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입자크기, 입자표면수식 및 입자모양이 조절된 PLGA 

나노입자의 개발 

최 진 석 

지 도 교 수: 최 후 균 

식품의약학과 

조선대학교 대학원 

 

이 연구의 첫 번째 목적은 크기가 정확하게 제어된 paclitaxel 이 봉입된 PLGA 의 

나노와 마이크로 입자의 제조방법을 확립하는 것이다. 두 번째 연구는 PEMA 

필름을 이용하여 비 구형입자는 만들어 입자표면을 수식할 수 있도록 만드는 

것이다. 다양한 크기의 입자를 에멀젼 프로세스에 의해 만들었다. 다양한 크기의 

입자를 가지고 약물 방출, 세포 내 흡수 및 세포 독성을 수행 하였다. 입자의 

표면을 수식하기 위해 PVA (하이드록실 사이드 체인) 에서 PEMA (카르복실 사이드 

체인) 필름으로 교체하였다. 7 가지 사이즈 (sub-100 nm, 100 nm, 200 nm, 400 nm, 600 

nm, 1.0 µm 그리고 2.5 µm) 를 타겟 크기로 설정하고 각 입자를 제조하였다. 좁은 

크기 분포를 갖은 7 가지의 크기의 paclitaxel 이 봉입된 PLGA 입자를 만들었다; 70 

nm (77.3 ± 13.3 nm), ~100 nm (103.7 ± 15.9 nm), ~200 nm (204.6 ± 26.1 nm), ~400 nm (430.1 

± 71.5 nm), ~600 nm (608.3 ± 116.5 nm), ~1.0 µm (0.98 ± 0.1 µm) and ~2.5 µm (2.45 ± 0.5 

µm). 약물방출실험 결과 입자의 크기가 작아질수록 약물방출은 증가했다.   

암세포인 KB 에서 paclitaxel 이 봉입된 나노 및 마이크로 입자는 같은 농도에서 

독성이 나타났으나 약물자체는 독성이 나타나지 않았다. 세포독성은 입자의 크기에 



  IX 

대한 의존성을 확인했다. 입자의 크기가 작아질수록 높은 독성을 나타냈다. 세포 

내 유입실험은 세 가지 크기 (100 nm, 400 nm, 1.0 µm) 의 입자를 가지고 수행되었다. 

세포 내 유입 또한 크기와 세포의 종류에 의존적으로 나타났다. 암세포인 KB 

에서는 입자의 크기가 작아질수록 세포흡수가 증가 하는 경향을 보여주었으나, 

이와는 반대로 대식세포인 Raw 264.7 에서는 입자의 크기가 커질수록 세포흡수가 

증가하였다.  

비구형의 입자표면에 표면수식이 가능한 카르복실 기의 존재를 확인 하기 위해 

FITC-Albumin 의 결합이 가능하도록 입자의 표면을 카보다이미드 방법에 의해 

변형한 후 성공적인 합성을 Confocal 현미경을 이용하여 확인하였다.  

본 연구결과는 입자의 크기, 표면수식, 입자의 모양이 모두 제어된 paclitaxel 이 

봉입된 PLGA 입자는 암세포 표적지향 PLGA 입자 송달 시스템의 발전에 큰 

기여를 할 것으로 기대된다.  
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Chapter 1  

Literature Review 

:PLGA based on nano- and microparticles for drug delivery 

1. Introduction 

Several problems associated with free drugs such as low solubility, poor stability and 

unwanted side effects, had led to developing novel drug delivery systems (1). Although various 

innovative delivery systems have been introduced, there still remains need for further 

improvement of the issues. Past few decades particle-based delivery systems have been 

enormously investigated to resolve the problems. The particulate systems have unique 

advantages over convention formulations, such as protection of unstable drugs, controlled 

release and targeting ability. Among an array of particulate systems, e.g., polymeric particles, 

liposomes, micelles, inorganic nanoparticles, PLGA-based micro and nanoparticles are one of 

the most frequently studied delivery carriers. 

Poly(D,L-lactide-co-glycolide), PLGA, is a copolymer composed of lactic acid and glycolic 

acid. PLGA is one of a few polymers approved by the US FDA for medical purposes due to 

biodegradability and nontoxicity (2). PLGA in the body degrades by hydrolysis into 

endogenous monomers, lactic acid and glycolic acid, which subsequently degrade to water and 

carbon dioxide, resulting in ignorable toxicity (3). By properly choosing molecular weights, the 

degradation time of PLGA can be modulated from a week to several months, thus enabling 

drug release in a controlled or sustained manner. Lupron Depot that releases human growth 

hormone for a month is the first FDA-approved PLGA microparticles implant system. Several 

other implantable PLGA microparticles have been developed for controlled release of various 

drugs, some of which obtained the FDA approval. PLGA microparticles have also been widely 

studied for controlled drug release of oral and pulmonary formulations (4-9). Nano-sized 

particles prepared with PLGA are an attractive delivery carrier. A majority of PLGA 
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nanoparticle have been utilized as a tumor-targeting carrier. The small size (less than ~200 nm)  

and drug loading capacity of PLGA nanoparticles enable targeted delivery to tumors via the 

enhanced permeability and retention (EPR) effects (10). Surface modification with 

polyethylene glycol (PEG) make the nanoparticle evade immune responses and reside in the 

blood circulation for longer time (11), thus enhancing the EPR effects. Non-spherically shaped 

PLGA particles would also increase the circulation time by avoiding phagocytosis by 

macrophages (12, 13). Moreover, PLGA nanoparticles are known to enter cells via endocytosis 

and are able to escape from endosome to release drugs into cytoplasm (14).  

As nano- and biotechnology grow rapidly, PLGA particle systems have evolved for more 

efficient delivery function. The summarized recent drug delivery approaches based on PLGA 

particle systems in tumor targeting and various administration routes were summarized below. 

2. Tumor targeting 

Despite better understanding of tumor biology and advancement in diagnostic technologies 

and treatments, a majority of current cancer therapies still involve aggressive processes 

including surgery, radiation and chemotherapy, which destroy tumor as well as healthy cells, 

causing unwanted side effects to patients. It would be therefore desirable to develop effective 

treatments that have an ability to precisely target and kill the cancer cells while leaving healthy 

cells unaffected. Efforts have been made to develop nanoparticles that allow chemotherapeutics 

to accumulate exclusively in cancer cells either passively or actively (15). Nano systems can 

offer various advantages over free drugs in anticancer drug delivery (16) ; 1) protection of the 

drug from premature degradation, 2) enhancement of drug deposition into target tumors, 3) 

control of the PK/PD profile, and 4) improvement of intracellular penetration. Among various 

polymers and inorganic materials that have been used for tumor-targeting systems, PLGA have 

long been employed to target tumor cells and delivery antitumor agents in a controlled manner.  

In recent years, a number of innovative and novel tumor-targeting approaches using PLGA 

particles have been developed to enhance tumor targeting ability, thus improving therapeutic 
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effects. 

Active targeting can be achieved by tethering targeting ligands on the particle surface, which 

recognizes a cell-surface target, followed by uptake of the particles into tumor cells via 

endocytosis. Traditionally, transferrin and folic acid have been used for PLGA nanoparticles as 

tumor-targeting ligands (17, 18). Several new targeting ligands have been recently introduced 

and evaluated. 

Antibodies that specifically interact with the receptors can be good candidates for an active 

tumor-targeting ligand. Fas receptor is a member of the tumor necrosis factor (TNF) super 

family, which expresses on the plasma membrane of various tumor cells (19, 20). McCarron et 

al. (21) incorporated camptothecin into PLGA nanoparticles and functionalized the surface 

with anti-Fas antibody. The anti-Fas-functionalized PLGA nanoparticles were internalized into 

human colorectal cells more effectively than plain counterparts. IC50 value was also 

significantly decreases with antibody-PLGA nanoparticles as compared to a camptothecin 

solution and non-coated nanoparticles, indicating anti-Fas antibody is a good tumor-targeting 

ligand. Epidermal growth factor receptor (EGFR) was used as a target receptor for targeted 

PLGA nanoparticles. EGFR is highly expressed on a variety of tumors including breast cancer 

and ovarian cancer (22). Acharya et al. (23) conjugated anti-EGFR antibody on rapamycin-

loaded PLGA nanoparticles. The antibody-coated PLGA nanoparticles showed greater 

antiproliferation activity by arresting a cell-cycle at G1 phase and more apoptosis as well as 

necrosis in KB cells in comparison to non-targeted nanoparticles. 

Aptamers are oligonucleic acid or peptide molecules that bind to a target molecule with high 

affinity and selectivity (24). Since aptamers can be produced by chemical synthesis, they are a 

good alternative to antibodies which requires intensive works and high cost for production. 

Dhar et al. (25) prepared the aptamers-labeled PLGA nanoparticles containing anticancer drug, 

cisplatin, for the treatment of prostate cancer. The aptamers was used to target the prostate-

specific membrane antigen which is overexpressed in uptake of cisplatin and even higher 

toxicity as compared to free cisplatin or nanoparticles without aptamers. In another study, 

paclitaxel-loaded PLGA nanoparticles were surface-functionalized with anti-nucleolin 
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aptamers (26). The presence of aptamers substantially promoted cellular uptake of the 

nanoparticles and enhanced apoptotic activities. 

Peptides have also been utilized as tumor-targeting ligands. RGD, a tripeptide arginine–

glycine–aspartic acid specifically bind to the αvβ3 integrin which are highly expressed only 

tumor endothelial cells (27). RGD-coated PEGylated PLGA nanoparticles were developed to 

delivery paclitaxel to tumors (28). In vivo study in mice demonstrated that anti-cancer activity 

of PLGA nanoparticles are considerably enhanced in the presence of RGD in comparison to 

non-targeted ones. Luo et al. (29) investigated whether LyP-1, a 9-amino acid cyclic peptide, 

which was identified by an in vivo phage display technology has a targeting ability to 

lymphatic tumors. LyP-1-functionalized PLGA-PEG nanoparticles were fourfold more 

effectively internalized into tumor cells in vitro and eightfold more effectively accumulated in 

lymphatic metastatic tumors in vivo. 

PLGA nanoparticles have been used for delivery of small interfering RNA (siRNA) for 

targeted gene silencing because they can protect the rapid degradation of siRNA in plasma and 

cytoplasm by various RNase and facilitate cellular uptake (30). Zhou et al. (31) developed 

multifunctional PLGA nanoparticles that are suitable for siRNA delivery. The multifunctional 

nanoparticles, so called octa-functional nanoparticles, were fabricated with PLGA-PLL-PEG-

iRGD and loaded with siRNA against PLK1 for modulating tumor growth. The octa-functional 

nanoparticles showed siRNA stabilization, controlled release of siRNA, endosomal escape, 

tumor targeting, cell penetration and prolonged knockdown of PLK1, proving the true 

multifunctional ability. Gene silencing by siRNA was also employed to knockdown the drug 

efflux transporter to overcome tumor drug resistance. Patil et al. (32) prepared paclitaxel-

loaded PLGA nanoparticles along with siRNA against P-glycoprotein (P-gp) and 

functionalized the nanoparticles with biotin for active targeting. In vitro study showed that cell 

cytotoxicity was significantly increased when siRNA against P-gp was co-encapsulated with 

paclitaxel as compared to when only paclitaxel was loaded. In vivo study demonstrated that 

siRNA efficiently inhibit P-gp expression, resulting in significantly improved inhibition of 

tumor growth. Although PLGA nanoparticles have potential to delivery siRNA, one should be 
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aware of the fact that a low loading efficiency of siRNA in PLGA nanoparticles are still a 

barrier for PLGA nanoparticle-based siRNA delivery systems. 

Another strategy to avoid multidrug resistance is the co-encapsulation of P-gp modulators 

with anticancer drugs. Song et al.(33) loaded vincristine into PLGA nanoparticles along with a 

P-gp inhibitor, verapamil. Patil et al. (34) fabricated PLGA nanoparticles which encapsulated 

with paclitaxel and third generation of P-gp inhibitor, tariquidar. Both studies demonstrated 

that addition of P-gp modulators to anticancer drug-loaded PLGA nanoparticles is able to 

reverse the multidrug resistance and synergistically enhance cytotoxicity in drug-resistance 

tumor cells. 

3. Pulmonary delivery 

Since the lung is an organ that is directly connected from the outside, pulmonary drug 

delivery is an attractive way for the treatment of local lung diseases such as lung cancer, cystic 

fibrosis and tuberculosis. The lung has ~300 million alveoli providing extremely high surface 

area with a well-developed capillary network and low enzymatic activities, which makes 

efficient absorption of drugs and macromolecules for systemic delivery (35). Lack of targeted 

deposition and rapid elimination of drugs are, however, barriers for effective pulmonary 

delivery (36). Particulate systems containing therapeutic agents have been extensively 

investigated to circumvent the problems for effective treatments of various lung diseases. Due 

to non-toxicity for lung tissue and lung macrophages (37-39), PLGA micro and nanoparticles 

have been widely used for pulmonary particulate delivery systems. 

Inhalable PLGA particles have been used for the treatment of lung. Susarez et al. (40) 

developed and evaluated PLGA microparticles loaded with rifampicin. The PLGA particles 

were intended to target alveolar macrophages to reduce systemic toxicity. Rifampicin-PLGA 

particles were administered by nebulization and insufflation methods, showing 10-fold-reduced 

lung bacterial burden as compared to rifampicin alone. Very recently, PLGA nanoparticles 

systems embedded in a microcarrier, called nano-embedded micro-particles (NEM) have been 
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developed for lung delivery of antibiotics (41). In this study, lactose was used as an inert 

microcarrier to ameliorate flow and aerosolization properties and tobramycin, which is a first 

line drug for cystic fibrosis treatment, was used as an antibiotics. On the surface of PLGA 

nanoparticles, various helper polymers such as alginate and chitosan were used for 

optimization of particle properties. The results showed that the dry powder of NEM 

formulation provided a good flow and deposition to lung, while unique features of PLGA 

nanoparticles were preserved. 

Pulmonary gene delivery is a promising strategy for treating lung diseases. DNA vaccine, 

which uses DNA encoding tuberculosis antigen to induce immunogenicity, is an attractive 

strategy for tuberculosis control. For pulmonary DNA delivery, PLGA nanoparticles were 

fabricated in the presence of a cationic polymer, polyethyleneimine (PEI) (42). The PLGA–PEI 

nanoparticle showed a cellular uptake by human bronchial epithelial cells, resulting in protein 

expression. The same nanoparticles also showed effective in vivo proliferation of T cells and 

interferon-α production by aerosol inhalation in mice whereas intramuscular administration of 

the same DNA vaccine was not as effective (43). siRNA has also been encapsulated in PLGA 

nanoparticles for pulmonary delivery. Jensen et al. (44) prepared siRNA-loaded PLGA 

nanoparticles using a cationic lipid to improve the gene silencing activity. The nanoparticles 

were then spray dried with a sugar excipient to an inhalable dry microparticle powder, which is 

similar to NEM approach as mentioned above. The final dry powder containing PLGA-siRNA 

nanoparticles had good aerodynamic properties while preserving gene silencing activity of 

siRNA. This study suggested that spray-dried powders composed of PLGA-siRNA 

nanoparticles have potential for pulmonary siRNA delivery. 

The lung is an attractive delivery route of therapeutic proteins, which has a low oral 

bioavailability due to an enzymatic degradation and a poor absorption. Insulin is the most 

widely studied protein for pulmonary applications. PLGA particulate systems have been 

employed to improve therapeutic effects of insulin via lung. The PLGA-insulin PLGA particles 

were often suspended in an aqueous solution and administered by a nebulizer (45). While the 

nebulized PLGA-insulin particles prolonged a release profile and protected insulin from an 
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enzymatic degradation, a severe burst release of insulin was observed. In order to avoid an 

aqueous formulation and provide a portability and convenience, dry powder systems have been 

attempted in recent years. Insulin-loaded PLGA microparticles fabricated by using an oil-in-oil 

method showed a minimized burst release and improved protein stability in vitro (46). The 

pulmonary absorption of the same PLGA-insulin microparticles was tested in a diabetic rat 

model (47). As compared to respirable insulin powder and subcutaneous injection of insulin, 

inhaled PLGA-insulin microparticles had a sustained release profile and a prolonged 

hypoglycemic activity, indicating of an effectiveness of the dry microparticle system. Large 

porous particles (LPP), which enables a deep lung deposition due to their good aerodynamic 

characteristic and avoidance of phagocytic clearance due to their large size (10–20 μm) (48), 

also have been adapted for pulmonary insulin delivery. However, a use of salts to make porous 

PLGA particles may harm a stability of insulin (49). Ungaro et al. (50) developed insulin-

loaded PLGA LPP using hydroxypropyl-β-cyclodextrin (HPβCD). HPβCD is a good osmotic 

agent while not affecting insulin integrity. The following in vivo study demonstrated that the 

PLGA LPP administered by a dry powder inhaler reaches the alveoli region and significantly 

lowers blood glucose level as compared to the sprayed insulin solution of the same dose (51). 

4. Oral delivery 

Oral is the most widely used route for drug delivery due to high absorptive surface area in 

the gastrointestinal track and high patient acceptance. Despite the obvious advantages, poor 

solubility and low stability by an enzymatic degradation, which result in poor bioavailability, 

limit the use of many drugs including peptides, proteins and chemotherapeutics. Recently, 

nanoparticle systems have emerged as an alternative formulation to overcome the problems 

because they have unique properties such as a protection of drugs, a targeted delivery and a 

controlled release (52).  

One of the most difficult drugs to deliver via the oral route is insulin (53). High 

hydrophilicity, molecular weight and susceptibility to enzymes make insulin challenging to be 
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absorbed from the gastrointestinal mucosa. To improve the bioavailability of insulin, PLGA 

nanoparticles encapsulated with insulin–sodium oleate (SO) complex was developed (54). 

Since insulin is too hydrophilic to obtain a sufficient loading amount in hydrophobic  

PLGA nanoparticles, SO, an anionic surfactant, was used to form a complex system with 

positively charged insulin, thus increasing hydrophobicity (55). The loading efficiency of 

insulin was approximately 90 %. In vivo study showed that oral administration of insulin–SO 

complex-loaded PLGA nanoparticles significantly enhanced bioavailability and reduced the 

blood glucose level for a prolonged period of time. In another study, dual-functional PLGA 

nanoparticles were designed to efficiently delivery insulin to the upper region of the small 

intestine (56). To enhance the penetration of insulin into mucosal layer, cationic polymer, 

Eudragit® RS, was incorporated with PLGA to prepare the cationic nanoparticles. Then the 

nanoparticles were placed in the enteric capsule coated with pH-sensitive hydroxypropyl 

methylcellulose phthalate (HP55) for preventing the premature release in the stomach. The 

insulin-loaded dual-functional PLGA nanoparticles reduced blood glucose levels in diabetic rat 

model for an extended period of time. The results of studies presented above imply that protein 

or peptide drugs including insulin might be orally delivered by PLGA nanoparticles with 

improved bioavailability. 

In addition to insulin, other classes of drugs have been loaded in orally applicable PLGA 

nanoparticles. Kalaria et al. (57) designed PLGA nanoparticle systems for oral delivery of 

doxorubicin, which has low oral bioavailability due to the first-pass metabolism, and found that 

doxorubicin-loaded PLGA nanoparticles markedly increased the oral bioavailability for 

prolonged time, presumably because of the sustained release of doxorubicin for the 

nanoparticles. The same research group investigated PLGA nanoparticles for oral delivery of 

estradiol (58) and amphotericin B (59), and demonstrated that bioavailability of both drugs can 

be significantly improved by PLGA nanoparticle systems. Curcumin was incorporated in 

PLGA nanoparticles by a similar method described above and its oral bioavailability was 

improved by ninefold as compared to an oral curcumin solution with absorption enhancers (60). 
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5. Ophthalmic delivery 

A rapid clearance by lacrimation, tear dilution and tear turnover, leads to a poor 

bioavailability of eye drops, which is the most commonly used eye formulation. Other 

ophthalmic formulations such as gels and ointments also have problems of blurred vision, 

sticking of the eye lid and low patient compliance (61). The impediments of currently used 

formulations have accelerated research on novel ophthalmic delivery systems composed 

nanoparticles. Nanoparticles of biodegradable polymers can load various types of therapeutic 

cargoes, for examples, a poorly water-soluble drugs, proteins and genes and release them in a 

controlled or sustained manner. Since nanoparticles dispersed in a liquid vehicle have a similar 

viscosity of conventional eye drops, they would have a good patient acceptance (62).  

Mucoadhesive property can be added for higher penetration and prolonged residence time. 

Recently, PLGA nanoparticles have been studied for efficient delivery of an array of drugs to 

eyes. 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly used drugs to manage ocular 

inflammations and prevent intra-operative miosis and cystoid macular edema, but their low 

ocular bioavailability limits the use of the drugs (63). Vega et al. (64) have developed PLGA 

nanoparticles containing flurbiprofen (FB) to improve the ocular bioavailability which is low 

with the commercially available eye drop formulations such as Oculflur®. FB was efficiently 

loaded into PLGA nanoparticles and the nanoparticles released the drug in a controlled manner. 

The ex vivo study revealed that the corneal permeability of FB was increased by twofold as 

compared to Oculflur® and by fourfold as compared to FB solution in a pH 7.4 phosphate 

buffer. Corneal hydration did not change after the application of FB-PLGA nanoparticles, 

indicating that nanoparticles have no damage to eye tissues. In a following study, it was found 

that the FB-loaded nanoparticles were physicochemically stable over 75 days and were not 

irritant to ocular tissues (65). Diclofenac sodium, a poor water-soluble NSAID, was also 

formulated to nanoparticles using PLGA (66). Diclofenac-loaded PLGA nanoparticles 
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improved corneal adhesion and did not show any irritancy on cornea, iris and conjunctiva for 

up to 24 h. A poorly water-soluble anti-bacterial drug, sparfloxacin, was formulated into PLGA 

nanoparticles. As compared to marketed eye drop formulations, a drug release profile, 

precorneal residence time and ocular penetration were improved with the PLGA nanoparticle 

system. The ocular tolerability study using hen’s egg chorioallantoic membrane test 

demonstrated that the PLGA nanoparticles are not irritant (67). 

Chang et al. (68), reported on doxycycline-loaded PLGA microparticles for protecting a 

corneal barrier disruption in dry eye. Instead of nanoparticles, microparticles were chosen for 

higher loading efficiency and prolonged drug release to overcome inconvenience of daily dose 

of eye drops. The drug-loaded microparticles in a diameter of 4.6 μm were administered by 

subconjunctival injection into dry eyes in mice. The results showed that doxycycline-loaded 

PLGA microparticles had as efficacious as a daily administration of eye drops for 5 days. 

Ocular delivery of peptide drugs were attempted using PLGA microparticles. Gavini et al. (69), 

fabricated PLGA microparticles encapsulated with a peptide anti-bacterial drug, vancomycin.   

To increase the drug loading efficiency, a novel fabrication method, an emulsification/spray-

drying technique, was used instead of a double-emulsion method which is commonly used for 

protein or peptide encapsulation in PLGA particles. In a rabbit model, vancomycin 

concentration in the aqueous humor was increased for prolonged time as compared to 

vancomycin solution. Interestingly, authors added hydroxypropyl cellulose as a suspending 

agent to PLGA microparticles to improve the residence time and bioavailability; however, the 

ocular bioavailability did not change, implying that the size of PLGA microparticles can reside 

in the cul-de-sac and precorneal area, releasing the drug in a controlled manner. 

The ocular residence time can be further prolonged with mucoadhesiveness. Jain et al. (70), 

developed PLGA–chitosan nanoplexes for the purpose. Using a fluorescent dye, the residence 

time of the nanoplex system and a fluorescent solution were compared. The nanoplexes showed 

prolonged residence time and higher paracellular and transcellular uptake of the dye as 

compared to the dye solution, implying that chitosan opens tight junctions and enhances 

endocytosis processes. 
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6. Vaginal drug delivery 

A majority of vaginal drug delivery systems are intended for the treatment or the prevention 

of local vaginal abnormalities such as HIV infections, even though well-developed blood 

vessels under vaginal walls makes the vagina a promising route for a systemic delivery (71).  

Particulate systems are suitable to vaginal application due to their thixotropic properties and 

resistance from pH changes in vaginal mucosa. Nanoparticle delivery systems to the vagina 

have advantages of a once-a-day vaginal application which can improve patients’ compliance.  

Since nanoparticles with a diameter of less than 300 nm are able to permeate mucosal 

membranes which have an average pore size of 340 nm (72), they can be evenly distributed in 

the vaginal cavity which are composed of the highly folded epithelial surfaces (73). These 

benefits have accelerated development of novel vaginal delivery systems using micro and 

nanoparticles. 

Vaginal applications of topical microbicides utilizing PLGA nanoparticles have been 

developed for the prevention and treatment of HIV-1 infection. Ham et al. (74), prepared 

PLGA nanoparticles containing an analog of naturally occurring chemokine, PSC-RANTES, 

which modulate a fusion between virus membrane and the cell membrane. By incorporating the 

drug into PLGA nanoparticles, tissue uptake was increased by five times and tissue 

permeability was significantly enhanced as compared to the unformulated drug. Degradation of 

the PSC-RANTES can be also protected in the nanoparticles. A commercialize microbicide, 

tenofovir, was formulated by PLGA nano systems for a controlled release. Zhang et al. (75) 

developed novel pH-sensitive tenofovir-loaded nanoparticles composed of PLGA and pH-

sensitive polymer, Eudragit-S100. The release rate of tenofovir was controlled by changing a 

ratio of PLGA and Eudragit-S100. The nanoparticles did not induce any toxicity for 48 h in 

vaginal cells and Lactobacillus crispatus, suggesting that the novel pH-sensitive nano system is 

a promising strategy for anti-HIV microbicide delivery. 

Blum et al. (76), fabricated topical PLGA nanoparticles loaded with anticancer drug, 
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camptothecin for the prevention of intravaginal tumor. To test the effectiveness of the 

nanoparticle system, a vaginal tumor model was established in mice. Camptothecin-loaded 

PLGA nanoparticles administered by intravaginal lavage completely prevent tumor growth, 

indicating that topical PLGA nanoparticles are an effective delivery system for the treatment of 

vaginal tumors. 

Since vaginal delivery siRNA using liposomes cannot provide a controlled or sustained 

release, PLGA nanoparticles were investigated as an alternative to siRNA delivery system.   

Woodrow et al. (77) first developed siRNA-loaded PLGA nanoparticles with a high siRNA 

loading efficiency. The PLGA nanoparticles showed a deep-penetration into vaginal epithelial 

tissues and induced effective and prolonged gene silencing activity, implying that various 

siRNA targeting HIV-1 and tumors can be used for vaginal delivery. In a following study, 

surface-modified PLGA nanoparticles with mucoadhesive avidin and PEG were prepared to 

find optimal in vivo distribution in a vaginal cavity (78). It was found that PEG-modified 

PLGA nanoparticles were more effectively penetrate mucus layers and entered vaginal 

epithelial cells than avidin-modified ones, implying that when designing particulate systems to 

deliver drug to vaginal cells, surface modification should be rationally considered. 

A female sexual arousal disorder is caused by an insufficient vaginal blood flow. Nitric 

oxide (NO) is a naturally occurring strong vasodilator. However, very short half-life (a few 

second) of NO impeded the development of NO-delivery systems. Yoo et al. (79)  developed 

a novel NO-releasing PLGA microparticles for virginal applications. DETA NONOate, a NO 

donor, was used since NO is a gas molecule and cannot be directly incorporated into the 

particles. It was found that oil-in-oil method protect DETA NONOate during the fabrication 

process, resulting in a high loading efficiency of the NO donor. 

The NO released from the microparticles was found to effectively penetrate a vaginal cell 

layer and increased the intracellular cGMP level. A following in vivo study in mice 

demonstrated that the NO-releasing PLGA microparticles are able to significantly increase the 

vaginal blood flow for the prolonged period of time, suggesting that NO-releasing PLGA 

microparticles are a promising treatment option for female sexual arousal disorder (71). 
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7. Conclusion 

PLGA micro- and nanoparticles have long been studied for a number of biomedical 

applications including drug delivery. A good biocompatibility and drug loading capacity as 

well as modifiable surface properties are key properties that made PLGA particle systems 

versatile. PLGA particles were used to encapsulate poorly soluble drugs as well as hydrophilic 

drug such as proteins, peptides, genes and siRNA. Novel fabrication methods such as pore-

generating techniques enabled high loading efficiency of various hydrophilic drugs. To 

improve the performance, different types of materials including chitosan and PEG were mixed 

or chemically conjugated with PLGA to prepare the particles. Surface of the nanoparticles were 

functionalized for prolonged circulation time and active targeting. In this literature review, a 

variety of recently developed PLGA particles systems have been introduced. This information 

would lead to more effective PLGA-based particulate drug delivery systems. 
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Chapter 2  

Facile size control of PLGA particles in a nano-to-micron 

scale 

1. Introduction 

Particulate systems such as polymeric particles, liposomes and micelles, which have their 

distinctive advantages over conventional formulations in the field of drug delivery and 

diagnosis have been enormously studied (1, 2). PLGA-based polymeric particles are one of the 

most extensively studied particle systems among them over last two decades due to their 

versatility in clinical applications, such as biocompatibility, biodegradability, drug 

encapsulation, controlled release and modifiable surface chemistry (3). Various parameters in 

particle design have been investigated to maximize their performance in the body. A type of 

material, size, shape and surface chemistry are essential parameters that should be considered 

in designing particulate systems. Optimization of the key particle properties plays a crucial role 

in an interaction between particles and biological milieu, thus being required for a therapeutic 

success of the particle systems (4). Since a specific size range should guarantee an efficient 

delivery of a drug to target diseases, particle size is particularly important. Therefore, in many 

cases, size is taken first into account in designing particulate systems. The clinically applicable 

size of PLGA particles ranges from sub-100 nm to a few microns. Nanoscale particles (less 

than 500 nm) are mostly employed for targeted delivery (i.e. tumor targeted system) to utilize 

enhanced permeability and retention (EPR) effects or oral formulations for enhanced 

bioavailability (5). Micron-sized parties are commonly used for pulmonary delivery (0.5 ~ 3 

µm) to deliver a drug to the alveoli (6). Larger ones (over 20 µm) can be used or sustained drug 

release in implant systems such as Lupron® (7). A couple of fabrication technologies have 

been introduced to produce well-controlled PLGA particles over 3 µm ranges (8). However, the 

size between sub-100 nm and a few micron, which have been popular for targeted delivery and 
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lung delivery, have not been well defined until now. For this reason, in most PLGA studies, 

particle size was rather randomly chosen depending on the fabrication methods which are 

mostly conventional. Although there have been a few studies that showed a role of particles 

sizes with well-controlled particle sizes, the particles were made by inorganic materials such as 

gold and iron oxide (9-11) and their sizes ranged from 10 nm to 80 nm, thus not being 

applicable to PLGA-based particle systems. There have been efforts to control the particles size 

by changing polymer concentration, sonication or homogenizer power, PVA concentration, 

stirring speed; however, those parameter gives only slight modification in size and did not 

narrow down a size distribution. Subsequently, effects of particles size on drug delivery 

processes using PLGA-based particles are largely lack. Need for well-established size-

controlled fabrication of PLGA particles are emerging. In this study, facile fabrication methods 

that precisely control particles size in a range between sub 100-nm and a few micron with a 

high yield and a narrow size distribution were developed. 
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2. Materials and Methods 

2.1. Materials 

PLGA copolymers (50:50 DLG 5E, i.v 0.47dL/g) was purchased from Lakeshore 

Biomaterials (Birmingham, AL, USA). paclitaxel (PTX) was purchased from LC Laboratories 

(Woburn, MA, USA). PVA (Poly vinyl alcohol); Mw 30,000~70,000, was purchased from 

Sigma (USA). chloroform, dichloromethane (DCM), acetone and acetonitrile (HPLC grade) 

were purchased from Burdick & Jackson (Muskegon, MI, USA). 

2.2. Preparation of PLGA nano- and microparticles 

PLGA nano- and microparticles were prepared by using a variety of different methods: 

nano-precipitation and solvent evaporation method. The aim of this study is to establish a 

fabrication method of size-controlled PLGA particles ranging from sub-100 nm to 2.5 µm.   

2.2.1. Target size: sub-100 ~ 100 nm  

Effects of solvents and power of probe-sonicator: PLGA (50 mg) was dissolved in the 

three different solvents such as chloroform, acetone and DCM (5 ml respectively). This organic 

phase was mixed with an aqueous phase 1 % (w/v) of PVA solution (20 ml), the emulsification 

was done by probe-sonicator (100, 150, 200 and 250 W, 1 min), (KFS-300N ultrasonic 

processor (Korea)). The resultant emulsion was maintained and allowed to evaporate under 

mechanical stirring overnight at 500 rpm in the Fume hood. The resultant PLGA particles were 

centrifuged for 30 min at 20,000 xg for 3 times. 

Nano-precipitation method: PLGA (50 mg) was dissolved in 5 ml of acetone. These 

organic phases were injected into an aqueous 1 % (w/v) of PVA solution (100 ml). The 

resultant emulsion maintained under mechanical stirring for 18 h at 500 rpm in the Fume hood. 
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The PLGA particles were centrifuged for 30 min at 20,000 xg for 3 times, the obtained results 

of 100 nm. 70 nm was obtained simultaneous using injector with homogenizer. Briefly, PLGA 

(50 mg) was dissolved in 5 ml of acetone. This organic phase was injected into aqueous 1 % 

(w/v) of PVA solution (100 ml) by injector and the emulsification was done by homogenizer 

(Ultra-Homogenizer IKA® Ultra-Turrax T-10 (Germany)) with a stirring rate of 20,000 rpm 

during 9 min in an ice bath. The resultant emulsion maintained under mechanical stirring for 18 

h at 500 rpm in the Fume hood. The PLGA particles were centrifuged for 30 min at 20,000 xg 

for 3 times. 

Size separation: PLGA (50 mg) was dissolved in 5 ml of chloroform. This organic phase 

was mixed with an aqueous 1 % (w/v) of PVA solution (20 ml), the emulsification was done by 

probe-sonicator (100 W, 1 min). The resultant emulsion maintained under mechanical stirring 

for 3 h at 500 rpm in the Fume hood. The PLGA particles were centrifuged for 30 min at 

20,000 xg for 2 times and centrifuged for 30 min at 6,000 xg, and then supernatant was 

collected. 

2.2.2. Target size: 200 nm 

Effects of polymer concentration: PLGA (50 mg) was dissolved in DCM (0.5, 1.0, 1.5 and 

2.0 ml respectively). These organic phase were mixed with an aqueous 1 % (w/v) of PVA 

solution (20 ml), the emulsification was done by probe-sonicator (100 W, 1 min). The resultant 

emulsion maintained under mechanical stirring for 3 h at 500 rpm in the Fume hood. The 

PLGA particles were centrifuged for 30 min at 20,000 xg for 3 times. 

Effects of PVA concentration: PLGA (50mg) was dissolved in 1.0 ml of DCM. This 

organic phase was mixed with an aqueous (1, 3 and 7 %) (w/v) of PVA solution (20ml) 

respectively, the emulsification was done by probe-sonicator (100 W, 1 min). The resultant 

emulsion maintained under mechanical stirring for 3 h at 500 rpm in the Fume hood. The 

PLGA particles were centrifuged for 30 min at 20,000 xg for 3 times. 
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Size separation:  PLGA (50 mg) was dissolved in 3 ml of DCM. This organic phase was 

mixed with an aqueous 3 % (w/v) of PVA solution (9 ml) and then the emulsification was done 

by probe-sonicator (100 W, 1 min) in an ice bath. The resultant emulsion was poured into an 

aqueous 1% (w/v) of PVA solution (20 ml) and then maintained under mechanical stirring for 3 

h at 500 rpm in the Fume hood. The PLGA particles were centrifuged for 20 min at 1500 xg for 

3 times. 

2.2.3. Target size: 400 nm 

Replacing probe-sonicator with homogenizer: Using a fabrication method of 200 nm; 

PLGA (50mg) was dissolved in 3 ml of DCM. This organic phase was mixed with 3 % (w/v) of 

PVA solution (9 ml) and then the emulsification was done by homogenizer (30,000 rpm, 5 

min) in an ice bath. The resultant emulsion was poured into an aqueous 1 % (w/v) of PVA 

solution (20 ml) and then maintained under mechanical stirring for 3 h at 500 rpm in the Fume 

hood. The PLGA particles were centrifuged for 30 min at 20,000 xg for 3 times. 

Size separation: PLGA (50 mg) was dissolved in 3 ml of DCM. This organic phase was 

mixed with 3 % (w/v) of PVA solution (9 ml) and then the emulsification was done by 

homogenizer (30,000 rpm, 5 min) in an ice bath. The resultant emulsion was poured into an 

aqueous 1% (w/v) of PVA solution (20 ml) and then maintained under mechanical stirring for 3 

h at 500 rpm in the hood. The PLGA particles were centrifuged for 20 min at 800 xg for 3 

times. 

2.2.4. Target size: 600 nm 

Size separation: PLGA (50 mg) was dissolved in DCM (5 ml and 10 ml respectively). This 

organic phase was mixed with 30 ml of aqueous 1 % (w/v) of PVA solution, the emulsification 

was done by homogenizer with a stirring rate of 20,000 rpm during 5 min in an ice bath. The 

resultant emulsion maintained under mechanical stirring for 3 h at 600 rpm in the Fume hood. 

The PLGA particles were centrifuged for 20 min at 500 xg for 3 times.  
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2.2.5. Target size: 1.0 µm 

Size separation: PLGA (100 mg) were dissolved in 6 ml of DCM. This organic phase was 

mixed with 30 ml an aqueous 1 % (w/v) of PVA solution, the emulsification was done by 

homogenizer with a stirring rate of 30,000 rpm during 5 min in an ice bath. The resultant 

emulsion maintained under mechanical stirring for 3 h at 500 rpm in the Fume hood. The 

PLGA particles were centrifuged for 20 min at 250 or 200 xg for 3 times. 

2.2.6. Target size: 2.5 µm 

Size separation: PLGA (100 mg) was dissolved in 3 ml of DCM. This organic phase was 

mixed with 30 ml of an aqueous 1 % (w/v) of PVA solution, the emulsification was done by 

homogenizer with a stirring rate of 20,000 rpm during 5 min in an ice bath. The resultant 

emulsion maintained under mechanical stirring for 3 h at 600 rpm in the Fume hood. The 

PLGA particles were centrifuged for 20 min at 100 xg for 3 times. 

2.3. Scanning electron microscopy (SEM) 

PLGA nano- and microparticles were characterized by using field emission scanning 

electron microscope (FE-SEM, S4800, Hitachi, Japan). The dispersed PLGA colloid in water 

was dropped onto a carbon tape and air dried in the Fume hood or desiccator. The carbon tape 

with PLGA particles were coated with platinum for 2 min under vacuum. The samples were 

viewed under the FE-SEM at an acceleration voltage of 1~5 kV. The particles size as measured 

by using ImageJ software (n=100). 

2.4. DLS  

DLS measurements were performed with a Malvern Zetasizer Nano ZS (Malvern, 

Herrenberg, Germany) equipped with a 633-nm He-Ne laser and operating at an angle of 173°. 
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For each sample, 15 runs of 10 s were performed, with three repetitions for all the PLGA nano- 

and microparticles. The intensity size distribution, the Z-average diameter (Z-ave) and the 

polydispersity index (PdI) were obtained from the autocorrelation function using the “general 

purpose mode” for PLGA nano- and microparticles. 
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3. Results 

3.1. Determination of size controlled particles  

The PLGA particles with different size ranges were obtained by emulsion process and 

diverse instruments; from 70 nm to 2.5 µm.  

Target size: sub-100 nm and 100 nm: Effects of solvents and power of probe-

sonicator: Three solvents (chloroform, acetone and DCM) were selected and the power of 

probe-sonicator was used in 4 different levels. The power of probe-sonicator did not affect the 

size of the particles. On the other hand the difference in the particle size was affected by the 

solvents. In the case of the use of acetone, the particles ranged from 70 to 90 nm were formed. 

The resultant particle size using chloroform and DCM showed the nearly similar particle sizes 

(Figure 1, Table 1). 

Nano-precipitation method: The size of 70 and 100 nm were fabricated by using the nano-

precipitation method. Acetone is used as the solvent and used injector connected to the 

instrument. The size of 100 nm was obtained with injector and 70 nm was obtained 

simultaneous using injector with homogenizer. The results revealed that target size of sub-100 

nm and 100 nm showed a narrow distribution particle; 71.5 ± 13.2 nm and 100.0 ± 12.5 nm 

(Figure 2). 

Size separation: The size of 100 nm was obtained by using chloroform (1-1 method), the 

particles were centrifuged for 30 min at 6,000 xg and the supernatant contained of 80 nm. 

However, the yield was very low (within 10 %) (Figure 3). 

Target size: 200 nm: Effects of polymer concentration: PLGA (50 mg) was fixed and the 

volume of DCM was diversified. The size of 100 nm was obtained in PLGA / DCM 

concentration; 10 mg/ml). Therefore, the volume of DCM was reduced and the concentration 
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of PLGA was turned up. Consequently, the size increased as the volume of the DCM was 

decreased. As to (a), there were lots of particles with a large size and the SD value was high. 

The (b) was near to the target size. (Figure 4, Table 2). 

Effects of PVA concentration: PLGA (mg) was fixed and the concentration of PVA was 

diversified. The PVA concentrations varied from 1 % 3 % and 7 % (w/v) respectively. In the 

case of the use of 1 % PVA solution, the particles size was closed to 200 nm (198.3 ± 72.2 nm), 

but there were lots of particles with a large size and the SD value was high. The size was 

reducing as the PVA concentrations were increased (Figure 5, Table 3).  

Size separation: Using 3 % (w/v) of PVA and increasing the volume to 3 ml of DCM, and a 

size separation by centrifugation for 20 min at 1500 xg for 3 times. The results revealed that the 

mean of particle size is 216.5 ± 30.9 nm with narrow distribution (Figure 6). 

Target size: 400 nm: Based on the manufacturing method of 200 nm, Particle was 

fabricated by using homogenizer (mean size is 321.4 ± 130.3 nm). The SEM image of (a) 

showed large particle, and then the particle was used for a size separation by centrifugation. 

The SEM image of (b) showed 399.6 ± 52.8 nm.  

Target size: 600 nm: In the case of the use of PLGA / DCM concentration 10 mg/ml, 

particle size closed to 650 nm (a) was obtained. By increasing the DCM volume to two times, 

600 nm (608.3 ± 116.5 nm) (b) was obtained (Figure 8). A size separation was used for 20 min 

at 500 xg for 3 times. 

Target size: 1.0 µm: DCM volume was decreased in comparison with 600 nm and a size 

separation by centrifugation was done with 250 xg and 200 xg. When centrifuging with 250 xg, 

the small particles remained and the average size was under 800 nm. When centrifuging with 

200 xg, the average size of the particles of 1.00 ± 0.16 µm were obtained (Figure 9). 

Target size: 2.5 µm: The volume of DCM was reduced in comparison with 1.0 µm and the 
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speed of the homogenizer (rpm) was reduced from 30,000 rpm to 20,000 rpm. A size 

separation by centrifugation was tested 200 xg and 100 xg. As the result for speed in 200 xg the 

particles mean size was obtained 2.03 ± 0.57 µm and for 100 xg was obtained 2.46 ± 0.56 µm 

(Figure 10). 

3.2. Fabrication method of size controlled particle in seven sizes 

The size of 70 nm and 100 nm was obtained by the nano- precipitation technique. The size 

of 70 nm was simultaneous used injector with homogenizer and the size of 100 nm was only 

used injector. Briefly, PLGA (50 mg) was dissolved in 5 ml of acetone. This organic phase was 

injected into an aqueous 1 % (w/v) of PVA solution (100 ml); the emulsification was done by 

homogenizer (Ultra-Homogenizer IKA® Ultra-Turrax T-10 (Germany)) with a stirring rate of 

20,000 rpm during 9 min in an ice bath. The resulting emulsion maintained under mechanical 

stirring for 18 h at 500 rpm in the Fume hood.  

The size of 200nm and 400 nm was obtained by the solvent evaporation technique. The size 

of 200 nm was prepared by probe-sonicator (KFS-300N ultrasonic processor (Korea)) and the 

400 nm was prepared by homogenizer. Briefly, PLGA (50 mg) was dissolved in 3 ml of DCM. 

This organic phase was mixed with 3 % (w/v) of PVA solution (9 ml) and then the 

emulsification was done by probe-sonicator (100 W, 1 min) or homogenizer (30,000 rpm, 5 

min) in an ice bath. The resultant emulsion was poured into an aqueous 1% (w/v) of PVA 

solution (20 ml) and then maintained under mechanical stirring for 3 h at 500 rpm in the Fume 

hood. 

The size of 600 nm was obtained by the solvent evaporation technique. Briefly, 50 mg of 

PLGA was dissolved in 10ml of DCM. This organic phase was mixed with 30 ml of an 

aqueous 1 % (w/v) of PVA solution, the emulsification was done by homogenizer with a 

stirring rate of 30,000 rpm during 5 min in an ice bath. The resultant emulsion maintained 

under mechanical stirring for 4 h at 500 rpm in the Fume hood. 
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The size of 1.0 µm was obtained by the solvent evaporation technique. Briefly, PLGA (100 

mg) was dissolved in 6 ml of DCM. This organic phase was mixed with an aqueous 1 % (w/v) 

of PVA solution (30 ml), the emulsification was done by homogenizer with a stirring rate of 

30,000 rpm during 5 min in an ice bath. The resultant emulsion maintained under mechanical 

stirring for 3 h at 500 rpm in the Fume hood. 

The size of 2.5 µm was obtained by the solvent evaporation technique. Briefly, PLGA (100 

mg) was dissolved in 3 ml of DCM This organic phase was mixed with 30 ml of an aqueous 

1 % (w/v) of PVA solution, the emulsification was done by homogenizer with a stirring rate of 

20,000 rpm during 5 min in an ice bath. The resultant emulsion maintained under mechanical 

stirring for 3 h at 600 rpm in the Fume hood.  

The nanoparticles with size of 70 and 100 nm were centrifuged for 1 h at 20,000 xg (Lab 

gene 1736R, Korea) and the particles were washed with distilled water, re-suspended and 

centrifuged three times to remove the residual PVA and then stored in refrigerator. The 

separation of other sizes was done by a variety of centrifugation forces (Table 4). The mean 

size of controlled size of PLGA nano- and microparticles which have been fabricated for 70 nm 

is (71.5 ± 13.2 nm), ~100 nm is (100.0 ± 12.5 nm), ~200 nm is (216.5 ± 30.9 nm) ~ 400 nm is 

(399.6 ± 52.8 nm), ~600 nm is (608.3 ± 116.5 nm), ~1.0 µm is (1.00 ± 0.16 µm) and ~2.5 µm 

is (2.46 ± 0.56 µm) by SEM (Figure 11) and DLS data can be seen in table 5. For all of the 

targeted size from 70 nm to 600 nm, the size from DLS is bigger than SEM. In addition, as the 

particle size increases, size difference in between SEM and DLS data also increases and almost 

it became double. Therefore in this case, particle size data from DLS is not more reliable. 
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4. Discussion 

The aim of this study was to prepare PLGA particles in seven different size ranges from 70 

nm to 2.5 µm (70 nm, 100 nm, 200 nm, 400 nm, 600 nm, 1.0 µm and 2.5 µm). The range of 

different size of PLGA particles were obtained by using solvent evaporation or nano-

precipitation method, 70 and 100 nm size particles were obtained by nano-precipitation method 

and 200 nm ~ 2.5 µm size particles were obtained by solvent evaporation method with probe-

sonicator or homogenizer (Figure12). The reproducibility of the particles was over 90 %. 

It is considerably difficult to fabricate the sub-100 size particles. In the literature, sub-100 

nm size particles were obtained by solvent evaporation method using a probe-sonicator (12, 13). 

But the particles size was unclear. To fabricate small particles, by increasing the applied energy 

(instrument power), several parameters were used such as increasing surfactant concentration 

in an aqueous phase, decreasing polymer concentration, and as well using a mixed instrument 

(such as injector and homogenizer).  

To fabricate sub-100 nm size particles, solvent evaporation and nano-precipitation methods 

were used. The targeted sub-100 nm size particles were fabricated by using three different 

solvents (acetone, DCM and chloroform respectively) with probe-sonicator. The 70 nm size 

particles were obtained with acetone as solvents. When paclitaxel-loaded PLGA particles (70 

nm) were fabricated with acetone as solvents by probe-sonicator, the drug was precipitated.   

Using chloroform as solvent and a size separation by centrifugation, 80 nm size particles 

were obtained. But the percentage of the yields was very low, within 10 %.  

The size of 100 nm was obtained by using nano-precipitation method with injector. The size 

of 70 nm was obtained by simultaneously using injector with homogenizer. The PVA 

concentration and DCM volume were changed variously in order to obtain the size of 200 nm.  

By using 3 % (w/v) of PVA and a size separation by centrifugation, and also increasing the 

volume of the DCM, it revealed that the size of 200 nm was obtained with narrow distribution.  

Then by using these fabrication parameters of 200 nm, the 400 nm size particles with narrow 
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size distribution were obtained by using homogenizer. The 600 nm and 1.0 µm size particles 

were obtained by changing volume of the solvent and a size separation by centrifugation. The 

2.5 µm size particles were obtained by increasing the PLGA concentration and reducing the 

speed of homogenizer. In this way, the several parameters were changed in order to control the 

size of the particles.  
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5. Conclusion 

Precise control of particle size ranged from sub-100 nm to a few micrometers was 

successfully established. The mean size of 70 nm is (71.5 ± 13.2 nm), ~100 nm is (100.0 ± 12.5 

nm), ~200 nm is (216.5 ± 30.9 nm) ~400 nm is (399.6 ± 52.8 nm), ~600 nm is (608.3 ± 116.5 

nm), ~1.0 µm is (1.00 ± 0.16 µm) and ~2.5 µm is (2.46 ± 0.56 µm) were achieved by using a 

combination of various methods. The fabrication methods developed in this study would have 

various applications in the biomedical fields including drug delivery and imaging for diagnosis. 
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Table 1. Effects of the power and solvent on particle size 

 

Power      Solvent chloroform acetone dichloromethane 

100 W 112.4 ± 18.5 nm 70.5 ± 12.5 nm 108.0 ± 30.9 nm 

150 W 102.7 ± 13.5 nm 87.8 ± 15.5 nm 97.6 ± 28.3 nm 

200 W 123.4 ± 34.5 nm 93.9 ± 25.1 nm 110.1 ± 27.0 nm 

250 W 113.1 ± 20.1 nm 88.7 ± 20.1 nm 115.7 ± 17.3 nm 
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Table 2. Effect of DCM volume on particle size 

 

Type DCM Volume SEM (size ± SD) 

(a) 0.5 ml (1.0 %) 235.4 ± 93.4 nm 

(b) 1.0 ml (2.0 %) 181.4 ± 73.8 nm 

(c) 1.5 ml (3.0 %) 167.4 ± 44.3 nm 

(d) 2.0 ml (4.0 %) 156.6 ± 40.9 nm 
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Table 3. Effect of PVA concentration on particle size 

 

Type (a) (b) (c)  

PVA conc. 1 % 3 % 7 % 

SEM 198.3 ± 72.2 nm 131.8 ± 25.6 124.8 ± 25.7 
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Table 4. Condition of a size separation by centrifugation 

 

Target Size Centrifuge force 
(Time) 

Results 

 

  After centrifuge 

 

200 nm 1,500 xg  (20min) Supernatant :  

141.0 ± 20.6 nm 

Particles :  

216.5 ± 30.9 nm 

400 nm 800 xg  (20min) Supernatant :  

100~300 nm 

Particles :  

399.6 ± 52.8 nm 

600 nm 500 xg  (20min) Supernatant : 

 150~400 nm 

Particles :  

608.3 ± 116.5nm 

1.0 µm 200 xg  (20min) Supernatant :  

300~800 nm 

Particles :  

1.00 ± 0.16 µm 

2.5 μm 100 xg  (20min) Supernatant :  

0.8~1.8 µm 

Particles :  

2.45 ± 0.56 µm 
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Table 5. Comparison of the size using DLS and SEM 

 

Target 

size 

70 nm 100 nm 200 nm 400 nm 600 nm 1.0 µm 2.5 µm 

SEM 71.5 ± 

13.2 nm 

100.0 ± 

12.5 nm 

216.5 ± 

30.9 nm 

399.6 ± 

52.8 nm 

608.3 ± 

116.5nm 

1.00 ± 

0.16 µm 

2.45 ± 

0.56 µm 

DLS 173.4 

nm 

PDI: 

0.072 

190.8 

nm 

PDI: 

0.035 

370.2 

nm 

PDI: 

0.032 

754.2 

nm 

PDI: 

0.032 

1091.3   

nm 

PDI:   

0.311 

n/a n/a 
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Figure 1. SEM images of the PLGA nanoparticles. The magnification is 35 k.  
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Figure 2. SEM images of targeted size: 70 and 100 nm. The magnification is 35 k, mean size 

for (a) is 71.5 ± 13.2 nm and (b) is 100.0 ± 12.5 nm. 
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Figure 3. SEM images of targeted size: sub-100 nm. The magnification is 35 k, mean size for 

(a) is 113.1 ± 20.1 nm, (b) is 164.8 ± 66.0 nm and (c) is 81.6 ± 17.6 nm. 
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Figure 4. SEM images of the particles obtained by using different DCM volume. The 

magnification is 35 k. 
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Figure 5. SEM images of the targeted size: 200 nm. The magnification is 35 k, mean size for 

(a) is 198.3 ± 72.2 nm, (b) is 131.8 ± 25.6 nm and (c) is 124.8 ± 25.7 nm. 
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Figure 6. SEM images of the targeted size: 200 nm. The magnification is 35 k, mean size is 

216.5 ± 30.9 nm. 
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Figure 7. SEM images of the targeted size: 400 nm. The magnification is 10 k, mean size for 

(a) is 321.4 ± 130.3 nm and (b) is 399.6 ± 52.8 nm. 
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Figure 8. SEM images of the targeted size: 600 nm. The magnification is 10 k, mean size for 

(a) is 659.0 ± 119.6 nm, and (b) is 608.3 ± 116.5 nm. 
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Figure 9. SEM images of the targeted size: 1.0 µm. The magnification is 10 k, mean size for (a) 

is 0.79 ± 0.15 µm, and (b) is 1.00 ± 0.16 µm. 
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Figure 10. SEM images of the targeted size: 2.5 µm. The magnification is 10 k, mean size for 

(a) is 2.03 ± 0.57 µm, (b) is 2.46 ± 0.56 µm. 
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Figure 11. SEM images of the PLGA nano- and microparticles. The magnification of big size 

image is 10 k and small size image is 35 k. All of the particles were made in the fixed size. 
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Figure 12. The method used to prepare the variety of particle size by using diverse instruments. 
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Precisely controlled particle size of paclitaxel-loaded 

PLGA nano- and microparticles: Influence of particle size 

on drug delivery
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Chapter 3 

Precisely controlled particle size of paclitaxel-loaded 

PLGA nano- and microparticles: Influence of particle size 

on drug delivery 

 

1. Introduction 

Polymeric drug-loaded nanoparticles have been widely studied for targeted drug delivery. 

The journey of drug delivery system in the body upon administration encounters various 

barriers to deliver sufficient drug and targeting desire site in a controlled. PLGA (Poly (lactic-

co-glycolic acid)) is approved by the US food and Drug Administration (US FDA) in various 

drug delivery systems in humans (1). PLGA is used as biodegradable polymers for the 

development of nanomedicine because its hydrolysis leads to metabolite monomers, lactic acid 

and glycolic acid (Figure 1). These two monomers are easily metabolized in the body. There is 

a minimum systemic toxicity associated with the use of PLGA for drug delivery or biomaterial 

applications (2, 3). PLGA is generally used for fabricating nanoparticles because of its 

biocompatibility and well-documented controlled drug release compared to the conventional 

one used to date and simplicity of administration via injection (4). The macromolecular drugs 

such as peptide, proteins, genes and vaccines, are successfully loaded PLGA nano-and 

microparticles (5).  

Paclitaxel (PTX), a naturally occurring diterpenoid extracted from the bark of the Pacific 

Yew tree in the 1960s, is one of the best antineoplastic agents. The drug has been known to 

exhibit a various cancer treatments including ovarian, breast, liver, head and neck cancers (6). 

PTX has a poor water solubility (less than 1ug/ml) (7). Therefore, it requires co-injection in a 

vehicle composed of Cremophor EL and dehydrated ethanol at ratio 50:50 (v/v), causing severe 

side effects including hypersensitivity reaction, nephrotoxicity, neurotoxicity and cardiotoxicity  
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(8-13). Alternative approaches in the formulation of PTX have been suggested to remove the 

Cremophor EL-based vehicle and to improve the formulation of PTX such as liposomes (14, 

15), micelles (16), micro- and nanoparticle (17-21) or PTX conjugated polymer (22-29). The 

particle size is a very important because the particles were removed by size-exclusion in the 

body. The need for intravenous (IV) has encouraged the size range of nanometers to a few 

microns (30-32). After administration, 10-30 nanoparticles are eliminated by kidney's filtering 

systems in renal (32, 33). 150–300 nanoparticles are found in the liver and the spleen (34) and 

30–150 nanoparticles are located in bone marrow (35). Nanoparticles can escape from the 

circulation through the fenestrations in the endothelial barrier. Particle size impacts the extent 

of cellular uptake by phagocytosis and endocytosis. Particles smaller than 500 nm are usually 

internalized by endocytosis and particles larger than 500 nm are supposed to be internalized by 

phagocytosis (36). Furthermore, The solid tumor targeting effect of nanoparticles was achieved 

through the leaky vasculature at the tumor site and when the nanoparticles reached on the target 

sites and released the drug in the tumor cells. In addition, the tumor tissue is lack of the 

lymphatic drainage, the nanoparticles were extended retention in tumor cells. Ultimately 

leading to the accumulation of high concentrations of the drug at the tumor site (37, 38). Such 

as the enhanced permeability and retention (EPR) effect. For tumor targeting, particles less 

than 250 nm are preferred owing to an effective probability to the leaky endothelium (39, 40).  

In the literature studying the effect of the particle size to the present; based on the; In vitro 

release, the smaller PLGA particle size is faster than bigger PLGA particle size (41) and the 

polystyrene or chitosan-modified PLGA particles known that cellular uptake is increased as the 

size becomes smaller (41,42). In the case of the silica (43) and silver (44) nanoparticles, the 

more toxicity shown as the small size of the particle. In the PLGA microparticles, drug loading 

is increasing as the size becomes bigger and therefore drug release rate increased with 

increasing particle size (45). On the other hand, DNA -encapsulating PLGA microspheres and 

lidocaine-loaded PLGA porous microparticles increased the release rate as the size was small 

(46, 47). For targeting the brain, the research result was reported that PEG was unnecessary in 

the small particle than 70 nm during CED (convection-enhanced delivery) (48). In gene 
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transfection studies, the size of 70 nanoparticle showed a 27-fold higher transfection than the 

size of 200 nanoparticle in COS-7 cell and a 4-fold higher transfection in HEK-293 cell (49). In 

the case of the gold nanoparticles, The toxicity or the cell uptake occurs in the special size. 

Ranging in size from 0.8 to 15 nm, the highest toxicity is in 1.4 nm (50) and ranging in size 

from 14 nm to 100 nm, the maximum cellular uptake by size of 50 nm (51). In this way, there 

was clearly the effect of the size, it did not become many researches.  

Seven target sizes of the PLGA particles were established in the previous chapter. All of the 

particles have a narrow size distribution and precisely controlled size. The aim of this study is 

to investigate controlled particle size of PTX-loaded PLGA nano-and microparticles, the 

impact of particle size on the drug release, cellular uptake and the cytotoxicity. In the cellular 

uptake and the cytotoxicity of PTX-loaded nano-and microparticles were performed using 

cancer cells (KB).  
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2. Materials and Methods 

2.1. Materials 

Paclitaxel (PTX) was purchased from LC Laboratories (Woburn, MA, USA).  PLGA 

copolymers (50:50 DLG 5E, i.v 0.47dL/g) was purchased from Lakeshore Biomaterials (USA). 

PVA (Poly vinyl alcohol, Mw 30,000~70,000, The tetrazolium dye 3-(4,5-di-methylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT), Dimethyl sulfoxide (DMSO), Coumarin 6 and 

4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma (USA). 

The fetal bovine serum (FBS), Antibiotics and Roswell Park Memorial Institute (RPMI) 1640 

medium were purchased from Hycolne (USA). acetone, dichloromethane (DCM) and 

acetonitrile (HPLC grade) were purchased from Burdick & Jackson (USA). 

2.2. Preparation of PTX-loaded PLGA nano- and microparticles 

PTX-loaded PLGA nano- and microparticles were obtained by the nano- precipitation 

method and solvent evaporation method. The size of 70 nm and 100 nm were obtained by the 

nano-precipitation method and 200 nm, 400 nm, 600 nm, 1.0 µm and 2.5 µm were obtained by 

the solvent evaporation method. 

The size of 70nm and 100 nm were obtained by the nano-precipitation technique. The size 

of 70 nm was simultaneous used injector with homogenizer and 100 nm was used injector. 

Briefly, PTX (2 mg) and PLGA (50 mg) was dissolved in 5 ml of acetone. This organic phase 

was injected into aqueous 1 % (w/v) PVA solution (100 ml); the emulsification was done by 

homogenizer (Ultra-Homogenizer IKA® Ultra-Turrax T-10 (Germany)) with a stirring rate of 

20,000 rpm during 9 min in an ice bath. The resulting emulsion maintained under mechanical 

stirring for 18 h at 500 rpm in the Fume hood.  

The size of 200 nm and 400 nm were obtained by the solvent evaporation technique. The 
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size of 200 nm was prepared by probe-sonicator (KFS-300N ultrasonic processor (Korea)) and 

400 nm was prepared by homogenizer. Briefly, PTX (2 mg) and PLGA (50 mg) were dissolved 

in DCM (3 ml). This organic phase was mixed with 3 % (w/v) PVA solution (9 ml) and then 

the emulsification was done by probe-sonicator (100 W, 1 min) or homogenizer (30,000 rpm, 5 

min) in an ice bath. The resulting emulsion was poured into an aqueous 1 % (w/v) PVA 

solution (20 ml) and then maintained under mechanical stirring for 3 h at 500 rpm in the Fume 

hood. 

The size of 600 nm was obtained by the solvent evaporation technique. Briefly, PTX (2 mg) 

and 50 mg of PLGA were dissolved in 10 ml of DCM. This organic phase was mixed with 30 

ml of aqueous 1 % (w/v) PVA solution, the emulsification was done by homogenizer (30,000 

rpm, 5 min) in an ice bath. The resulting emulsion maintained under mechanical stirring for 4 h 

at 500 rpm in the Fume hood. 

The size of 1.0 µm was obtained by the solvent evaporation technique. Briefly, PTX (4 mg) 

and PLGA (100 mg) were dissolved in 6 ml of DCM. This organic phase was mixed with 

aqueous 1 % (w/v) PVA solution (30 ml), the emulsification was done by homogenizer (30,000 

rpm, 5 min) in an ice bath. The resulting emulsion maintained under mechanical stirring for 3 h 

at 500 rpm in the Fume hood. 

The size of 2.5 µm was obtained by the solvent evaporation technique. Briefly, PTX (4 mg) 

and PLGA (100 mg) were dissolved in 3 ml of DCM. This organic phase was mixed with 30 

ml of aqueous 1 % (w/v) PVA solution, the emulsification was done by homogenizer (20,000 

rpm, 5min) in an ice bath. The resulting emulsion maintained under mechanical stirring for 3 h 

at 500 rpm in the Fume hood.  

The size of 70 nm and 100 nm were centrifuged for 1 h at 20,000 xg (Labogene 1736R, 

Korea) and the particles were washed with distilled water, re-suspended and centrifuged three 

more to remove the residual PVA and then stored in refrigerator. The others size separation 

was done by various centrifuge forces. 
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2.3. Scanning electron microscopy (SEM) 

PTX-loaded PLGA nano- and microparticles were characterized by using field emission 

scanning electron microscope (FE-SEM, S4800, Hitachi, Japan). The dispersed PLGA colloid 

in water was dropped onto a carbon tape and air dried in the hood. The carbon tape with PLGA 

particles was coated with platinum for 2 min under vacuum. The samples were viewed under 

the FE-SEM at an acceleration voltage of 1 ~ 5 kV. The particle size was measured by using 

ImageJ software (n=100). 

2.4. Determination of paclitaxel content in the PLGA particles 

Paclitaxel content in the PLGA particles was determined by HPLC (Gilson, Middleton, WI, 

USA). The mobile phase was a mixture of acetonitrile/ water (70:30 v/v). The reverse phase 

column was capcell-pak C18 (100 × 4.6 mm i.d., Pore size 5 µm). The column temperature was 

maintained at 30 ℃. The flow rate was set at 1.0 ml/min and the UV/VIS detection 

wavelength was 227 nm. Sample solution was injected at a volume of 20 μl. The HPLC was 

calibrated with standard solutions of 5 to 500 μg/ml of PTX dissolved in acetonitrile 

(correlation coefficient of R2=0.9999). The particles were dissolved in acetonitrile. And then 

the tubes were centrifuged at 17.000 xg for 30 min. The supernatant was assayed by HPLC.  

Encapsulation efficiency, EE (%) =Calculated drug content / Theoretical drug content 

Loading efficiency, LE (%) = Weight of drug / PLGA particles weight. 

Theoretical loading efficiency, TLE (%) = PLGA particles weight / Drug + polymer  

2.5. In vitro drug release 

PTX-loaded PLGA particles were dispersed in 1.0 ml of PBS (phosphate buffer solution, pH 

7.4) containing Tween 0.1 % and incubated at 37 °C. At determined time intervals, the tubes 

were centrifuged at 17.000 xg for 30 min. Particles were dissolved in acetonitrile and then the 
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tubes were centrifuged at 17.000 xg for 30 min. Finally, the supernatant assayed by HPLC. As 

described in determination of paclitaxel content in the PLGA particles section. 

2.6. Cell Culture 

KB cells (human epidermoid cancer) were purchased from Korean Cell line Bank (Korea), 

RAW 264.7 cells (normal cells; macrophage) were obtained from the protein structural 

chemistry lab, College of Pharmacy, Pusan National University, and cultured in RPMI 

supplemented with 10 % (v/v) fetal bovine serum (FBS) and antibiotics (100 IU/ml of 

penicillin G sodium and 100 µg/ml of streptomycin sulfate). The cells were maintained in an 

incubator supplied with 5 % CO2 air humidified atmosphere at 37 °C. 

2.7. Evaluation of cell cytotoxicity  

When the cells were confluent, then the cells were transferred to 96 well plate at a 

concentration of 5 × 104 cells per well. The next day, medium was replaced with a fresh one. 

After the cells reached around 80 %, added the paclitaxel-loaded PLGA particles of 

concentration (1.25 µg/ml). After 4 h, 8 h and 24 h of incubation, the medium containing 

particles were removed and replaced with a fresh FBS-free medium. The cells were incubated 

for 24 h and cytotoxicity was assayed using 3-(4,5-di-methylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide dye (MTT) by a microplate reader (iMark, Bio-RAD, USA). 

Cell Viability ( % ) = (ABS (test cells) / ABS (control cells)) × 100 

2.8. Cellular uptake  

For confocal microscopy, KB and Raw 264.7 cells were incubated in 6-well plates at an 

initial density of 5 × 104 cells per well. Next day, Cells were incubated with coumarin 6 loaded 

PLGA particles (concentration of coumarin 6 is 0.2 µg/ml) for 2 h at 37 °C and were washed 

several times with cold PBS, and fixed with 4 % paraformaldehyde for 10 min. The cells were 

washed several times with cold PBS and incubated with 0.1 % Triton X-100 in 0.2 N NaOH for 
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5 min. The nucleus was stained with DAPI (2 µg/ml) for 5 min. The slides were fixed with 

Permount Mounting Medium (Fisher Scientific). The samples were imaged on the FV10i 

Fluoview confocal microscope (Olympus, Japan). 

For quantitative study, cells at the initial density of 7 × 104 cells/well were plated in 12-

well plates and left overnight in Raw 264.7 cells. Next day, Cells were incubated with 

coumarin 6 loaded PLGA particles (concentration of coumarin 6 is 0.2 µg/ml) for 1 h, 2 h and 

4 h at 37 °C. After incubation for interval times, the medium was removed and washed three 

times with cold PBS. Three hundred microliters of 0.1 % Triton X-100 in 0.2 N NaOH was 

added into each sample wells to lyse the cells. The fluorescence intensity was measured by 

Multimode Microplate Reader (TriStar LB 941, Berthold Technologies, Germany) with 

excitation wavelength at 460 nm and emission wavelength at 540 nm. PLGA particles were 

quantified using a BCA assay (Fisher scientific).



 67 

 

3. Results 

3.1. Controlled particle size  

The different range size of the PLGA particles was obtained by emulsion process: The size 

of 70 and 100 nm were produced by nano-precipitation method and 200 nm - 2.5 µm were 

obtained by solvent evaporation method with probe-sonicator or homogenizer. The controlled 

size cannot be optimized by this method. Hence, a size separation by centrifugation was done 

and then the size could be controlled. Precisely controlled size of PTX-loaded PLGA nano- and 

microparticles were fabricated. The mean size of 70 nm is (77.3 ± 13.3 nm), ~100 nm is (103.7 

± 15.9 nm), ~200 nm is (204.6 ± 26.1 nm) ~400 nm is (430.1 ± 71.5 nm), ~600 nm is (608.3 ± 

116.5 nm), ~1.0 µm is (0.98 ± 0.1 µm) and ~2.5 µm is (2.45 ± 0.5 µm) (Figure 2). 

3.2. In vitro drug release 

Paclitaxel was released from the PTX-loaded PLGA nano- and microparticles (Figure 3). 

The initial fast drug release can be ascribed to particle size; while the slow and uniform release 

could be caused by diffusion of the large particles. In 1 h, about 47.3 ± 3.6 % of the loaded 

drug was released out of the size of 70 nm and 100 nm (45.9 ± 0.5 %), 200 nm (41.6 ± 1.2 %), 

400 nm (23.8 ± 6.6 %), 600 nm (11.2 ± 2.3 %) 1.0µm (5.9 ± 1.9 %) and 2.5 µm (2.9 ± 2.1 %). 

The accumulative drug release was 70 nm (80.9 ± 3.6 %), 100 nm (71.2 ± 3.9 %), 200 nm (70.9 

± 2.1 %), 400 nm (71.0 ± 2.6 %), 600 nm (51.0 ± 2.6 %), 1.0 µm (21.2 ± 1.6 %), 2.5 µm (12.1 

± 3.9 %) in 24 h. This result proved that the size had an effect on the release. Particles with a 

diameter of 77 nm showed ~ 8-fold faster drug release than particles with a diameter of 2.5 µm. 

 

3.3. Cell cytotoxicity 

The cytotoxicity of paclitaxel, dmso and PTX-loaded PLGA particles were evaluated by the 
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MTT assay using KB cells. PTX, PTX-loaded PLGA NPs and MPs at PTX concentration of 

1.25 µg/ml for 4 h, 8 h and 24 h treatment. At 4 h and 8 h, the media with particles were 

eliminated and then replaced with fresh media incubated for 24 h. The result for the PTX was 

not shown since significant cytotoxicity (Figure 4). The KB cells treated by the PTX-loaded 

PLGA nano-and microparticles had a higher cytotoxicity than those treated with PTX. In the 

case of PTX-loaded PLGA nanoparticles with concentration of 1.25 µg/ml concentration of 

PTX totally inhibited cell viability after 4 h of incubation while a 25.5 ~ 43.7 % decreased. The 

cell viability was achieved at concentrations of PTX is 1.25 µg/ml depending on the size. But 

the cytotoxicity did not show the other results depending on the size at 8 h and 24 h incubation. 

It is assumed that there is a size effect on cellular uptake until 4 h of incubation but the cellular 

uptake is saturated after 24 h of incubation, resulting in differential cytotoxicity. Further 

investigation is warranted to elucidate the effect of particle size on cellular uptake and drug 

activity. 

3.4. Cellular uptake 

Confocal microscopy of cancer cells: In KB cells, during 2 h treatment with coumarin 6-

loaded PLGA nano-and microparticles (green) were closely located around the nuclei (blue, 

stained with DAPI), which indicated that the nanoparticles had been internalized into the cells. 

The size dependency was clearly seen in these images. Confocal microscopy images showed 

that the cells had significant uptake of 100 nm sized particles. The observed tendency of the 

PLGA particles distribution in KB cells was in order to 100 nm > 400 nm > 1.0 μm (Figure 5). 

 Confocal microscopy of macrophage: In Raw 264.7 cells, during 2 h treatment with 

coumarin 6-loaded PLGA nano-and microparticles. The cells were stained with DAPI (blue), 

and the coumarin 6-loaded nano- and microparticles are green. The cellular uptake was 

visualized by overlaying images obtained by FITC filter, and DAPI filter. Confocal microscopy 

images showed that the cells had significant uptake of 1.0 μm size particles. The tendency of 

the particle distribution observed in Raw 264.7 cells was in order to 1.0 μm > 400 nm > 100 

nm. The larger particles showed higher uptake than smaller particles in Raw 264.7 cells (Figure 
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6). To detect uptake of PLGA nano- and microparticles by Raw 264.7 cells, the cellular uptake 

efficiency of the fluorescent coumarin 6-loaded nano- and microparticles were assayed upon 1 

h, 2 h and 4 h incubation. The results showed the cellular uptake was increased as the treatment 

time increased. The cellular uptake was clearly dependent on the particles size; the larger 

particles showed higher uptake than smaller particles (Figure 7). 



 70 

 

4. Discussion 

The purpose of this study was to prepare PTX-loaded PLGA particles in seven different size 

ranges from 70 nm to 2.5 µm (70 nm, 100 nm, 200 nm, 400 nm, 600 nm, 1.0 µm and 2.5 µm).  

All of the particles have a narrow size distribution and precisely controlled size. The size of 

70 nm and 100 nm were fabricated by nano–precipitation method. In case of the particle size of 

200 nm - 2.5 µm, were fabricated a similar target size and then small or large particles were 

completely separated by centrifugation (Table 1).  

It is already published in the literature that the particle size has an effect on the drug release, 

as the size decreased, the drug release rate increased (52, 53). In vitro drug release study, the 

drug release rate was high in small size PTX-loaded PLGA particles as compare to large size 

particles. There was no research related to the cytotoxicity depending on the size with the drug 

loaded PLGA particles until present. The cytotoxicity of PTX-loaded PLGA particles clearly 

showed in concentration of 1.25 µg/ml. In the case of 4 h of treatment, particle size dependent 

cytotoxicity effect was observed. In the other 8 h and 24 h of treatment, effect was not 

dependent on particles size.  

At 4 h treatment time, the result showed that small particles were uptake quickly and drug 

release was high than large-scale particles. However, when the treatment time increased, the 

cytotoxicity difference of the large particles and small particles was reduced and similar 

cytotoxicity was observed.  

In cellular uptake study, the size dependent effect was prominent. The cellular uptake was 

increased as the size became smaller in KB cells. The size of the small particles could confirm 

to be effective in the cellular uptake. On the contrary, the cellular uptake was increased as the 

size increased in Raw 264.7 cells. As in our experiment, the literature was studied that cellular 

uptake increased as the size of the liposome particle increased in NR8383 cells (normal rat 

alveolar macrophage) (54). This result is positive. The particles in between 100 and 200 nm 

were used for tumor targeting. In cancer cells, cellular uptake of small size particles could be 
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high and the drug release effect would be increase. In Macrophage, small size particles were 

not nearly absorbed and the side effects would be reduced. 
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5. Conclusion 

Precise control of particle size ranging from sub-100 nm to a few µm was achieved with 

paclitaxel-loaded PLGA nano-and microparticles using a combination of various methods. In 

vitro drug release; as a size decreased, a drug release rate increased. In cytotoxicity study; 

PTX-loaded particles has shown clearly dependent on the particles size for 4 h of incubation 

time. The smaller nanoparticle showed higher activity than larger particle. In cellular uptake, as 

a size decreased, cellular uptake increased in KB cells, but as a size increased, cellular uptake 

increased in Raw 264.7 cells. These results indicated that particle size is a crucial parameter on 

drug release, cellular uptake and anti-tumor activity. Therefore, particle size needs to be 

carefully chosen when designing particulate drug delivery systems for targeting. 
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Figure 1.  Hydrolysis of PLGA. 
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Figure 2. SEM images of the PTX-loaded PLGA nano- and microparticles. The magnification 

of big size image is 10 k and small size image is 35 k. All of the particles were made in the 

fixed size. 
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Figure 3. Cumulative release profiles of paclitaxel (PTX)-loaded PLGA nano- and 

microparticles. The drug-releasing increased as the size reduced. 
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Figure 4.  Cell viability of KB cells during 4 h, 8 h and 24 h treatment PTX (free drug) or 

PTX-loaded PLGA nano-and microparticles at the PTX concentration of 1.25 µg/ml. For 4 h of 

incubation, the cytotoxicity was clearly dependent on the particles size; the smaller 

nanoparticle showed higher activity than larger particles, indicating that the smaller particles 

are internalized into the cells and released the drug more efficiently than larger particles. 
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Figure 5. The PLGA nano- and microparticles uptake in KB cells during 2 h of incubation. The 

size dependency is clearly seen in these images. The tendency of the PLGA particle 

distribution observed in KB cells was in order to 100 nm > 400 nm > 1.0 μm. 
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Figure 6. The PLGA nano- and microparticles uptake in Raw 264.7 cells during 2 h of 

incubation. Intracellular images, The scale bar is 30µm. The size dependency was clearly seen 

in these images. The tendency of the PLGA particle distribution observed in Raw 264.7 cells 

was in order to 1.0 µm > 400 nm > 100 nm. The larger particles showed higher uptake than 

smaller particles in Raw 264.7 cells. 
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Figure 7. The PLGA nano- and microparticles uptake in Raw 264.7 cells during 1 h, 2 h and 4 

h of incubation.  
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Chapter 4 

Fabrication of surface-modifiable nonspherical PLGA 

particles 

1. Introduction 

Drug loaded polymeric particles offers several advantages over other conventional 

formulations. Ability of drug carriers to target sites depends on several carrier key parameters.  

In particular, size and surface chemistry have been extensively studied as a means to optimize 

carrier performance (1, 2). Recent studies, however, have shown that shape is another essential 

parameter of drug delivery carriers (3, 4). The role of shape in vascular dynamics has long been 

known in terms of its influence on the behavior of circulatory cells such as erythrocytes and 

platelets (5, 6). The shape of nanoparticles in the circulation is another particularly interest 

because it has a significant impact on hydrodynamics, and interactions with vascular targets (7, 

8).  For the influence of particle shape, studies have already demonstrated that nonspherical 

shape of particles provides and improves unique abilities that are difficult to achieve with 

spherical particles. This suggests that phagocytosis by macrophages is governed by the local 

shape of the particles and particle shape can be engineered to minimize phagocytosis (4, 9).  

In another study, it has been shown that rod-like particles exhibit different endocytosis 

properties in HeLa cells compared to the spheres depend on the parameter of particle’s 

geometric (10).  

In addition, endocytosis and intracellular distribution into cells are also affected by particle 

shape. Elliptical disk-shaped particles have been shown to avoid phagocytosis in a particular 

orientation. Based on these observations, worm-shaped particles have been engineered and 

shown to exhibit remarkably lower phagocytosis in comparison to spherical particles at the 

same volume (9, 11).  Propensity of opsonized particles attach to the macrophages has also 

been shown to depend significantly on particle shapes (12). Since elongated particles exhibit 

higher contact surface area and therefore higher targeting ability compared to the spheres, they 
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might show a higher accumulation in the target. The elongated particles were internalized more 

slowly than the spherical ones (13-16). This refers to the studies showed that the elongated 

particles migrate slowly towards the nucleus and also oriented in a unique tangential 

orientation compared to the spherical particles which travel relatively faster and exhibit 

hexagonal packing in the cell (16, 17).  

Despite a number of studies of particle shape, there has been no drug-loaded polymeric 

particles where surface properties are adjustable. Drug loading and surface modification is an 

crucial part in particle systems for drug delivery. It is the general method to make the 

nonspherical particles by using a Poly(vinyl alcohol) PVA film. However. Using PVA film 

(with hydroxyl side chains), was difficult to surface modified on PLGA particles. So, PVA film 

was replaced with PEMA film (with carboxylic side chains) modifying the surface on particles.  

The aim of this study is to fabricate the nonspherical particles by using the PEMA (poly 

(ethylene-alt-maleic anhydride)) film to modify the surface of nonspherical particles. Using the 

spherical shape particles, were fabricated for preparing nonspherical particles. These particles 

were dispersed in an aqueous solution of polyvinyl alcohol (PVA) or Poly (ethylene-alt-maleic 

anhydride) (PEMA). The mixture then dried for making a film. In its simplest mode, PLGA 

particles were liquefied by heating above the glass transition temperature (Tg). The film 

formed was stretched by a film stretcher (18) (Figure .1).  
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2. Materials and Methods 

2.1. Materials 

PLGA copolymers (50:50 DLG 5E, i.v 0.47dL/g) was purchased from Lakeshore 

Biomaterials (Birmingham, AL, USA). paclitaxel (PTX) was purchased from LC Laboratories 

(Woburn, MA, USA).  PVA (Poly vinyl alcohol; Mw 30,000~70,000 and PEMA (Poly 

(ethylene-alt-maleic anhydride); Mw 100,000~500,000 were purchased from Sigma (USA). 

Albumin–fluorescein isothiocyanate conjugate, N-hydroxysuccinimide (NHS) and N-(3-

Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma 

(USA). MES hydrate was purchased from Acros organic (New Jersey, USA). dichloromethane 

(DCM) and acetonitrile (HPLC grade) were purchased from Burdick & Jackson (Muskegon, 

MI, USA). Paraffin liquid and ethyl ether were purchased from Dae- jung chem (Korea).  

2.2. Preparation of nonspherical particles 

Poly (lactide-co-glycolide) (PLGA) nonspherical particles were prepared by the film-

stretching method. Briefly, 10 % (w/v) of PVA solution was prepared in water and 2 % (w/v) 

glycerol was added to plasticize and reduce the glass transition temperature (Tg) of the films 

(9). These modifications were made consider to lowering the glass transition temperature of 

PLGA. Based on this method, surface modified rode shape particles were fabricated. The 

fabrication method of the film, initially 10 % (w/v) of PVA and 5 % (w/v) of PEMA (pH 7.8) 

were blended, spherical microparticles (using the surfactant; PVA or PEMA) were added to 

this mixture, and the films were dried on a square dish for 15 h. The film was cut into sections 

of 2.5 x 5 cm2 and mounted on a custom axial made stretcher. The film was stretched in 

mineral oil at 58-64 °C at a rate of 0.5–1.0 mm·s-1. After stretching, the film lowered the 

temperature in the cold mineral oil for 5 min and washed with ethyl ether to remove residual oil. 

The film was then dissolved in deionized water and the stretched particles were collected by 
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centrifuging for 1 h at 20,000 xg, followed by washing four or five times with deionized water 

to remove residual PVA and PEMA. 

2.2.1. Fabrication of nonspherical particles by using PVA and PEMA film 

First, the size of 100 nm was fabricated using the following method: PLGA (50 mg) was 

dissolved in the 5 ml of DCM. This organic phase was mixed with 1 % (w/v) of PVA solution 

(20 ml), the mixture was sonicated by probe-sonicator (100 W, 1 min) in an ice bath. The 

resultant emulsion maintained under mechanical stirring for 3 h at 500 rpm in the Fume hood. 

The PVA and PEMA film were made as a control so that it could check whether or not the 

nanoparticles stretched. The 100 nm spherical particles were stretched by the film stretching 

method.  

2.2.2. Fabrication of nonspherical particles by using the PEMA film 

It has been ascertained that the carboxyl groups are more abundant on the surface of the 

particle if the particle and the film produced using the PEMA. Here is the method of formation 

of the spherical particles with the carboxylic groups on the particle surface. The nonspherical 

particles were prepared by film-stretching method. The particles with three different sizes were 

obtained by fabricating method;  

100 nm: PLGA (50 mg) was dissolved in 5 ml of DCM. This organic phase was mixed with 

1 % (w/v) of PVA solution (20 ml), the mixture was sonicated using a probe-sonicator (100 W, 

1 min) in an ice bath. The resultant emulsion maintained under mechanical stirring for 3 h at 

500 rpm in the Fume hood. 

600 nm: PLGA (50 mg) was dissolved in 10 ml of DCM. This organic phase was mixed with 

1 % (w/v) of PEMA solution (30 ml), the emulsification was done by homogenizer (30,000 

rpm, 5 min) in an ice bath. The resultant emulsion maintained under mechanical stirring for 4 h 

at 500 rpm in the Fume hood. 

1.0 µm: PLGA (100 mg) was dissolved in 6 ml of DCM. This organic phase was mixed with 

1 % (w/v) of PEMA solution (30 ml), the emulsification was done by homogenizer (30,000 
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rpm, 5 min) in an ice bath. The resultant emulsion maintained under mechanical stirring for 3 h 

at 500 rpm in the Fume hood. 

2.2.3. Effects a type of films on particle stretching 

The purpose of this study is to make a film of particles using the PVA and PEMA. It is the 

experiment for finding out the stretching difference. Further, the surfactant used in the 

fabrication method of spherical particles was PVA or PEMA.  

The selected particle was 600 nm. Briefly, PLGA (50 mg) was dissolved in 10 ml of DCM. 

This organic phase was mixed with 1 % (w/v) of PEMA solution (30 ml), the emulsification 

was done by homogenizer (30,000 rpm, 5 min) in an ice bath. The resultant emulsion 

maintained under mechanical stirring for 4 h at 500 rpm in the Fume hood. 

2.2.4. Blended PVA and PEMA 

In PEMA film, where the content of PEMA was 100 % and based on the idea that by mixing 

with PVA will change the stretching depends on the content of PEMA. Therefore PEMA 

blended with PVA with ratio as follows, 100/0, 82/18, 67/33, 54/46, and 43/57 %. The particles 

were fabricated with surfactant of PVA. Particles were used spherical particle of 1 µm size. 

The method was as follows; PLGA (100 mg) was dissolved in 6 ml of DCM. This organic 

phase was mixed with 1 % (w/v) of PVA solution (30 ml), the emulsification was done by 

homogenizer (30,000 rpm, 5 min) in an ice bath. The resultant emulsion maintained under 

mechanical stirring for 3 h at 500 rpm in the Fume hood. 

2.3. Conjugation of ligands to nonspherical particles  

2.3.1. Fabrication of PEMA film blended with PVA for conjugated with FITC 

In PEMA film where the content of PEMA is 100 % based on the idea that by mixing with 

PVA will change the stretching depends on the content of PEMA. Therefore PEMA blended 

with PVA with ratio as follows 100/0, 54/46, 33/67, and 18/82 %. The particles were fabricated 
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with surfactant of PEMA or PVA. The nonspherical particles were prepared by the film-

stretching method. Particles were used spherical particle of 1 µm and 2.5 µm. For PLGA 

particles with fluorescein, PLGA particles (20 mg) with surface conjugated were dispersed in 5 

ml of MES buffer (0.1 M, pH 5.5) and then reacted with 200 µL of EDC (10 mg/ml) and 200 

µl of NHS (10 mg/ml) for 2 h. Excess of unreacted EDC and NHS were removed by 

centrifugation 3 times with MES buffer. The activated carboxyl group of surface on particles 

were dispersed in 4 ml of PBS (pH 7.4) and then reacted with 200 µl of Albumin–FITC (1.0 

mg/ml in PBS) for 4 h in the dark, at room temperature. Excess of unconjugated transferrin was 

removed by centrifuge at 3 times with PBS buffer. The samples were imaged on the FV10i 

Fluoview confocal microscopy (Olympus, Japan). 

2.3.2. Fabrication of PVA film for conjugated with FITC 

In PVA film, the particles were fabricated with surfactant of PEMA or PVA. The 

nonspherical particles were prepared by the film-stretching method. The particles were used 

spherical particle of 2.5 µm. For PLGA particles with fluorescein, PLGA particles (20 mg) 

with surface conjugated were dispersed in 5 ml of MES buffer (0.1 M, pH 5.5) and then reacted 

with 200 µL of EDC (10 mg/ml) and 200 µl of NHS (10 mg/ml) for 2 h. Excess of unreacted 

EDC and NHS were removed by centrifugation 3 times with MES buffer. The activated 

carboxyl group of surface on particles were dispersed in 4 ml of PBS (pH 7.4) and then reacted 

with 200 µl of Albumin–FITC (1.0 mg/mL in PBS) for 4 h  the dark, at room temperature 

excess of unconjugated transferrin was removed by centrifuge at 3 times with PBS buffer. The 

samples were imaged on the FV10i Fluoview confocal microscopy (Olympus, Japan). 

 

2.3.3. Fabrication of FITC conjugated PLGA nanoparticles using the PEMA 

film blended with PVA  

The object of this experiment confirms whether the surface modification of the 

nanoparticles is possible or not. Therefore PEMA blended with PVA with ratio as follows 
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100/0, 54/46, 33/67 and 0/100 %. The nanoparticles were fabricated with surfactant of PEMA. 

The nonspherical particles were prepared by the film-stretching method. The particles were 

used spherical particle of 100 nm. For PLGA particles with fluorescein, PLGA particles (20 

mg) with surface conjugated were dispersed in 5 ml of MES buffer (0.1 M, pH 5.5) and then 

reacted with 200 µL of EDC (10 mg/ml) and 200 µl of NHS (10 mg/ml) for 2 h. Excess of 

unreacted EDC and NHS were removed by centrifugation 3 times with MES buffer. The 

activated carboxyl group of surface on particles were dispersed in 4 ml of PBS (pH 7.4) and 

then reacted with 200 µl of Albumin–FITC (1.0 mg/mL in PBS) for 4 h in the dark, at room 

temperature. Excess of unconjugated transferrin was removed by centrifuge at 3 times with 

PBS buffer. The samples were imaged on the FV10i Fluoview confocal microscopy (Olympus, 

Japan). 

2.4. Scanning electron microscopy (SEM) 

Nonspherical particles were characterized by using field emission scanning electron 

microscopy (FE-SEM, S4800, Hitachi, Japan). The dispersion of PLGA colloid in water were 

dropped onto a carbon tape and then dried in the fume hood and desiccator. The carbon tape 

with PLGA particles were coated with platinum for 2 min under vacuum. The samples were 

viewed under the FE-SEM at an acceleration voltage of 1 kV. The particle size was measured 

by using ImageJ software (n=100). 

2.5. Microscopy and Confocal microscopy 

For microscopy: Nonspherical particles were characterized by using microscopy (Zeiss, 

Axioskop, Germany). The samples were seen under the microscope lens magnification 100 x.  

For Confocal microscopy: Nonspherical particles were characterized by using the FV10i 

Fluoview confocal microscopy (Olympus, Japan). The samples were seen under the confocal 

microscope lens magnification 300 x and 540 x. 
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3. Results 

3.1. Nonspherical particles  

Using PVA and PEMA film: The particles size of 100 nm was stretched with PEMA and 

PVA film. The nonspherical particles were made with the aspect ratio 3.1 ± 0.5 by PVA film. 

(b) The nonspherical particles were made with the aspect ratio 1.4 ± 0.2 by PEMA film. 

However, from the results obtained, the stretching particles from PEMA film only 45 % 

compared with the stretching particles of PVA film (Figure 2).  

Using PEMA film: The three different sizes of spherical particles were fabricated with 

surfactant of PEMA (100 nm, 600 nm, and 1.0 µm respectively). Using the PEMA film, the 

particles were stretched to confirm. The obtained spherical particles (a-c), and nonspherical 

particles (d-f). However, the particles could be seen from the picture below number (d-f), 

spherical particles mixed with nonspherical particles (Figure 3). 

Effects of PVA and PEMA film: After fabricating the particles size of 600 nm with 

surfactant of PVA or PEMA, these particles were blended with the PVA or PEMA film 

and  examined the degree of stretching. The particles were fabricated with PVA surfactant (a) 

and PEMA surfactant (b). All of the particles were put into the PVA film and then stretched. 

The results was obtained rod-shaped particles with an aspect ratio of each is 3.5 ± 0.5 and 3.4 ± 

0.5. The particles were fabricated with PVA surfactant (c) and PEMA surfactant (d). All of the 

particles were blended with the PEMA film and then stretched. Nonspherical particles obtained 

(aspect ratio; (c) 1.3 ± 0.4, (d) 1.4 ± 0.2, respectively. It could be concluded that the difference 

in degree of stretching depends on the composition of the film (Figure 4) 

Blended PVA and PEMA: The particles were stretched by PEMA film. These particles 

were stretched 50 % in comparison with the PVA film. Therefore, the mixture of PVA and 
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PEMA was used to fabricate a film (PEMA content ranging from 43 % to 100 %). The degree 

of stretching depending on the content of PEMA in the film and the portion of spherical 

particles was increased with increasing content of PEMA. The particles were characterized by 

using microscopy (Zeiss, Axioskop, Germany) (Figure 5). 

3.2. Determination of conjugated ligands 

Effects of PVA and PEMA film: FITC-Albumin was conjugated with carboxylate group 

on the surface of PLGA nonspherical particles were detected by on FV10i Fluoview confocal 

microscopy (Olympus, Tokyo, Japan). Conjugations of the fluorescent ligand were performed 

for microspheres in different formulations. By using the PLGA/PEMA and PLGA/PVA were 

fabricated the nonspherical particles. PLGA/PVA particles have not a number of available 

conjugation sites. PLGA/PEMA particles showed a fluorescein at 33 %, 54 % and 100 % in 

PEMA blended PVA film (Figure 6), on the other hand PLGA/PVA particles only showed a 

fluorescein at 100 % of PEMA film (Figure 7). The degrees of stretching were depending on 

the content of PEMA in the film and the portion of spherical particles was increased with 

increased content of PEMA. The particles have a lot of air bubbles in the 54 % PEMA film, 

and also formed many spherical particles. 

Effects of PVA film: FITC-Albumin was conjugated with carboxylate group on the surface 

of PLGA nonspherical particles were detected by on FV10i Fluoview confocal microscopy 

(Olympus, Tokyo, Japan). Conjugations of the fluorescent ligand were performed for 

microspheres in different formulations. By using PLGA/PEMA and PLGA/PVA, were 

fabricated the size of 1 µm. Both PLGA/PEMA and PLGA/PVA nonspherical particles did not 

show a fluorescein at 100 % PVA film (Figure 8). 

Effects of PVA and PEMA film: Albumin–FITC was conjugated with carboxylate group 

on the surface of PLGA nonspherical particles were detected by on FV10i Fluoview confocal 

microscopy (Olympus, Tokyo, Japan). Conjugations of the fluorescent ligand were performed 
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for nanoparticles in different formulations. By using the PLGA/PEMA nanoparticles were 

fabricated the nonspherical particles; the nonspherical particles did not show a fluorescein at 

100 % PVA film. But PLGA/PEMA particles showed a fluorescein at 33 %, 54 % and 100 % 

in PEMA blended PVA film. The degree of fluorescence intensity was depending on the 

content of PEMA in the film. Also, the degrees of stretching were depending on the content of 

PEMA in the film and spherical particles increased with increased content of PEMA (Figure 9). 
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4. Discussion 

The PLGA particles were fabricated to make the nonspherical particles using film- stretching 

method. The method reported here is to describe how to change the spherical particles into 

nonspherical. The resultant shapes could be explained by the physical properties of the particles 

and film and the interaction between them, and generally leads to simple shapes because of few 

properties, primarily particle viscosity and film thickness, are relevant to the final shape. There 

is already initial evidence supporting the importance of shape in various scientific and 

technological applications, such as in the design of new carriers for drug delivery (11, 19, 20).  

In the literature, nonspherical particles exhibited higher uptake compared with spherical 

particles (21). Accordingly the specificity of the nonspherical particles was proved. The 

nonspherical particles were fabricated by PVA film-stretching method. Using PVA film (with 

hydroxyl side chains), was difficult to surface modified on PLGA particles. So, PVA film was 

replaced with PEMA film (with carboxylic side chains) to modify the surface on particles. In 

our study, using PEMA film-stretching method, nonspherical particles were fabricated with 

FITC-albumin conjugated on the surface. The spherical particles were fabricated with PVA or 

PEMA surfactant. Then these particles were blended into the PVA film and various 

compositions of PEMA film, and performed conjugation with FITC-albumin on the surface of 

the particles after film stretching. The nonspherical particles in PVA film did not show surface 

fluorescence. This result presumed that the surface property of particles changed by PVA film.   

PLGA/PVA particles only showed fluorescence in 100 % PEMA film. PLGA/PEMA 

particles showed fluorescence in over 33 % PEMA film. These results were determined that the 

surface of original particles has an effect in PEMA film. Also, if the particles stretched over 

33 % PEMA film, it showed that the efficiency of the stretching was decreased, but the 

fluorescence was increased. Therefore, 33 % PEMA film was used to know that the most 

optimal stretching of particle. 
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5. Conclusion 

Particles size, surface chemistry and shape are the three most important parameters in 

designing particle systems. Combination of the three parameter has not been applied for drug 

delivery because practical problems in the process of particle stretching. In this study, surface 

modifiable nonspherical nanoparticles made from biocompatible polymer, PLGA, loaded with 

anticancer drug, PTX, were successfully fabricated using new film systems. Combining size, 

surface chemistry and shape as well as drug loading will open a new avenue toward novel 

particle-based drug delivery systems.
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Figure 1. Fabrication methods of nonspherical particles were obtained by film stretching. The 

Image were reproduced from Ref. (18) 



 104 

 

Figure 2. SEM images of spherical and nonspherical particles on the size of 100 nm. The 

magnification is: 35 k, PVA film; (a) size is 133.4 ± 26.4 nm and spherical particles, (b) aspect 

ratio is 3.1 ± 0.5 and nonspherical particles, PEMA film; (c) the mean size is 118.5 ± 24.6 nm, 

(d) aspect ratio is 1.4 ± 0.2 and nonspherical particles. 
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Figure 3. SEM images of spherical and nonspherical particles on different particle size. The 

magnification is: 10 k. The spherical particles is; (a) 100 nm, (b) 600 nm, (c) 1.0 µm. The 

nonspherical particles; (d) aspect ratio is 1.4 ± 0.3, (e) aspect ratio is 1.4 ± 0.2, (f) aspect ratio 

is 1.7 ± 0.3.
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Figure 4. SEM images of spherical and nonspherical particles on the size of 600 nm. The 

magnification is 10 k, in PVA film; (a) is the particles fabricated by using PVA surfactant (a), 

aspect ratio is 3.5 ± 0.5. (b) is the particles fabricated by using PEMA surfactant and aspect 

ratio is 3.4 ± 0.5. In PEMA film; (c) is the particle fabricated by using PVA surfactant, aspect 

ratio is 1.3 ± 0.4, (d) is the particle fabricated by using PEMA surfactant, aspect ratio is 1.4 ± 

0.2. 
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Figure 5. The microscopy images of spherical and nonspherical particles on the size of 1 µm. 

The magnification is 100 x and scale bar is 15 µm, All of the particles were fabricated by using 

PVA surfactant 1) 43 % PEMA film; aspect ratio is 3.1± 0.3, 2) 54 % PEMA film, aspect ratio 

is 3.0 ± 0.6, 3) 67 % PEMA film, aspect ratio is 2.7 ± 0.7, 4) 82 % PEMA film, aspect ratio is 

1.6 ± 0.3. 5) 100 % PEMA film, aspect ratio is 1.5 ± 0.3. 
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Figure 6. Comparison of capacity for coupling of Albumin-FITC to the surface of various film 

formulations; PLGA/PEMA microparticles, 1 µm. Scale bar, 5µm.  
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Figure 7. Comparison of capacity for coupling of Albumin-FITC to the surface of various film 

formulations; PLGA/PVA microparticles, 2.5 µm. Scale bar, 5 µm.  
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Figure 8. Comparison of capacity for coupling of Albumin-FITC to the surface of PVA film; 

PLGA/PEMA and PLGA/PVA microparticles, 2.5 µm. Scale bar, 5 µm.  
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Figure 9. Comparison of capacity for coupling of Albumin-FITC to the surface of various film 

formulations ; 1) column is a 100 % PVA film, 2) column is a 33 % PEMA film, 3) column is a 

54 % PEMA film, 4) column is a 100 % PEMA film (PLGA/PEMA nanoparticles, 100 nm). 

Scale bar, 5µm.  
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The objective of the first study is to establish fabrication methods of precise controlled 

particle size of PTX-loaded PLGA nano- and microparticles. The second study was carried out 

to fabricate the nonspherical particles by using the PEMA (poly (ethylene-alt-maleic 

anhydride)) film to modify the surface of nonspherical particles. 

The particles with various ranges of different sizes were obtained by various emulsion 

process. Drug release, cellular uptake and cytotoxicity studies were conducted on a variety of 

different particle sizes. To modify surface on PLGA particle, the film was replaced the PVA 

(with hydroxyl side chains) with PEMA (with carboxylate side chain). The PLGA particle was 

established seven different sizes (sub-100 nm, 100 nm, 200 nm, 400 nm, 600 nm, 1.0 µm and 

2.5 µm). The seven sizes of PTX-loaded PLGA nano- and microparticles with a narrow size 

distribution were fabricated: 70 nm (77.3 ± 13.3 nm), ~100 nm (103.7 ± 15.9 nm), ~200 nm 

(204.6 ± 26.1 nm) ~400 nm (430.1 ± 71.5 nm), ~600 nm (608.3 ± 116.5 nm), ~1.0 µm (0.98 ± 

0.1 µm) and ~2.5 µm (2.45 ± 0.5 µm), respectively. In vitro drug release, as particle size 

decreased drug release rate increased. In anti-tumor activity, PTX-loaded PLGA nano- and 

microparticles showed cytotoxicity on KB cells at the PTX concentration, whereas no 

cytotoxicity was observed with PTX. Cytotoxicity was confirmed to be size-dependent. In 
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cellular uptake, was investigated with three sizes (100 nm, 400 nm and 1.0 µm). The cellular 

uptake as well as the cytotoxicity was shown to be size and type of cells dependent. As particle 

size decreased in KB cells such as tumor cells, however the cellular uptake increased as particle 

size increased in Raw 264.7 cells such as macrophage.  

The nonspherical particles with abundance of carboxylic group were used in conjugation 

with FITC-Albumin facilitated with carbodiimide as carboxyl group activator then the 

successful synthesis was confirmed by confocal microscopy. 

In conclusion, the controlled size, surface modified and shape of the PTX-loaded PLGA 

particles to targeted tumor cells are expected to become major contribution in drug delivery 

system. 
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