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Abstract. 
In recent years, there have been a plethora of nanoengineering approaches for the development of poly(lactide-co-glycolide) (PLGA) nanoparticulate carrier systems. However, overlooking the multifaceted issues in the preparation and characterization of PLGA-based nanoparticles, many reports have been focused on their in vivo behaviors. It is imperative to fully assess technological aspects of a nanoencapsulation method of choice and to carefully evaluate the nanoparticle quality. The selection of a nanoencapsulation technique should consider drug property, nanoparticle quality, scale-up feasibility, manufacturing costs, personnel safety, environmental impact, waste disposal, and the like. Made in this review are the fundamentals of classical emulsion-templated nanoencapsulation methods used to prepare PLGA nanoparticles. More specifically, this review provides insight into emulsion solvent evaporation/extraction, salting-out, nanoprecipitation, membrane emulsification, microfluidic technology, and flow focusing. Innovative nanoencapsulation techniques are being developed to address many challenges existing in the production of PLGA-based nanoparticles. In addition, there are various out-of-the-box approaches for the development of novel PLGA hybrid systems that could deliver multiple drugs. Latest trends in these areas are also dealt with in this review. Relevant information might be helpful to those who prepare and develop PLGA-based nanoparticles that meet their specific demands.
 


1. Introduction
Polymeric nanocarriers find versatile applications in drug solubilization, minimization of drug toxicity, improvement in drug stability, modulation of pharmacokinetics, sustained drug release, targeting, intracellular trafficking, and theranostics [1–5]. Natural and synthetic polymers are being explored as nanoparticle-forming materials [6]. Among them, the most widely used polymers in FDA-approved drug products and medical devices are poly(lactide-co-glycolide) and poly(lactic-co-glycolic acid) [7]. Hereinafter, these polymers are abbreviated as PLGA in text. PLGA-based drug products currently available in the market are implants and microspheres. Physicochemical property, biodegradation rate, and in vivo behavior of PLGA can be altered to fit a particular purpose by manipulating molecular weight, lactic acid : glycolic acid ratio, and end group. Diblock or triblock copolymers, such as PLGA-poly(ethylene glycol) (PEG), PLGA-PEG-PLGA, and PEG-PLGA-PEG, have also been developed to meet the need for better carrier functionality [8, 9].
There are many different emulsion-templated nanoencapsulation techniques used to prepare PLGA nanoparticulate carriers [10–12]. Representative examples are single or double emulsion solvent evaporation/extraction, nanoprecipitation, salting-out, membrane emulsification, microfluidic technology, and flow focusing. Each nanoencapsulation technique has distinct advantages and disadvantages. All these nanoencapsulation methods share a common feature of mixing a PLGA dispersed organic phase (in the form of either bulk or droplets) with antisolvent. Solvent removal is usually performed by evaporation, extraction, and/or combination of both. A newly coined nanoencapsulation term is often proposed to represent the principle of solvent removal.
There are multifaceted issues that need to be considered in the preparation and development of PLGA nanoparticles via emulsion-templated nanoencapsulation methods. In the practice of conventional emulsification, the initial mixing of a polymeric dispersed phase in an aqueous phase takes place at a large scale. This bulk process makes it difficult to prepare homogeneous emulsion droplets and to precisely control the rate of PLGA precipitation. Common limitations arising with general mixing devices are lack of batch-to-batch reproducibility, wide variations in size distribution, and poor drug encapsulation efficiency. A heterogeneous nanoparticle population displays inconsistent behaviors in terms of systemic circulation, biodistribution, drug release, and cellular uptake. Therefore, it is hard to figure out which specific attribute of the nanoparticle population is held accountable for the event of study. There are other challenges in the production of PLGA-based nanoparticles. For example, the type of organic solvent used to dissolve PLGA presents critical issues in terms of emulsification, solvent removal, nanoparticle quality, and redispersibility after lyophilization. These critical attributes are also influenced by a mixing device used to disperse a polymeric dispersed phase in antisolvent. This review covers not only the fundamentals of various emulsion-templated nanoencapsulation methods but also the innovative approaches for meeting challenges in the production of PLGA nanoparticles.
2. Classical Emulsion-Templated Nanoencapsulation Techniques
2.1. Water-in-Oil (w/o) Emulsion Phase Separation/Coacervation
An aqueous drug solution is emulsified in an organic solution (e.g., methylene chloride) in which PLGA is dissolved. A phase inducer (e.g., silicone oil, vegetable oil, or mineral oil), being an antisolvent for PLGA but a solvent for the organic solvent, is added to the w/o emulsion to induce coacervation. Formation of coacervates around the inner aqueous phase and their fusion generate embryonic PLGA particulates. To harden them, the suspension is further treated with an organic solvent (e.g., heptane), which is a nonsolvent for PLGA but a solvent for the dispersed solvent and the phase inducer. EP 2131815 describes the principle of this process and its application in encapsulation of various water-soluble drugs into PLGA particles [13]. This method provides high encapsulation efficiencies toward hydrophilic drugs, due to their insolubility in organic solvents. However, controlling a coacervation step is quite difficult, and this method requires high costs of handling oils in large quantities.

2.2. Oil-in-Water (o/w) Emulsion Solvent Evaporation/Extraction
An o/w emulsion solvent evaporation method involves the following steps: (i) emulsification of a polymeric dispersed phase in an emulsifier-containing aqueous phase; (ii) solvent diffusion from emulsion droplets into the aqueous phase; (iii) solvent removal by evaporation; and (iv) solidification of emulsion droplets into PLGA nanoparticles. Solvent evaporation is usually carried out by continuous stirring at ambient pressure, but its rate can be accelerated under reduced pressure, vacuum, or elevated temperature. Methylene chloride, which has a low boiling point of 39.8°C and negligible water solubility (1.32 wt%), is the preferred solvent of choice. This technique is particularly useful for loading hydrophobic drugs into PLGA nanoparticles.
Prior to emulsification, an emulsifier is added to a continuous phase and/or a PLGA organic solution. Common examples of surfactants and/or stabilizers are polyvinyl alcohol (PVA), didodecyldimethylammonium bromide, polyvinyl pyrrolidone, solutol, polysorbate, poloxamer, carbopol, polyethylene glycol (PEG), sodium dodecyl sulfate, proteins, carbohydrates, lecithin, and PEG-lipid (e.g., PEG-ceramide, d-α-tocopheryl polyethylene glycol 1000 succinate (TPGS)). It is important to notice that the type and concentration of surfactant affect the nanoparticle quality, drug encapsulation efficiency, drug release, pharmacokinetics, and cellular uptake/interaction. Therefore, a surfactant should be selected in consideration of the intended functionality and quality of PLGA nanoparticles.
In the practice of solvent extraction, an excessive amount of a quench liquid (i.e., water) is added into the o/w emulsion, in order to facilitate the quenching of the dispersed organic solvent into the aqueous phase. The amount of water used for solvent extraction usually exceeds at least 10 times the theoretical amount required for saturating water with the organic solvent. Ethyl acetate with a significant water miscibility (~8 wt%) is frequently used with this nanoencapsulation method. Solvent evaporation is often hybridized with solvent extraction to effectively remove organic solvents. Other treatments (e.g., dialysis, diafiltration/ultrafiltration, vacuum, and/or cosolvent treatment) are performed too. Table 1 summarizes experimental conditions used for nanoencapsulation of hydrophobic drugs and the major properties of PLGA nanoparticles. Important process parameters are PLGA, solvent, drug concentration, drug-polymer ratio, surfactant/emulsifier, mixing device, organic phase-continuous phase ratio, solvent removal (method and rate), and freeze-drying condition (method and lyoprotectant).
Table 1: Summary of processing conditions of o/w emulsion methods and major characteristics of PLGA nanoparticles.  
	

	Polymer  (grade)	Solvent	Polymer  (%)	Drug	D/P	Size  (nm)	EE  (%)	Reference
	

	RG502H  (0.16–0.24 dL/g)	DCM-DMSO	2.5	Amphotericin B	5.6	154	53	[14]
	PLGA50 : 50  (40–75 kDa)	EA	2	Betamethasone-17-valerate	60	281	85	[15]
	mPEG-PLGA  (11 kDa)	DCM	2	Bufalin	5	164	82 	[16]
	RG502H   (7–17 kDa)	DCM	5	β-Carotene	10	200∼800	1	[17]
	PLGA75 : 25  (66–107 kDa)	DCM-acetone	0.1, 0.2	Celecoxib	25, 50	115∼436	31∼86	[18]
	PLGA50 : 50  (10 kDa)	EA, PC	2	Coumarin-6	5	56∼306.6	41∼52	[19]
	RG 50 : 50 H  (40–75 kDa)	EA-DCM	2.5	Cucumin	10 	162	77	[20]
	RG 503  (n/a)	DCM	1.67	Cyclosporine A	20	220	90	[21]
	PLGA50 : 50  (20–23 kDa)	DCM	1	Exemestane	n/a	169	64	[22]
	PLGA50 : 50  (0.36∼037 dL/g)	DCM	3.3	Haloperidol	2.5∼5	524	23∼37	[23]
	PLGA  (n/a)	DCM	2.5∼5.0	Nimesulide	5∼10	212∼289	25∼100	[24]
	RH503  (35–40 kDa)	EA	1	Paclitaxel	5	121	47	[25]
	PLGA50 : 50  (25 kDa)	DCM	2.5	Paclitaxel	5	318	89	[26]
	Antibody-PLGA50 : 50  (40 kDa)	Chloroform	3	Paclitaxel	20	319	91	[27]
	R503H  (0.32–0.44 dL/g)	DCM	5	Pirfenidone	50	225	31	[28]
	PLGA50 : 50  (40–100 kDa)	DCM	1.25∼5.0	Praziquantel	10∼30	243∼360	82	[29]
	mPEG-PLGA-PLL  (n/a)	DCM-TFE	2	Rhodamine	1	198	90	[30]
	PGA-PLGA  (103.4 kDa)	PC	0.1	Saquinavir	10	120∼300	77	[31]
	PLGA  (n/a)	DCM	1	tPA	0.1	266∼320	66∼71	[32]
	APRPG-PEG-PLA  (n/a)	DCM	1	Fumagillin analog	5	130	66	[33]
	PLGA85 : 15  (50–75 kDa)	DCM	12.5	Voriconazole	8∼100	207∼605	8∼63	[34]
	


Note: n/a, not available, not specified.
Polymer %, polymer concentration in an organic solvent; D/P, the weight ratio of drug to polymer; EE, drug encapsulation efficiency; DCM, dichloromethane; DMSO, dimethylsulfoxide; EA, ethyl acetate; TFE, trifluoroethanol; PC, propyl carbonate; tPA, tissue-type plasminogen activator.  


2.3. Oil-in-Oil (o1/o2) Emulsion Solvent Evaporation/Extraction
A PLGA/drug/organic solvent dispersed phase (o1) is emulsified in a continuous oil phase (e.g., silicone oil, liquid paraffin, or vegetable oil; o2), and the process of solvent removal is carried out as mentioned earlier. Following this principle, Mahdavi et al. emulsified a PLGA/acetonitrile dispersed phase (o1) in mineral oil (o2) [35]. After solvent removal, PLGA nanoparticles were recovered by centrifugation and washed by n-hexane to eliminate residual mineral oil. The mean diameters and production yield of their nanoparticles were 640~890 nm and 38.5~45.3%, respectively. Kashi et al. dissolved PLGA and minocycline in acetonitrile and emulsified the dispersed phase in Span 80-containing mineral oil [36]. The resulting nanoemulsion was continuously stirred in 55°C for 2 hr to remove acetonitrile by evaporation. Nanoparticles were collected by centrifugation and washed with n-hexane. The resultant particles had the mean diameter of 7.1 μm and had an encapsulation efficiency of 5.5% for minocycline. Similarly, United States patent US 8445027 discloses the incorporation of bimatoprost, a prostamide derivative, into PLGA particles by o1/o2 emulsion methods [37]. Our literature survey shows that the size of PLGA nanoparticles prepared by an o1/o2 emulsion method is generally larger than that prepared by an o/w emulsion method.
2.4. Oil-in-Water (o/w) Salting-Out Technique
This technique involves the emulsification of a polymeric, drug-containing organic solution into an electrolyte-saturated aqueous solution. A water-miscible organic solvent is used as a dispersed solvent for PLGA [38–42]. When a polymeric dispersed phase is mixed with an aqueous phase saturated with electrolytes, the salting-out effect prevents the mixing of the organic solvent with water, thereby producing a stable o/w emulsion. A reverse salting-out effect is induced by adding an excessive amount of water to this emulsion. This triggers the diffusion of the water-miscible solvent out of emulsion droplets into the aqueous phase, which leads to formation of nanoparticles. Examples of electrolytes used in the salting-out process are magnesium acetate, magnesium chloride, calcium chloride, and sodium chloride. Benefits of this nanoencapsulation method include the use of nonhalogenated solvents to dissolve PLGA. In addition, this method does not require high-energy or high-pressure devices for emulsification. However, there is concern about the recycling of salts used in large quantities.
Following the salting-out principle, Konan et al. prepared PLGA nanoparticles [43]. Five milliliters of a PLGA solution (tetrahydrofuran or acetone) were homogenized in 20 mL of an aqueous PVA solution containing 60% of MgCl2, and 60 mL of water was added to this o/w emulsion. Optimization of processing conditions led to the formation of PLGA nanoparticles with a mean size below 200 nm. The nanoparticles could be sterilized by filtration through a 0.22 μm filter. An interesting work using the salting-out technique was also reported by Vettor et al. [44]. They encapsulated octinoxate, a UV filter, into PLGA nanoparticles by the following process: under vigorous stirring by a rotor/stator homogenizer, 3% PVA aqueous solution containing 40% CaCl2 was added into a dispersed phase made of acetone, PLGA, and octinoxate. Water was then added to the emulsion to convert emulsion droplets into PLGA nanoparticles. Under their experimental conditions, d50% was 670 nm, and the drug encapsulation efficiency was 77.5%. Nanoencapsulation of octinoxate into PLGA nanoparticles contributed to stabilizing the drug against photolysis up to 70.8%. It was demonstrated that their PLGA nanoparticles in a gel dosage form preferentially stayed in the skin surface where the sunscreen agent was intended for [45].
2.5. Water-in-Oil-in-Water (w1/o/w2) Emulsion Solvent Evaporation/Extraction
This method is used to encapsulate hydrophilic drugs into PLGA nanoparticles. A hydrophilic drug is dissolved in water (w1), while PLGA is dissolved in a water-immiscible solvent. The aqueous phase (w1) is emulsified in the polymeric organic solution. This primary w1/o emulsion is mixed again in an emulsifier-containing aqueous phase (w2). This results in the formation of a w1/o/w2 double emulsion. The organic solvent is removed to produce PLGA nanoparticles. In most cases, this method yields poor encapsulation efficiencies toward small-molecular-weight drugs, because of their escaping tendency into the w2 phase during nanoencapsulation. Table 2 summarizes the experimental conditions of w1/o/w2 emulsion-based nanoencapsulation methods and the major nanoparticle quality.
Table 2: Summary of processing conditions of w1/o/w2 emulsion methods and major characteristics of PLGA nanoparticles.  
	

	Polymer  (grade)	Solvent	Polymer %	Drug	D/P 	Size  (nm)	EE  (%)	Reference
	

	Galactose-PLGA  (n/a)	DCM-acetone	n/a	Acyclovir	10	198	61	[46] 
	mPEG-PLGA-b-PLL (42.3 kDa)	Chloroform	1	Adriamycin	8	170	86	[47]
	RG502H  (n/a)	DCM	n/a	Bevacizumab	n/a	197	82	[48]
	PLGA50 : 50  (91.6–120 kDa)	Chloroform	5	BSA	n/a	290	65	[49]
	RG503  (34 kDa)	DCM	5	BSA	1	246	84	[50]
	PLA-TPGS  (25.3 kDa)	DCM	1.5	BSA	6.7∼40	325∼329	53∼80	[51]
	PLGA50 : 50  (0.4 dL/g)	DCM	5	BSA	10	300	53	[52]
	PLGA50 : 50  (30–60 kDa)	DCM	1	CTP  (52 kDa)	n/a	272	60	[53]
	PLGA  (n/a)	DCM-acetone	1.25	CAA	0.8	187	76	[54]
	PLGA50 : 50  (1,234 kDa)	Chloroform	3	pDNA  (7.3 kbp)	0.55∼1.1	538∼644	9∼32	[55]
	PLGA50 : 50  (40–75 kDa)	DCM	0.1∼5	Doxorubicin	2∼100	100	35∼85	[56]
	PLGA50 : 50-chitosan  (n/a)	DCM	n/a	Exendin-4	n/a	275∼310	n/a	[57]
	PLGA50 : 50-chitosan  (15 kDa)	DCM	1.67	5-Fluorouracil	10	198∼280	23∼29	[58]
	R502H  (12 kDa)	DCM	5	Gentamicin	3.5	241∼252	6∼22	[59]
	RG502H  (13.8 kDa)	EA	n/a	Gentamicin	1∼5	320	13∼47	[60]
	PLGA75 : 25  (20 kDa)	DCM	3, 6, 20	GFP siRNA	0.24, 0.6    	224∼428	11∼58	[61]
	RG503  (34 kDa)	DCM	5	Insulin	5	276	68	[50]
	RG503H  (n/a)	DCM	1.5	hgp100, TRP2	1	80	8∼40	[62]
	PLGA50 : 50  (30 kDa)	DCM	3.3	LA 	0.2, 3.85	300	49∼72	[63]
	RG502H  (10–12 kDa) 	DCM	3	Ovalbumin	1.67	182	54	[64]
	PLGA50 : 50  (7–17 kDa)	DCM	2.9	Ovalbumin	20	358	36	[65]
	PLGA50 : 50  (40–75 kDa)	DCM	2	PEI-rhodamine B	0.5	117∼130	45∼75	[66]
	PLGA50 : 50  (n/a)	DCM	n/a	pRedN-1 DNA	n/a	998	10	[67]
	PLGA50 : 5 (45–75 kDa)	DCM	1∼5	TIMP-1  (28 kDa)	0.2∼1.0	81∼433	62∼80	[68]
	


Note: n/a, not available, not specified.
All abbreviations are the same as those described in Table 1; BSA, bovine serum albumin; CTP, Chlamydia trachomatis protein; CAA, collagen adhesin antigen; LA, Leishmania antigen; TIMP-1, tissue inhibitor of matrix metalloproteinase-1.



2.6. Water-in-Oil-in-Oil (w/o1/o2) Emulsion Solvent Evaporation/Extraction
The w2 phase of a w1/o/w2 emulsion-based method is replaced with an organic solvent that is miscible with the dispersed organic solvent but is antisolvent for PLGA and drug. For example, Afshari et al. emulsified an aqueous methotrexate solution in methylene chloride where PLGA and Span 80 were dissolved [69]. This w/o1 emulsion was added into liquid paraffin (o2) under homogenization. After stirring the w/o1/o2 emulsion for 5 hr, PLGA nanoparticles were collected by centrifugation and washed with n-hexane. Moderate encapsulation efficiency of 51.2% was attained with this nanoencapsulation method.
3. Nanoprecipitation
When oil dissolved in a water-miscible organic solvent is mixed with a large amount of water, spontaneous emulsification takes place to make a kinetically stable nanoemulsion. This so-called Ouzo effect is a process by which hydrophobic solutes are dispersed in water as nanosized droplets or particles [70]. When the Ouzo emulsification process is applied for preparing polymeric nanoparticles, the nanoencapsulation method is referred to as nanoprecipitation. In this practice, a hydrophobic polymer material is first dissolved in a water-miscible solvent. This polymeric dispersed phase is mixed with an aqueous phase by use of a low-energy mixing device. The solution resulting from the mixing of the polymeric phase with antisolvent (i.e., water) is a nonsolvent for the polymer solutes. As a consequence, hydrophobic polymer solutes become aggregated to form nanosized particles. When Fessi et al. used this nanoprecipitation technique to prepare PLGA nanoparticles, they named it as the solvent displacement method [71]. Some researchers name nanoprecipitation as a solvent-dialysis method, in case when solvent removal is performed by dialysis [72]. The solvent should be water-miscible and be easily removed by evaporation, extraction, and/or combination of both [11, 73]. Common solvents for nanoprecipitation are acetone, acetonitrile, dimethylacetamide, dimethylformamide, dimethylsulfoxide, 2-pyrrolidone, N-methyl-2-pyrrolidone, polyethylene glycol, and tetrahydrofuran. Among them, acetone is one of the most preferred solvents of choice. Sometimes, a binary mixture of solvents (e.g., acetone-ethanol) is used with this method.
Table 3 summarizes representative experimental conditions and the characteristics of PLGA nanoparticles prepared by nanoprecipitation. The size of PLGA nanoparticles and drug encapsulation efficiency are influenced by various factors: solvent, PLGA, drug : PLGA ratio, surfactant, polymeric phase : antisolvent phase volume ratio, and the like. It should also be emphasized that the mode of mixing a polymeric dispersed phase with antisolvent influences the quality of PLGA nanoparticles. The reason is that solvent shifting/displacement may proceed under a nonuniform environment. If put otherwise, depending upon the mode of mixing, the situation at which initial mixing occurs can be different from that at a final stage. Mixing can be performed in various ways: (i) the one-shot pouring of antisolvent (water) into a PLGA organic solution; (ii) controlled, drop-wise addition of water to a PLGA organic solution; (iii) a single-shot pouring of a PLGA organic solution onto water; (iv) controlled, drop-wise addition of a PLGA organic solution into water; and (v) dialysis of a polymeric dispersed phase using water. Also, the processing conditions can be further diversified by predissolving an organic solvent in water before mixing.
Table 3: Summary of processing conditions of nanoprecipitation and major characteristics of PLGA nanoparticles.
	

	Polymer  (grade)	Solvent	Polymer  (%)	Drug  (D)	D/P	Size  (nm)	EE  (%)	Reference
	

	PLGA50 : 50  (0.2 dL/g)	Acetone	2.5	
                Anastrazole	5	118∼180	37∼62	[74]
	RGP d series  (n/a)	Acetone	4	Atorvastatin	12	76∼172	3∼51	[75]
	PLGA50 : 50  (45–75 kDa)	Acetone-ethanol	2	Azelaic acid	50	252	72	[76]
	RGP d 50155	PEG 400	0.3∼1.3	BSA, lysozyme	12.5∼50	95∼394	Up to 35	[77]
	PLGA  (n/a)	Acetone	1.7	Chelidonine	20	123	83	[78]
	PLA  (42 kDa)	Acetone-ethanol	0.6	Chloroaluminium 	3.33	115	57	[79]
	PLGA75 : 25  (10 kDa)	Acetone	1	Coenzyme-Q	10	100	88	[80]
	PLGA50 : 50  (7–17 kDa)	Tetrahydrofuran	0.2	Curcumin	100	79	92	[81]
	PLGA  (n/a)	Acetone	1.25	Docetaxel	10	139	75	[82]
	RG502H  (n/a)	Acetone	0.375	Docetaxel	0.1, 1	157∼172	17∼23	[83]
	PLA-TPGS  (25.3 kDa)	Acetone-ethanol	1.01	Docetaxel	n/a	122	80	[84]
	RG502  (12 kDa)	Acetone	1.5	Cannabinoid	6∼20	291∼315	71∼90	[85]
	PLGA75 : 25  (75–120 kDa)	PC	2	Estradiol benzoate	1.5	ca. 70∼250	67	[86]
	PLGA-PEG  (34 kDa)	Acetone	0.36	Flurbiprofen	1.67	123	81	[87]
	PLGA50 : 50  (40–75 kDa)	Acetone-ethanol	0.88	Loperamide	50	174	41	[88]
	RG 502H  (n/a)	Acetone	0.375	Melatonin	1, 3, 5	ca. 100	6∼44	[89]
	PLGA  (n/a)	Acetone	1.67	Coumarin	20	117	88	[90]
	PLGA50 : 50  (40.1 kDa)	DMA	2	Norfloxacin	100	323	15	[91]
	PLGA  (n/a)	Acetone	1	Paclitaxel	2	87	2	[92]
	RG502H  (n/a)	Acetonitrile	2.5	Paclitaxel	4	<1,000	86	[93]
	PLGA50 : 50  (n/a)	Acetone 	2	Paclitaxel	1∼10	250∼300	5∼91	[94]
	PLGA  (60 kDa)	Acetone	0.24	Ropivacaine	0.25, 0.5	163	4	[95]
	PLGA50 : 50  (41 kDa)	Acetone	1.25	Testosterone	40	202	27	[96]
	PLGA-PEG  (n/a)	Acetonitrile	1	Thymoquinone	5	150∼200	3 or 94	[97]
	RG502H  (12 kDa)	Acetone	2	Tramadol	10	141	74	[98]
	PLGA50 : 50  (50–75 kDa)	Acetone	0.5	Xanthone	1.5	96	43	[99]
	


Note: n/a, not available, not specified.
All abbreviations are the same as those described in Table 1; DMA, dimethylacetamide.



Nanoprecipitation does not need the use of high-energy/high-shear/high-pressure mixing devices, because the formation of PLGA nanoparticles is driven by spontaneous diffusion of an organic solvent into water. Yet, PLGA nanoparticles produced by nanoprecipitation are smaller than those prepared by emulsion solvent evaporation/extraction techniques. Another merit of nanoprecipitation is that nonhalogenated organic solvents are used as dispersed solvents for PLGA. They are less toxic and more eco-friendly than halogenated organic solvents used in emulsion solvent evaporation/extraction processes. A major drawback is that the success of preparing nanoparticles is restricted only to a narrow region of the polymer/solvent/antisolvent composition map, the so-called Ouzo region [70, 100]. Beyond the Ouzo region, microparticles rather than nanoparticles are produced. It should also be noted that, during nanoprecipitation, solvent shift happens as a result of the dilution of PLGA solutes in antisolvent (water). This causes the nucleation of very small aggregates of PLGA molecules, aggregation of these nuclei, and formation of nanoparticles. Therefore, a large amount of water should be added into a PLGA dispersed phase. A series of these events must take place at low polymer concentrations. Otherwise, the solvent-swollen particles are prone to coalescence, thereby generating micron-sized particles. If an organic solvent is not a theta solvent for PLGA, nanoprecipitation causes the formation of large polymeric aggregates. Finally, the incomplete removal of residual solvents from nanoparticles brings about severe aggregation of PLGA nanoparticles during ultracentrifugation and/or freeze-drying.
4. Spontaneous Emulsion Solvent Diffusion (SESD) Technique
Strictly speaking, nanoprecipitation is a single-step formation of polymeric dispersion in water. In the field of the preparation of PLGA nanoparticles, this method has been slightly modified to include the steps of emulsion formation and nanoparticle hardening. Based on this strategy, Niwa et al. proposed the so-called SESD technique [101]. Its key strategy was to use a binary solvent mixture consisting of water-immiscible and water-miscible solvents (e.g., methylene chloride-acetone). Ibrahim et al. also used a methylene chloride-acetone binary system to prepare celecoxib-loaded PLGA nanoparticles [18]. Acetone, which is miscible with methylene chloride and water, helps decrease the interfacial tension between methylene chloride and water. Additionally, the interfacial turbulence caused by the rapid diffusion of acetone from emulsion droplets to water contributes to the spontaneous breakups of emulsion droplets into nanosized ones. Solvent evaporation follows to remove methylene chloride from the nanoemulsion, so as to produce solid PLGA nanoparticles. These are the underlying principles of the SESD technique. On the basis of these considerations, SESD can be regarded as a hybrid of emulsion solvent evaporation/extraction and nanoprecipitation. There are other reports that exploit the importance of a solvent system for manipulating the physicochemical attributes of resultant nanoparticles [102, 103].
5. Membrane Emulsification Technique
Nakashima et al. proposed the Shirasu Porous Glass (SPG) membrane-emulsification technique to prepare various kinds of particulate matters [104, 105]. Since then, this technique has been widely explored for the preparation of liposomes, microparticles, and nanoemulsions [106–110]. Briefly, this emulsification system forces a polymeric dispersed phase to permeate through a porous membrane into an aqueous continuous phase. The resultant emulsion is subject to the process of solvent removal, thereby generating nanoparticles. The membrane properties (pore size, spatial distribution, and tortuosity) play a decisive role on the size of the emulsion droplets and/or nanoparticles. This feature is distinctive from other emulsification systems using high-energy sonicators, high-shear rotor/stator homogenizers, or high-pressure microfluidizers. While these conventional mechanical methods require high energy input (106–108 J·m−3), the membrane emulsification method uses relatively low energy input (104–106 J·m−3).
For membrane emulsification, either a polymeric dispersed phase or a premix (i.e., a ready-made coarse emulsion) is passed through a membrane. For example, Wei et al. emulsified a PLGA dispersed phase in an aqueous phase by using a low-speed rotor/stator homogenizer [111]. This coarse emulsion had large droplet sizes with a broad size distribution. By extruding the premix through a SPG membrane (1.2~9 μm pore size) by use of nitrogen gas pressure, they were able to produce uniform PLGA nanoparticles. Yu et al. also encapsulated docetaxel into PLGA-TPGS nanoparticles by combining preemulsification and SPG membrane-emulsification [112]. The docetaxel/PLGA-TPGS/ethyl acetate dispersed phase was mixed in an aqueous phase by a magnetic stirrer. The resulting premix was poured into the SPG membrane apparatus. Nitrogen gas pressure was applied to let the premix pass through the membrane. Solvent removal led to the formation of hardened nanoparticles. The process parameters that they investigated were the type and concentration of a stabilizer (PVA, TPGS, and Pluronic F68), the volumetric ratio of dispersed phase to aqueous phase (1 : 10~1 : 20), transmembrane cycle (1~5), operation pressure (0.6~1.2 MPa), and membrane pore size (0.5~1.5 μm). Depending upon their process conditions, the mean diameter of their nanoparticles ranged from 236 to 462 nm (Figure 1). Smaller nanoparticles appeared with smaller membrane pore sizes, and docetaxel encapsulation efficiency varied from 18.9 to 85.7%. At present, the membrane emulsification technique is somewhat limited to the preparation PLGA nanoparticles greater than 200 nm.
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Figure 1: Effects of the type and concentration of a stabilizer upon (a) nanoparticle size and (b) docetaxel encapsulation efficiency % (Yu et al., [112], publisher and licensee Dove Medical Press Ltd.).


6. Hydrophobic Ion Pairing- (HIP-) and Reverse Micelle-Hybridized o/w Emulsion Technique
A number of attempts have been made to increase the loading efficiency of hydrophilic drugs into PLGA nanoparticles. One relevant strategy is to enhance the liposolubility of water-soluble drugs by use of a hydrophobic ion pairing (HIP) technique [113]. Briefly, bis(2-ethylhexyl) sulfosuccinate sodium salt (AOT) was dissolved in methylene chloride, which was then vigorously stirred in an aqueous gentamicin sulfate solution. This caused a complexation reaction between the anionic AOT and the cationic gentamicin. The hydrophobic ionic complex, after being recovered from the organic phase by evaporation, was used for an o/w emulsion nanoencapsulation process. Depending upon the type of PLGA and the theoretical payload of gentamicin-AOT, the nanoparticles had mean diameters ranging from 252 to 330 nm, with encapsulation efficiencies of almost 100%. In a following animal study, Imbuluzqueta et al. demonstrated that these PLGA nanoparticles had no apparent toxic effects upon the liver and the spleen [114]. It was anticipated that they might be applicable for the treatment of brucellosis and tuberculosis.
Similar strategies utilizing the HIP principle have been applied for the encapsulation of water-soluble compounds and biomacromolecules [115–117]. For example, Yang et al. complexed a water-soluble peptide (melittin) with sodium dodecyl sulfate in an aqueous solution [117]. Their electrostatic interaction led to the formation of white precipitates, which were recovered by centrifugation and freeze-dried. When this complex was used for nanoencapsulation, the drug encapsulation efficiency amounted to 99.6%. Lipids are also used in replacement of surfactants for HIP approaches, as shown in the work of Cui et al. [118]. They prepared a hydrophobic complex of insulin-phosphatidylcholine by an anhydrous cosolvent lyophilization method. Their PLGA nanoparticles prepared following an o/w emulsion process had a median diameter of 345 nm with the insulin encapsulation efficiency of 90.4%.
All HIP-hybridized o/w nanoencapsulation techniques described above proceed with dissolving hydrophobic ion complexes in a dispersed organic solvent. Instead, Kim et al. proposed a reverse micelle-based o/w emulsion solvent evaporation/extraction method [119]. In their work, oxytetracycline HCl was directly dissolved in the reverse micelles consisting of cetyltrimethylammonium bromide, water, and ethyl formate. PLGA was then dissolved in the reverse micellar solution, and this dispersed phase was emulsified in an aqueous solution. A solvent extraction step was carried out to harden emulsion droplets into PLGA microspheres. Under their optimized processing conditions, the encapsulation efficiency of oxytetracycline HCl was 24.9%. The amount of water used to prepare reverse micelles was found to be one of key parameters affecting the drug encapsulation efficiency.
7. Microfluidic Technology Platforms
Microfluidics refers to the science of dealing with fluids in microchannels that have at least one dimension smaller than 1,000 μm [120]. Microfluidic devices are capable of achieving rapid mass transfer and efficient mixing [121]. A liquid flow pattern is controlled by microchannel geometry and flow rate. Syringe pumps are usually used to trigger pressure-driven flow of liquids through microchannels. Most studies making use of microfluidic platforms were primarily focused on the preparation of emulsion droplets and polymeric microparticles, but more attention is being given to the generation of nanoemulsions and polymeric nanoparticles nowadays [122–125].
Microfluidic methods for generating emulsion droplets can be classified into three categories: (i) breakup in co-flowing streams; (ii) breakup in cross-flowing streams in a T-shaped junction; and (iii) breakup in elongational flow in a flow focusing geometry [126–128]. The first mode of breakup is rarely applied for the preparation of PLGA nanoparticles. Most reports deal with the adaptation of microfluidic T-junction and flow focusing geometries for the production of PLGA nanoparticles. Since the mixing of two or more liquids in a microfluidic device is done rapidly, a microfluidic nanoencapsulation platform works well with nanoprecipitation.
A microfluidic device utilizing T-junction was first proposed by Thorsen et al. in 2001 [129]. Since then, many studies have used microfluidic T-junction geometries for various applications. Xie and Smith used this device to prepare PLGA nanoparticles (Figure 2(a)) [130]. They inserted a syringe needle (an inner diameter 110 μm) into a Tygon tube (inner diameter 2.4 mm, outer diameter 4 mm) through which water stream flowed. By feeding a PLGA-dissolved acetonitrile solution into the syringe needle, they produced PLGA nanoparticles in the range of 140 to 500 nm. These nanoparticles had narrower size distributions than those prepared by a conventional, bulk scale nanoprecipitation process (Figure 3). In order to differentiate their microfluidic nanoprecipitation process from the traditional nanoprecipitation process, they coined the new term of Fluidic NanoPrecipitation System (FNPS). This is also referred to as flash nanoprecipitation [131].
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Figure 2: (a) Preparation of PLGA nanoparticles by use of a microfluidic T-junction device. (b) Mixing a PLGA dispersed phase with antisolvent in a microfluidic device with a flow focusing geometry.
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(b)
Figure 3: SEM micrographs of PLGA nanoparticles prepared by (a) the microfluidic approach and (b) the conventional nanoprecipitation method using bulk solutions. The mean diameters of PLGA nanoparticles prepared by (a) and (b) methods are 148 ± 14 nm and 211 ± 70 nm, respectively (Xie and Smith, [130], publisher and licensee BioMed Central Ltd.).


A microfluidic T-junction device can be modified to coat specific macromolecules on polymeric nanoparticles, or to prepare multiphase particles [93, 132]. For example, Xie et al. developed a microfluidic system with dual inlet channels perpendicularly inserted into a tube [93]. Compared to the previous microfluidic T-junction device (Figure 2(a)) with one inlet channel, the two inlet channels in this device allow the feeding of two types of dispersed phases into the tube through which water stream flows. In their work, one dispersed phase was made of PLGA, paclitaxel, and acetone. The other dispersed phase was prepared by emulsifying an aqueous doxorubicin HCl in PLGA-dissolved methylene chloride. Under these experimental conditions, they were able to produce Janus nanoparticles encapsulating hydrophobic paclitaxel on one side and hydrophilic doxorubicin HCl on the other side. Impressively, encapsulation efficiencies of both drugs were ≥80%.
Anna et al. and Dreyfus et al. demonstrated the mixing of two immiscible fluids by microfluidic flow focusing [133, 134]. In the field of microencapsulation, flow focusing is usually utilized for loading drugs into polymeric microparticles [135–137]. Flow focusing can be summarized by the following steps: (i) an aqueous continuous phase (often referred to as the focusing fluid) is introduced from two side channels, while a polymeric dispersed phase (referred to as the focused fluid) is injected into the central channel (Figure 2(b)); (ii) the two liquid streams are forced by syringe pumps to pass through a narrow orifice of a flow focusing atomizer/nozzle; (iii) the focused fluid is squeezed by the focusing fluid flow; (iv) both phases pass through the small orifice that is located downstream of the three channels; and (v) the removal of the dispersed organic solvent in a collection chamber leads to the generation of PLGA nanoparticles.
Recently, Martín-Banderas et al. has utilized the flow focusing technique to encapsulate a water-soluble compound, gemcitabine, into PLGA nanoparticles [138]. Surprisingly, the gemcitabine encapsulation efficiency was 97.3%, a significantly higher value than that of 57.5% observed with a typical w1/o/w2 emulsion technique. The quick one-step formation of gemcitabine-loaded nanoparticles might be held accountable for the better drug encapsulation efficiency attained with flow focusing. In the work of Karnik et al., a dispersed phase consisting of PLGA-PEG and acetonitrile was focused by two intersecting flow streams of water [139]. An excellent discussion was provided in relation to the mechanisms of self-assembly of PLGA-PEG nanoparticles during flow focusing, as well as the dependence of nanoparticle size upon mixing conditions (slow mixing versus rapid mixing). Also, Lim et al. have reported a 3D multiparallel microfluidic system not only to prevent the fouling of microchannels by PLGA but also to increase the scale of nanoparticle production [140]. They were able to tune the size of PLGA-PEI nanoparticles from 13 to 150 nm simply by changing the flow ratio of the dispersed phase to antisolvent.
During conventional nanoencapsulation processes, the initial mixing of a polymeric dispersed phase in an aqueous phase takes place at a bulk, large scale. This bulk process does not have the capability of directing the process of PLGA precipitation in a controlled way. By comparison, microfluidic devices allow more precise controls over mixing and solvent removal processes. In addition, microfluidic approaches provide higher encapsulation efficiencies for hydrophilic drugs than bulk nanoencapsulation processes do. Particular features and major limitations of various preparation methods of PLGA nanoparticles discussed so far are summarized in Table 4.
Table 4: Comparison of various emulsion-templated preparation methods of PLGA nanoparticles.
	

	Nanoencapsulation	Particular features	Major issues and limitation
	

	
                w/o phase separation	High EE% for water-soluble drugs; a phase inducer is used for nanoparticle hardening	Handling and disposal of oil; difficulty in controlling coacervation; relatively large-sized nanoparticles
	w1/o/w2 emulsion	A well-established process for water-soluble drugs	Poor drug EE%; strategies are needed for improving drug EE%; limited drug payload; drug instablization during emulsification
	HIP technique	High EE% for water-soluble drugs	Toxic residual ionic surfactants in nanoparticles;  alternatives to ionic surfactants are recommended for complexation
	o/w solvent evaporation	A platform easily adapted for hydrophobic drugs	Use of volatile halogenated organic solvents; solvent toxicity; residual solvent content
	o/w solvent extraction	A well-established technique for hydrophobic drugs; a nonhalogenated solvent is used	Generation of large quantities of waste-stream; incomplete solvent removal; nanoparticle aggregation
	o1/o2 emulsion	A preparation method for water-insoluble drugs; processing solvents are nonhalogenated	Disposal and/or recycling of waste oil; poor EE% caused by drug partition to o2
	o/w salting-out	Moderate EE% for hydrophobic drugs; water-miscible, nonhalogenated solvent; low-energy mixing device	Use of large quantities of salting-out agents (e.g., salts/electrolytes); recycling of salts/electrolytes
	Nanoprecipitation	A water-miscible, nonhalogenated solvent;  a single-step process for loading hydrophobic drugs; low-energy mixing device; smaller nanoparticle size	A narrow Ouzo region for nanoparticle formation;  a polymeric concentration of a dispersed phase is low; nanoparticle aggregation due to incomplete solvent removal
	SESD	Modified nanoprecipitation for hydrophobic drugs	A binary solvent mixture containing a halogenated one
	Membrane emulsification	Low-energy mixing device; homogeneous nanoparticle population	Membrane properties decide nanoparticle quality; relatively bigger nanoparticle sizes (e.g., ≥200 nm)
	Microfluidic technique	Precise control over nanoparticle formation; high drug EE% for various types of drugs; multiple drug loads; low-energy mixing device	Scalability; limitation in commercial scale production
	




8. Improvement of Drug Encapsulation Efficiency
Drug encapsulation efficiency is affected by numerous factors including: PLGA property, solvent characteristics, drug-PLGA interaction, drug miscibility in PLGA, drug solubility in an organic solvent and its antisolvent, drug stability, and manufacturing methods. In particular, fragile biomacromolecules (e.g., siRNA, DNA, and proteins) are prone to destabilization, aggregation, and/or degradation during nanoencapsulation. A series of these events happen because they are exposed to organic solvent, organic solvent/water interface, hydrophobic PLGA matrix, heat, shear force, cavitation, or free radicals [141]. Protein instability inside PLGA particles is also an important issue [142, 143]. Ibrahim et al. reported that insulin encapsulated in PLGA particles underwent chemical degradation reactions such as deamidation [144]. The ester backbone in PLGA is prone to autocatalytic degradation due to free carboxylic end groups. This problem can be solved by coencapsulating drugs with bases (e.g., magnesium hydroxide, zinc carbonate) into PLGA particles [145]. The coencapsulated bases neutralize the acidic environment of degrading PLGA matrices, thereby contributing to maintaining drug stability. Another problem is that drug molecules tend to diffuse out of nanoemulsions or embryonic nanoparticles when they undergo stirring to complete the process of nanoparticle hardening. There are a number of strategies developed to improve drug encapsulation efficiency, and some representative strategies are briefly discussed below.
8.1. Modulation of the Surface Property of PLGA
The type of PLGA can affect drug stability, encapsulation efficiency, release kinetics, and in vivo behavior. For example, PEGylation of PLGA provides nanoparticles several merits in terms of stabilization of emulsion droplets and protein encapsulation efficiency. During w1/o/w2 nanoencapsulation, PEG chains are present toward the w1 phase containing a protein. This orientation keeps protein molecules off the water/organic solvent interface, thereby minimizing the interface-induced denaturation and aggregation [146]. Surface modification of PLGA nanoparticles with a cell penetrating polymer, poly(guanidinium oxanorbornene), resulted in an improved belinostat loading from 39 ± 0.63 to 129 ± 3.1 μg/mg of nanoparticles [147]. Nahar and Jain also reported that the drug content in polymeric nanoparticles was influenced by the type of PLGA [14]. Using plain PLGA and mannose-PEG-PLGA as nanoparticle-forming materials, they prepared amphotericin B-containing nanoparticles via an o/w emulsion method. Encapsulation efficiencies of amphotericin B observed with plain PLGA nanoparticles and mannose-PEG-PLGA ones were 53.0 ± 1.5 and 81.2 ± 2.1%, respectively. Better miscibility and interactions between amphotericin B and mannose-PEG-PLGA likely brought about such a significant improvement in the drug encapsulation efficiency.
8.2. Drug-Polymer Complexation
Forming a drug-polymer complex can be beneficial for drug stabilization and improvement in its encapsulation efficiency. Ribeiro et al. used poly-L-lysine (PLL) based dendrons to condense pRedN-1 DNA (7.5 kbp), a fluorescent protein vector [67]. When pRedN-1 DNA was encapsulated in the form of dendriplexes into PLGA nanoparticles via a w1/o/w2 emulsion technique, DNA encapsulation efficiency amounted to 15.6%, higher than that observed with the uncomplexed DNA (9.9%). A similar tactic was attempted elsewhere: mIL-18 plasmid DNA (pC1-mIL-18) was first condensed by a cationic PLL, and the PLL-DNA complex was then encapsulated in PEG-PLGA-PEG nanoparticles via a w1/o/w2 emulsion technique [10]. The authors demonstrated that the polyplex system maintained DNA integrity during nanoencapsulation. In the work of Vasudev et al., PEGylation was used to stabilize proteins against harsh conditions that they might encounter during an emulsion-based nanoencapsulation process [148]. They demonstrated that the PEGylated asparaginase was more stable than the native protein when exposed to an organic solvent and sonication.
8.3. Control of Continuous Phase
During a w1/o/w2 nanoencapsulation process, addition of electrolytes or nonelectrolytes to a w2 phase helps decrease a difference in osmotic pressure between w1 and w2 phases, thereby retarding the leaching of a hydrophilic drug to the w2 phase. This helps improve drug encapsulation efficiency. Zhang et al. encapsulated melanoma antigen peptides (TRP2, hgp100, or p15E) into PLGA nanoparticles via a w1/o/w2 emulsion solvent evaporation method [62]. The encapsulation efficiencies of TRP2 and hgp100 were 10.2 ± 2.1 and 0.5 ± 0.2%, respectively. When 5% of NaCl was added to the w2 phase, their corresponding values were increased to 39.6 ± 5.6 and 7.7 ± 2.2%. Using a w2 phase containing 15% glucose also contributed to obtaining better encapsulation efficiency for each peptide. Even though the authors reported that 5% NaCl provided better encapsulation efficiency than 15% glucose, they did not elaborate on this difference. As far as the osmotic pressure is concerned, 1 g of glucose is equivalent to 0.18 g of NaCl. As a consequence, 15% glucose might not provide the same osmotic pressure effect as 5% NaCl does.
Cohen et al. encapsulated plasmid DNA (7.3 kbp) into PLGA nanoparticles via the w1/o/w2 emulsion technique, and the measured plasmid DNA encapsulation efficiency was 27.9 ± 1.0% [55]. Adding CaCl2 into the w2 phase resulted in the enhancement of the plasmid DNA encapsulation efficiency to 73.8 ± 21.3%. A similar strategy, that is, controlling the osmotic pressure gradient between w1 and w2 phases, was also suggested to be useful in minimizing the loss of hydrophilic immunogens during nanoencapsulation [149].
Drug solubility in a continuous phase is also closely related to drug encapsulation efficiency. The solubility of drugs with ionizable groups is greatly influenced by the solution pH. For example, the aqueous solubility of basic compounds (e.g., Rhodamine 123) decreases with increasing pH. Therefore, alkalinizing the aqueous phase minimizes their aqueous solubility and helps inhibit drug diffusion from emulsion droplets/nascent nanoparticles to an aqueous continuous phase [150].
8.4. Optimization of w1 Composition for w1/o/w2 Emulsion
Cun et al. encapsulated green fluorescent protein (GFP) siRNA into PLGA nanoparticles via a w1/o/w2 emulsion technique [61]. Dissolving acetylated BSA in the w1 phase affected the siRNA encapsulation efficiency to a great extent. At an acetylated BSA : siRNA ratio of 4 : 1, there was almost 2-fold increase in the siRNA encapsulation efficiency, in comparison to the case of using an acetylated BSA-free w1 phase (46.0 ± 8.7% versus 26.1 ± 0.1%). It is known that a stable emulsion helps reduce the leakage of hydrophilic drugs from w1 to w2 phases during solvent removal [151]. Protein molecules are surface active that they are involved in stabilization of emulsions. This principle may be held accountable for the improved encapsulation efficiency of siRNA in the presence of acetylated BSA. Varshochian also demonstrated the stabilizing effect of albumins upon the activity of a monoclonal antibody, bevacizumab. The copresence with 10% BSA or HSA in the w1 phase preserved its activity up to 90% during emulsification [48]. In the practice of a w1/o/w2 emulsion procedure, an increase in viscosity of the w1 phase also helps improve drug encapsulation efficiency. For example, Cheng et al. added carboxymethyl cellulose into the w1 phase, in order to improve the encapsulation efficiency of cisplatin into PLGA-PEG nanoparticles [152].
8.5. Development of New Nanoencapsulation Technology Platforms
As discussed before, HIP-hybridized o/w solvent evaporation/extraction method can significantly improve the encapsulation efficiency of hydrophilic drugs, compared to a typical w1/o/w2 emulsion method. Other types of technology platforms are being developed to rapidly generate PLGA nanoparticles and to improve drug encapsulation efficiency. A microfluidic technique such as flow focusing is an exemplary case. Martín-Banderas et al. used this flow focusing technique to encapsulate gemcitabine, a hydrophilic drug, into PLGA particles [138]. As control, they prepared PLGA particles via a typical w1/o/w2 emulsion technique. The encapsulation efficiency of gemcitabine attained with the w1/o/w2 emulsion technique was 57.5%, but that observed with the flow focusing was 97.3%. In general, the flow focusing technique allows the rapid preparation of PLGA nanoparticles in a single-step, which contributes to the minimization of drug loss.
9. Special Mixing Devices
9.1. Static Mixers
Typical mixers used for nanoencapsulation include high-shear homogenizers (e.g., rotor/stator homogenizer), high-energy sonifiers (e.g., probe sonicator), and high-pressure homogenizers (e.g., microfluidizer). These mixing devices entail unwanted effects for the structural integrity of fragile biomacromolecules, thereby triggering their denaturation, aggregation, and/or degradation. They also pose additional limitations. While high-shear homogenizers allow the preparation of emulsions with droplet sizes of 2~5 μm, it is quite difficult to prepare submicron-sized emulsions made of two immiscible solvents (e.g., methylene chloride and water). Sonication can present the risks of shedding titanium particles out of its probe tip and oxidizing lipidic materials constituting lipid-PLGA hybrid nanoparticles. Also, high-pressure homogenizers yield relatively low energy efficiency, because much of energy input is lost as heat.
Static mixers have been sought to overcome the obstacles encountered with traditional mixing devices. Static mixers have a series of mixing elements that are arrayed inside a tube, a pipe, or a column [153, 154]. Since static mixers have no moving parts, they are known as motionless mixers. External pumps are used to move liquid streams through helically- or blade-designed mixing elements. Inside static mixers, liquid streams undergo flow division, radial momentum transfer, and inertia reversal. As a consequence, static mixers can create very fine dispersions or stable emulsions with uniform sizes [155]. A number of static mixers are commercially available in the market: Ross motionless mixers, Admixer inline static mixers, Koflo static mixers, Chemineer Kenics KM static mixers, JLS Samhwa static mixers, and Sulzer SMX mixers.
Static mixers are utilized for the preparation of PLGA microspheres through emulsion-based microencapsulation processes [156–160]. They are also used to generate primary and/or secondary emulsions, to reduce the size of pre-mix emulsion droplets, or to accelerate the process of solvent removal [161–163]. Their application for preparing PLGA nanoparticles via nanoprecipitation is disclosed in United States patent US 8618240 [163]. A Koflo static mixer (5 mm outer diameter, 12~24 polyacetal helical mixing elements) was extended through a Y-shaped tubing connector: one arm was used for the flow of an aqueous PVA solution, and the other arm was utilized for flowing 1.25% PLGA in acetone solution. Two gear pumps were used to drive the polymeric dispersed phase and the antisolvent into the static mixing device. Solvent mixing and diffusion left an instant generation of nanoparticles. When the combined flow rate of the two liquids varied from 26 to 438 mL/min (the flow rate ratio of the antisolvent to the polymeric dispersed phase = 5 : 1), the average nanoparticle size ranged from 180 to 84 nm (Figure 4).




	
	
		
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
		
	


Figure 4: Dependence of PLGA nanoparticle size upon the combined flow rate of a PLGA dispersed phase and an aqueous solution. A PLGA concentration in the dispersed phase was either (∘) 1.25 or (▴) 2%.


Attributes of a static mixer (e.g., its diameter and length, design, and number of mixing elements) can be manipulated to prepare nanoparticles with a targeted size distribution. Static mixers tend to produce emulsion droplets with narrower size distributions than do mechanical agitators. Other merits of static mixers over typical mechanical mixers include uniform shear across whole liquid streams, short residence time of liquid streams inside the mixers, predictable performance, and easy adaptation for scale-up. In particular, static mixers use significantly less energy to generate emulsion droplets than high-shear/high-energy/high-pressure homogenizers [164]. Furthermore, static mixers can be easily dissembled for cleaning, maintenance, and sterilization.
9.2. Other Mixing Devices
A Total Recirculation One-Machine System (TROMS) mixing device was proposed to generate a w1/o/w2 emulsion [165]. This mixing device was reported to ensure the safe loading of plasmid DNA into PLGA microspheres. Santos et al. also used the TROMS to produce PLGA nanoparticles loaded with a kinetoplastid membrane protein that could induce an effective immune response against leishmaniasis [166].
A multi-inlet vortex mixer (MIVM) was suggested elsewhere to prepare polymeric nanoparticles following the principle of nanoprecipitation [167–169]. As shown in Figure 5, the MIVM consists of 4 inlets, one main mixing cavity, and one outlet. Different liquid streams can be introduced into the MIVM at various input ratios. The mixing device also provides rapid, homogeneous micromixing at high Reynolds number. As the characteristic mixing time of the MIVM is in the scale of milliseconds, nanoparticles are produced quickly. These attributes help not only to narrow down the size distribution of nanoparticles but also to improve drug encapsulation efficiency. For example, in the work of Cheng et al., two of the inlet streams were water, one was PEG-PLGA and curcumin in dimethyl formamide, and the last was an aqueous polyvinyl pyrrolidone solution [170]. They produced 51~76 nm sized PLGA particles with the drug encapsulation efficiency of nearly 100%. Recently, Shen et al. have also reported the use of MIVM to produce curcumin-loaded PLGA nanoparticles [81]. Four streams were used in their mixer: stream 1 was a dispersed phase made of tetrahydrofuran, PLGA, and curcumin; and the other three inlet streams were water. Their nanoparticle size ranged from 79 to 120 nm, and the drug encapsulation efficiencies were between 92.4 and 95.4%.




	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
		
		
			
		
		
			
		
		
			
				
				
				
				
				
				
				
				
				
				
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
				
					
				
					
				
				
					
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
			
				
		
			
				
		
			
		
		
			
			
		
		
			
			
			
			
			
			
			
			
			
			
		
		
		
			
				
				
				
				
				
				
				
				
				
				
			
			
		
		
			
				
					
				
					
				
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
					
				
					
				
			
		
	


Figure 5: Dimension of a typical MIVM composed of inlets, mixing chamber, and outlet.


10. Preparation of PLGA Nanoparticles with Multiple Drug Loads
When combination products containing two or more drugs act on the site of interest, they can maximize their effects while minimizing side effects. Delivery systems releasing two drugs at different rates can also enhance their therapeutic efficacy [171]. Based on these underlying principles, many different types of PLGA nanoparticles loaded with multiple drugs have been developed (Figure 6). One common type is PLGA nanoparticles containing multiple water-insoluble drugs in their hydrophobic core (Figure 6(a)). Theranostic PLGA nanoparticles contain both a hydrophobic drug and superparamagnetic iron oxide (SPIO) (Figure 6(b)). Schleich et al. has prepared nanoparticles containing paclitaxel and SPIO following an emulsion solvent evaporation method [172]. These nanoparticles have the potential to become nanocarriers for drug delivery, molecular imaging, and real-time monitoring of therapeutic outcome.




	
	
		
			
				
			
			
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
		
			
				
			
			
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
		
			
				
			
			
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
				
			
			
				
			
		
		
			
				
				
					
				
			
		
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
				
		
		
			
				
		
		
			
				
			
		
		
			
				
		
		
			
				
			
		
		
			
				
		
		
			
				
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 6: Illustrations of various kinds of PLGA-based nanoparticulate systems containing two or more types of drugs: (a) typical nanoparticles; (b) theranostic nanoparticles; (c) porous nanoparticles with both hydrophobic and hydrophilic drugs; (d) drug-spacer-PLGA nanoparticle with a hydrophobic drug in its core; (e) polyplex nanoparticle; (f) core-shell type lipid-PLGA hybrid nanoparticles; (g, h) Janus nanoparticles; (i) onion-type nanoparticles with multiple layers; and (j) polymersomes.


Developing a codelivery system for drugs that have fundamentally dissimilar water-solubility and different mechanisms of action has been an intriguing issue. Doxorubicin and paclitaxel are among the most common anticancer drugs in clinical use. However, they have disparate water solubility (hydrophilic versus hydrophobic) and different modes of action. In such cases, a w1/o/w2 emulsion technique can be modified to load both hydrophilic and hydrophobic drugs in PLGA nanoparticles (Figure 6(c)) [173–176]. For example, following a w1/o/w2 emulsion nanoencapsulation procedure, Heo et al. nanoencapsulated hydrophilic stat3 siRNA and hydrophobic immune modifier (imiquimod, R837) into PLGA nanoparticles [173]. The loading amount of stat3 siRNA was 4.8 μg/mg of nanoparticles, and that of R837 was 1.9 μg/mg of nanoparticles. Interestingly, Cui et al. used a solid-in-oil-in-water (s/o/w) emulsion method to encapsulate doxorubicin and paclitaxel into transferrin-conjugated magnetic silica PLGA nanoparticles for the treatment of brain glioma [177].
Even though a relevant reference is not cited here, another possible strategy is to load a hydrophobic drug in the PLGA core and to conjugate a hydrophilic drug onto the PEG domain of PLGA nanoparticles (Figure 6(d)). The morphology of PLGA nanoparticles shown in Figure 6(e) is associated with polyelectrolyte-mediated assembly. Cationic polymers such as chitosan and PEI adhere to the surface of negatively charged PLGA nanoparticles by electrostatic attraction to form an adsorption monolayer. Further adsorption of cationic polymers is driven primarily by hydrogen bonding or van der Waal’s force. Such PLGA-cationic polymer nanoparticles can dissolve a hydrophobic drug in their core and are able to complex with negatively charged biomacromolecules on their surface [92, 178–181]. For example, Su et al. were able to prepare PLGA nanoparticles loaded with paclitaxel, coated by PEI and complexed with stat3 siRNA [92]. Drug-free PLGA nanoparticles had a mean diameter of 87 nm and zeta potential of −35.7 mV, but those loaded with paclitaxel and the siRNA had the mean diameter of 249 nm and displayed a net positive charge of 40.8 mV. Their in vitro study demonstrated that stat3 of A549/T12 cancer cells was silenced and the antitumor efficacy of paclitaxel was potentiated. As a concern for the toxicity of PEI exists, the polymer is often substituted with a more biocompatible polymer such as chitosan. Yuan et al. demonstrated that a high encapsulation efficiency of siRNA up to 77.7% could be achieved, depending on the amount of chitosan adsorbed on the surface of PLGA nanoparticles [182]. Other possible cationic polymer candidates are poly-L-lysine and poly-allylamine hydrochloride [183, 184].
Lipid-PLGA hybrid nanoparticles consisting of a hydrophobic polymeric core and a lipidic shell have been recently suggested as a promising nanoparticulate drug delivery platform [185–187]. Such core-shell type nanoparticles can achieve multiple drug combination therapy and temporal release of more than two drugs (Figure 6(f)). Major components of lipid-PLGA hybrid nanoparticles are PLGA, lipid (e.g., lecithin), and lipid-PEG (e.g., DSPE-PEG). Hydrophobic drugs are loaded into the PLGA hydrophobic core and/or lipid layer, while water-soluble drugs are either adsorbed onto the hydrophilic corona or conjugated to the component of the hydrophilic corona. For example, doxorubicin and a photothermal agent (indocyanine green, ICG) were loaded in lipid-PLGA hybrid nanoparticles, in order to deliver the two agents simultaneously to a tumor region [188]. The nanoparticles not only synergistically induced the death of both doxorubicin-sensitive and doxorubicin-resistant cancer cells in vitro, but also suppressed the tumor growth and recurrence in vivo. Lipid-PLGA hybrid nanoparticles containing both doxorubicin and combretastatin were also introduced, in order to target tumor cells and neovasculature at the same time [189]. A doxorubicin-PLGA conjugate was used to fabricate nanoparticles, which was then added to liposomes consisting of DSPE-PEG, phosphatidylcholine, cholesterol, and combretastatin A4. Extruding the mixture led to the production of a “nanocell” architecture consisting of a nuclear nanoparticle and an extranuclear lecithin/PEGylated lipid envelope. When used in a murine tumor model, combretastatin A4 was first released to inhibit the growth of tumor blood vessels. The breakdown of the doxorubicin-PLGA conjugate provided sustained release of doxorubicin to kill tumor cells. Finally, Huang et al. prepared aptamer sgc8-coated core-shell type PLGA hybrid nanoparticles coencapsulating paclitaxel and doxorubicin [190].
Janus PLGA nanoparticles with bicompartmental morphology are shown in Figures 6(g) and 6(h) [93, 132]. Janus nanoparticles allow coencapsulation of dual drugs with fundamentally different water solubility, as described earlier (Figure 6(h)). They also permit the controlled release of multiple drugs in a specific order with tailored release rates. Onion-like PLGA nanoparticles with multiple layers can be prepared by electrohydrodynamic atomisation (EHDA) techniques (Figure 6(i)). EHDA refers to a process that uses electrical forces to break a liquid jet into tiny droplets [191]. Labbaf et al. designed a coaxial EHDA system using three needles, in order to prepare triple-layered polymeric particles consisting of PLGA, polycaprolactone, and polymethylsilsesquioxane [192]. Such a coaxial EHDA processing enables encapsulation of different drugs inside each polymeric matrix in a single step, leading to the production of onion-like nanoparticles.
Finally, polymersomes can be utilized for coencapsulating multiple drugs (Figure 6(j)). Polymersomes are bilayer vesicles made from self-assembling amphiphilic copolymers such as PEG-PLGA. The self-assembling dynamics are determined by the characteristics of their constituents, as described elsewhere [4]. In comparison to liposomes, polymersomes have more a PEGylated ingredient, more densely packed PEG brush on their surface, and a thicker bilayer membrane [193]. Polymersomes can enable drug cocktail therapy that delivers multiple drugs to single or multiple cellular targets. Based on this tactic, Ahmed et al. used PEG- polybutadiene and PEG-PLGA as building blocks for polymersomes [194]. Sonication, freezing-thawing, and extrusion cycles were conducted to coencapsulate doxorubicin and paclitaxel into the vesicle-like nanoparticles in the size of 100 nm. Cryo-TEM revealed that the thickness of the vesicle bilayer was 10~14 nm.
In addition to the PLGA-based nanoparticles shown in Figure 6, innovative approaches are being made to load either multiple drugs or a drug along with a diagnostic agent into various kinds of nanoparticles. Relevant examples include smart drug delivery core-shell nanoparticles, multiple shells, chamber particles, and the like. An excellent review on this topic has been recently published elsewhere [195].
11. Consideration of Solvent Type
Methylene chloride and chloroform are frequently used to prepare PLGA microparticles and nanoparticles. However, they are hazardous substances with carcinogenic and tumorigenic properties. The United States EPA and OSHA categorize them as probable human carcinogens. Also, they are ozone-depleting halogenated solvents that increase the risk of human skin cancers. The International Conference on Harmonisation (ICH) categorizes them as Class 2 solvents [196]. Due to these properties, their residual contents in drug products are tightly regulated by the FDA. For example, the limit levels of residual chloroform and methylene chloride in finished drug products are 60 and 600 ppm, respectively. Acetonitrile, N-methylpyrrolidone, tetrahydrofuran, and toluene are used for nanoprecipitation as well, but they are also classified as Class 2 solvents. Class 3 solvents with low toxic potential are favored in the pharmaceutical industry. Representative examples of Class 3 solvents used for the preparation of PLGA particles are acetone, ethyl acetate, butyl acetate, isopropyl formate, and glycofurol [197–206]. As shown in Table 3, acetone is the most predominantly used solvent for nanoprecipitation, but it exerts poor solvation power for high-molecular-weight PLGA polymers and certain hydrophobic drugs. Ethyl acetate has been accepted as an alternative to methylene chloride and chloroform in the practice of emulsion solvent evaporation/extraction processes. However, its slight water miscibility and low volatility present some challenging issues with regard to emulsification, solvent removal, and product yield [198, 207, 208].
Surprisingly, there are few reports dealing with residual solvents in PLGA nanoparticles. Residual solvents play important role on their lyophilization, reconstitution in an aqueous vehicle, and syringeability. Therefore, their residual contents in PLGA nanoparticles should be analyzed by validated analytical methodologies such as thermogravimetric analysis and head-space gas chromatography equipped with a flame ionization detector or a mass spectrometer [209]. According to regulatory specifications, the residual level of an ICH Class 3 solvent in drug products should be less than 5000 ppm. In addition, a solvent used for nanoencapsulation should be evaluated in terms of solubility parameter, polymer-solvent interaction parameter, and drug-solvent thermodynamic property. Therefore, research aiming at finding alternative solvents for nanoencapsulation deserves more attention.
12. Challenges to Product Development of PLGA Nanoparticles
On a laboratory scale, there are various options available for the preparation of PLGA nanoparticles by emulsion-based technology platforms (Table 4). Different nanoencapsulation methods lead to the formation of PLGA nanoparticles with different qualities. Key aspects discussed from the manufacturing perspective are size uniformity of nanoparticle populations, drug encapsulation efficiency, mixing device, solvent type, solvent residue in nanoparticles, and mixing device. Other foremost considerations that should be given to product development include scalability of a nanoencapsulation process, reproducibility, nanoparticle characterization, and quality control. Also considered as formidable hurdles are modulating nanoparticle functionality, programmability, and targetability; adjusting drug release rate with minimal burst; and correlating in vitro-in vivo behavior of nanoparticles. Relevant issues have been well discussed elsewhere [11, 210, 211].
13. Summary and Conclusions
Even though PLGA nanoparticles have already demonstrated great potentials as drug carriers, many overwhelming tasks still remain to be solved for their clinical translation. Before rushing into the investigation of in vivo behaviors of PLGA nanoparticles, it is imperative to make an in-depth assessment of technological aspects of a nanoencapsulation method of choice. It is also critical to carefully assess the quality of nanoparticles. In the practice of general emulsion-templated nanoencapsulation processes, mixing devices create zones of energy density in which high pressure, shear, turbulence, and/or cavitation drive the breakups of large emulsion droplets into nanosized ones. High-energy, high-shear, and high-pressure mixing devices damage the structural integrity of fragile macromolecules. Preparing PLGA nanoparticles with high loads of hydrophilic drugs often remains challenging. In addition, the mixing of a polymeric dispersed phase with antisolvent follows a bulk process, which lacks the ability to precisely direct the process of emulsification and the rate of PLGA precipitation. As a result, this procedure gives rise to the formation of a heterogeneous nanoparticle population with regard to mean diameter, size distribution, morphology, and drug content. Therefore, selecting or developing a nanoencapsulation method must surmount the aforementioned obstacles. At the same time, the nanoencapsulation method should be able to produce nanoparticles that meet the desired standards in a consistent manner.
Nowadays, new nanoencapsulation technologies based on microfluidic mixing devices, static mixers, porous membrane mixers, and flow focusing nozzles are being developed in attempt to mitigate the aforementioned concerns. These technologies can be further adjusted to prepare novel nanoparticle composites such as Janus nanoparticles that can accommodate multiple drugs and manipulate their release kinetics. Relevant technologies will evolve in the coming days, so as to continuously expand diverse applications of PLGA-based particulate carriers in the field of nanomedicine.
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