spray

drying and hot melt extrusion could be alternatives for the or-

ganic solvent-based fabrications. Nevertheless, the inevitable el-

evated temperature is also harmful to the protein conformation.

In addition, extreme environmental factors during the storage and

degradation threaten the stability of peptide/protein-loaded PLGA

implants, as well. Humid conditions and acidic environment would

influence the chain mobility and therefore lead to the protein ag-

gregation and loss of activity [105]. After implanting in vivo, inner

micro environmental pH may change along with the degradation

of polymers, and would confer a degradation and aggregation of

protein drugs.

Another challenge is the initial burst release, which is not only

common in MPs/NPs, but also in situ gels and solid implants. It

has become one of the most intractable safety issues in long-acting

delivery systems for years. Encapsulated peptides/proteins are re-

leased rapidly within a short period following the administra-

tion, which would compress the therapeutic duration, or at worse

threaten lives [9]. This is mainly ascribed to the large pores within

implants and abundant surface absorption of peptides and pro-

teins. Furthermore, the increased protein loading could also lead to

a rapid release as more proteins are localized to the surface layer

[102]. For in situ hydrogels, the initial burst is also associated with

phase inversion dynamics and basic characteristics of the protein

drugs [108,109].

Finally, we believe that the quality of PLGA implants can be im-

proved by overcoming these challenges. For instance, developing

novel biocompatible additives may help to enhance the drug load-

ing of peptides/proteins. Noteworthily, merely pursuing high drug

loading may be inappropriate, as high drug loading are always as-

sociated with staggering burst release. Therefore, pursuing a bal-

ance between the drug loading and burst release may be a fea-

sible optimizing strategy for PLGA implants currently. As organic

solvents are inevitable during the fabrication of PLGA implants, ex-
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ploiting green and safe solvents, such as ionic liquids can also help

to improve the quality of PLGA implants [114–116]. As for indus-

trial manufacture, manufacture methods with tunable output, such

as microfluidics hold the potential to facilitate the economical pro-

duction. By further optimize these methodologies, the quality of

PLGA implants can be further improved, and the total expenses in-

cluding production and storage could be significantly reduced.

In addition, developing more accurate methodologies for char-

acterizing PLGA implants in vitro and in vivo, including degrada-

tion, drug release, etc., can also help to optimize PLGA implants,

and is believed to hold the key to overcome these challenges. By

dissecting the in vitro and in vivo processes of PLGA implants, we

can further grasp the important parameters that influence the ef-

ficiency of peptides and proteins, moreover, find the way to opti-

mize the formulation or fabrication technologies of PLGA implants.

For example, developing biomimetic gel-based systems can help to

accurately investigate drug release and predict long-term perfor-

mance of implants in vitro [117,118]. To explore the in vivo pro-

cess of PLGA implants, radio labeling and fluorescence labeling

may be feasible monitoring strategies, while labeling with absolute

aggregation-caused quenching probes can provide more accurate

results owing to their excellent discrimination from signals of free

probes [119–125]. Finally, we anticipate that PLGA implants can be

an excellent drug delivery system for vaccines, owing to their long-

term drug release. Confronted with the pandemics and potential

recurrent infection of influenza as well as COVID-19, we believe

that PLGA implants are capable of arming us with high titers of

antibodies against these viruses in the long period.
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