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1. Introduction 

Stromal cell-derived factor-1α (SDF-1α)1 is a chemokine composed of 68 amino acids [1] that binds 

to its cognate receptor, C-X-C chemokine receptor type 4 (CXCR4) [2]. One of its important 

physiological functions is to retain high concentrations of CXCR4-expressing stem and progenitor 

cells within the bone marrow by creating a positive concentration gradient from the blood to this 

organ [3]. In the events of tissue damage, the SDF-1α expression at the injury site is elevated [4–6] in 

a simultaneous fashion to the increased SDF-1α degradation in the bone marrow [7,8] to allow 

mobilisation of the stem and progenitor cells and their subsequent chemoattraction to the site of 

damage. In addition to its roles in tissue repair and regeneration, SDF-1α-mediated chemotaxis is 

also implicated in tumour metastases. CXCR4-expressing cancerous cells that are present in the 

blood or lymphatic circulation after getting dislodged from the primary tumour site can be 

chemoattracted to SDF-1α-secreting sites such as the bone marrow [9], liver [10] and lymph nodes 

[11] for future metastatic growth. This pathological role of SDF-1α has inspired the design of 

implants capable of creating a SDF-1α concentration gradient for trapping CXCR4-expressing 

cancerous cells relevant to multiple types of malignant cancers such as glioblastoma (GBM) [12], 

gastric carcinoma [13] and small-cell lung cancer [14]. 

                                                             
1 List of abbreviations: 
AFM: atomic force microscopy, BSA: bovine serum albumin, CXCR4: C-X-C chemokine receptor type 4, DL: drug 

loading, DMEM: Dulbecco’s Modified Eagle’s Medium, DMI: isosorbide dimethyl ether/dimethyl isosorbide, 

DMSO: dimethyl sulfoxide, EE: encapsulation efficiency, ELISA: enzyme-linked immunosorbent assay, FBS: 

foetal bovine serum, GBM: glioblastoma, HCl: hydrochloric acid, HPBCD: hydroxypropyl-β-cyclodextrin, ICH: 

International Conference on Harmonization, LNC: lipid nanocapsules, Mn: number-average molecular weight, 

Mw: weight-average molecular weight, NaCl: sodium chloride, NIH3T3: mouse fibroblast cell line NIH3T3, 

NMR: nuclear magnetic resonance, P188: poloxamer 188, PBS: phosphate-buffered saline, PDI: polydispersity 

index, PE: precipitation efficiency, PEG: polyethylene glycol, pI: isoelectric point, PLGA: poly-lactic-co- glycolic 

acid PLGA-COOH: poly-lactic-co- glycolic acid with uncapped carboxylic acid terminals, PLGA-COOR: poly-lactic-

co- glycolic acid with capped carboxylic acid terminals, PS: polystyrene, PVA: polyvinyl alcohol, SD: standard 

deviation, SDF-1α: stromal cell-derived factor-1α, SEC: size exclusion chromatography, SEM: scanning electron 

microscopy, Tc: collapse temperature, TEM: transmission electron microscopy, Tris: tris(hydroxymethyl)-

aminomethane, U87-MG: human malignant glioblastoma cell line U87-MG 

 



  

 

 

Due to its solubility and rapid diffusion in physiological media, a sustained delivery of SDF-1α is a 

prerequisite for establishing its concentration gradient. Encapsulation of SDF-1α into polymeric 

nanoparticles is a credible strategy for achieving a gradual SDF-1α release at the site of application. 

In this regard, poly-(lactic-co-glycolic acid) (PLGA) is a polymer of choice for nanoparticle 

formulations, owing to its biocompatibility, biodegradability and most importantly, its status as a 

Food and Drug Administration-approved pharmaceutical excipient [15]. However, due to its 

hydrophobicity, the formation of stable PLGA nanoparticles often necessitates the use of amphiphilic 

surfactants such as polyvinyl alcohol (PVA) [16,17] and poloxamer 188 (P188) [18] in the formulation 

process. Although these surfactants are innocuous when used in isolation, residual PVA and P188 

bound to the PLGA nanoparticle surfaces have been reported to induce toxicities especially at 

nanoparticle concentrations exceeding 1 mg/mL [19], which are relevant to many local applications 

of PLGA-based nanoparticles. The development of a PLGA-based nanoparticle formulation process 

that avoids or reduces the need for surfactants is therefore in demand.  

To encapsulate hydrophilic drugs in hydrophobic PLGA matrices, the double emulsion 

(water/oil/water) process is often preferred [20,21]. While this process is excellent for encapsulating 

small hydrophilic molecules, problems can arise with drugs of complex structures such as proteins. 

The first step of this process that involves emulsification of a protein solution in the polymer-

containing organic phase can lead to adsorption of protein molecules to the water/organic solvent 

interface and their subsequent unfolding. The structural instability of dissolved proteins is actually 

exaggerated by their conformational flexibility that makes it possible for their hydrophobic pockets 

to be externalised to make contact with the organic phase upon emulsification [22]. Thus, a possible 

solution to promote protein stability during encapsulation is by minimising their conformational 

mobility through the use of proteins in solid form. In this regard, techniques such as freeze-drying 

and spray-freeze-drying have been employed to produce fine protein particles for subsequent 

encapsulation [23,24]. However, these techniques themselves can induce substantial protein 

structural changes. On the other hand, proteins in solution can be precipitated by adding a water-



  

 

 

miscible organic solvent [25]. This technique produces homogenous nano-sized protein particles 

without affecting protein structures and bioactivities, and therefore serves as a suitable protein 

treatment prior to encapsulation. 

Currently, the encapsulation of proteins or peptides into PLGA nanoparticles typically involves the 

use of toxic halogenated solvents such as chloroform and dichloromethane as the polymer solvent 

[26–28]. Other common harmful PLGA solvents include acetonitrile [29], N-methylpyrrolidone [30], 

N,N-dimethylformamide and tetrahydrofuran [31]. These solvents belong to Class 2 according to the 

International Conference on Harmonization (ICH), which are harmful solvents that can pose serious 

threats to patient safety [32]. Less toxic solvents such as acetone [33], ethyl acetate [34] and 

dimethyl sulfoxide [30] are being increasingly used as alternatives. Nevertheless, they are still 

regarded as potential hazards to human health by the ICH. Differently, the safety of non-volatile 

water-miscible organic solvents such as glycofurol and isosorbide dimethyl ether (DMI) have been 

demonstrated in vivo. They have been recommended as solvents suitable for intravascular injections 

[35,36] due to their negligible toxicity. Thus, the use of these solvents for protein encapsulation into 

PLGA-based nanoparticles is well-motivated. 

In the present study, an amphiphilic polyethylene glycol (PEG)-PLGA co-polymer was synthesised and 

used together with hydrophobic PLGA polymers to produce stable nanoparticles via a phase 

separation method without the use of conventional surfactants. In addition, the non-toxic DMI was 

utilised as a solvent for the PLGA polymers and the PEG-PLGA co-polymer. To the best of our 

knowledge, this is the first example of the use of this benign solvent to produce PLGA/PEG-PLGA 

nanoparticles. PLGA with capped or uncapped carboxylic acid terminals were combined with the 

PEG-PLGA co-polymer at different proportions to produce nanoparticles of different size 

distributions and surface charges. The nanoparticles were then freeze-dried in the presence of three 

excipients to explore the possibility of obtaining nanocarriers with a prolonged shelf-life. Following 

the optimisation of the PLGA/PEG-PLGA nanoparticle synthesis, lysozyme (14.3 kDa, isoelectric 



  

 

 

point: 11.35) was initially used as a model protein to optimise the encapsulation of SDF-1α (8.0 kDa, 

isoelectric point: 10.5). To preserve the protein bioactivity throughout the formulation process, 

lysozyme and SDF-1α precipitates were prepared by mixing respective protein solutions with 

glycofurol prior to encapsulation. Then, in vitro release of lysozyme and SDF-1α from the PLGA/PEG-

PLGA nanoparticles was studied. The bioactivity of the released SDF-1α was subsequently assessed 

in terms of its capacity to induce migration of CXCR4-expressing human GBM cells (U87-MG). Finally, 

the cytocompatibility of the newly-developed nanoparticles was assessed in vitro.   



  

 

 

2. Materials and methods 

2.1. Materials  

PLGA with capped carboxylic acid terminals and PEG-PLGA co-polymer were synthesised as 

described in Section 2.2.. PLGA 75:25 with uncapped terminals (Resomer® RG752H, Mw = 9850 Da, 

polydispersity index (PDI) = 2.4), lysozyme of chicken egg white, Micrococcus lysodeikticus, glycofurol 

(tetraglycol or tetrahydrofurfuryl alcohol polyethyleneglycol ether), isosorbide dimethyl ether 

(dimethyl isosorbide), dimethyl sulfoxide (DMSO), sodium chloride, poloxamer 188 (Lutrol® F68), 

glycine, sucrose, trehalose, 37% hydrochloric acid, 10 M sodium hydroxide, 

tris(hydroxymethyl)aminomethane (Tris) base (Trizma®) and agarose with low gelling temperature 

were obtained from Sigma-Aldrich (Saint Quentin Fallavier, France). DL-lactide (Purasorb® DL) and 

glycolide (Purasorb® G) were obtained from Purac Biomaterials, Frankfurt, Germany. Bovine serum 

albumin fraction V was obtained from Roche Diagnostics (Mannheim, Germany), human SDF-1α 

from Miltenyi Biotech (Paris, France), hydroxypropyl-β-cyclodextrin (Kleptose® HPBCD) from 

Roquette (Lestrem, France), Dulbecco’s phosphate-buffered saline (Biowhittaker®) from Lonza 

(Verviers, Belgium), and Dulbecco’s Modified Eagle’s Medium (Gibco® DMEM) from Thermo Fisher 

Scientific (Villebon sur Yvette, France). Ultrapure water dispensed from a Milli-Q® Advantage A10 

system (Millipore, Paris, France) was used in all experiments. 

2.2. Synthesis and characterization of PLGA with capped carboxylic acid terminals (PLGA-

COOR) and PEG-PLGA co-polymer 

2.2.1. Synthesis 

The synthesis of PLGA-COOR was adapted from the ring-opening polymerization method described 

by Yoo and Park [37]. Briefly, a mixture of DL-lactide (Purasorb® DL) and glycolide (Purasorb® G) in 

the molar ratio of 3:1 was heated with the initiator benzyl alcohol to 140 °C under nitrogen 

atmosphere for complete melting. The use of this initiator would result in a benzyl group being the 



  

 

 

R-group in the PLGA-COOR product. Then, 0.04% (w/w) stannous octoate was added, and the 

reaction mixture was further heated to 180 °C. The temperature was maintained for 3 hours for 

polymerization to take place under static vacuum. The polymer was then recovered by dissolution in 

dichloromethane before precipitation in heptane. The precipitate was subsequently filtered and 

dried at 25 °C for 24 hours under vacuum. For the synthesis of PEG-PLGA co-polymer, the same 

procedure was adopted except that monomethoxy-PEG of number average molecular weight (Mn) 

of 5 kDa (Sigma-Aldrich) was used as an initiator instead of benzyl alcohol, and the precipitation of 

PEG-PLGA was carried out in diethyl ether chilled to -20 °C. 

2.2.2. Characterization 

1H nuclear magnetic resonance (1H-NMR) spectra were recorded using a Bruker Avance® 400 

apparatus (Bruker, Brussels, Belgium) to characterise the polymer/co-polymer composition and to 

estimate Mn. Deuterated DMSO and chloroform were used as solvents for PLGA-COOR and PEG-

PLGA co-polymer respectively. Spectra were recorded at 400 MHz in the Fourier Transform mode at 

25 °C with chemical shifts expressed in ppm with respect to the tetramethylsilane standard. The 

polymer/co-polymer was also characterized by size exclusion chromatography (SEC) using a 

Viscotek® TDA-305 equipment (Malvern, Worcestershire, UK). Polymer/co-polymer was dissolved in 

tetrahydrofuran at 5 mg/mL for elution at a flow rate of 1 mL/min at 45 °C. The weight-average 

molecular weight (Mw) and Mn were expressed with respect to polystyrene standards. The PDI of 

the polymer/co-polymer was subsequently obtained by calculating the ratio of Mw to Mn. 

2.3. Preparation of lysozyme and SDF-1α precipitates 

Proteins were precipitated using a technique adapted from Giteau et al. [25]. Briefly, lyophilized 

protein as provided by the supplier was dissolved in sodium chloride (NaCl) solution containing 20% 

(w/v) P188 as a protein protective agent. 25 µL of the protein solution was then added to 975 µL 

glycofurol in a 10 mL Nalgene® Oak Ridge High-Speed centrifuge tube (Thermo Fisher Scientific) prior 

to incubation in ice for 30 minutes. The optimal concentrations of protein and NaCl were 



  

 

 

investigated initially using lysozyme as a model protein. To evaluate the precipitation efficiency (PE), 

the formed suspension of protein precipitates was centrifuged at 12,800 x g for 30 minutes. The 

supernatant was carefully discarded and the pelleted protein precipitates were dissolved in 1 mL 

0.05 M Tris-HCl buffer solution containing 0.1% (w/v) bovine serum albumin (BSA) and diluted for 

further quantification (see Section 2.7.). PE was calculated using Equation 1. 

        
                                             

                                                   
         (Equation 1) 

2.4. Preparation of lysozyme- and SDF-1α-loaded nanoparticles  

Nanoparticles were formed using a phase separation method adapted from Tran et al. [17]. Briefly, 

PLGA-COOR, PLGA-COOH and PEG-PLGA co-polymer were dissolved separately in DMI at 12% (w/v). 

The three polymer solutions were mixed in different proportions to give a total volume of 300 µl. For 

protein encapsulation, 100 µl protein precipitate suspension in glycofurol consisting of either 25 µg 

lysozyme or 10 µg SDF-1α was added to the polymer solutions prior to magnetic stirring at 1300 rpm 

for 30 seconds. The theoretical drug loadings (DL), as calculated using Equation 2, were 0.07 % and 

0.03 % for lysozyme and SDF-1α respectively. For the synthesis of unloaded nanoparticles, the 100 µl 

protein precipitates was replaced with an equal volume of glycofurol alone. Then, 100µl aqueous 

phase in the form of 0.05 M glycine-NaOH buffer solution was added under magnetic stirring to 

initiate phase separation. After 1 minute, another 500µl aqueous phase was added every 30 seconds 

for four times to enhance the phase separation process. The pH of the aqueous phase was varied to 

investigate the effect of protein solubility on encapsulation efficiencies. The formed nanoparticle 

suspension was diluted with water to 30 mL to allow diffusion of residual solvents out of the 

nanoparticles. After 1 hour, the nanoparticle suspension was centrifuged for 30 minutes at 10,000 x 

g. The supernatant was discarded and the nanoparticle pellet was re-suspended in water. The 

centrifugation was repeated once to complete the purification process and the resultant 

nanoparticle suspension was concentrated to a final volume of 1 mL. 



  

 

 

        
                                                   

                               
         (Equation 2) 

2.5. Freeze-drying of nanoparticles 

After purification, 1 mL of nanoparticle suspension was transferred into a 20 mL glass vial. To ensure 

the stability of the nanoparticles throughout the freeze-drying process, 1 mL of cryoprotectant 

solution was added to the nanoparticle suspension to give a total volume of 2 mL and a final 

nanoparticle concentration of approximately 15 mg/mL. The cryoprotectants tested were HPBCD, 

trehalose and sucrose, at a final concentration of 5% (w/v). The vial was then immersed in liquid 

nitrogen (-196 °C) for 1 minute to freeze the nanoparticle-cryoprotectant mixture, and subsequently 

placed on the shelf of the freeze-dryer pre-cooled to -35 °C for 2 hours. The samples were 

subsequently lyophilized, alongside cryoprotectant-free nanoparticle samples as a control, in a 

Lyovax® GT freeze-dryer (Steris, Bordeaux, France) at -20 °C and 0.3 mbar for 16 hours. The 

nanoparticle size was measured (as described in 2.6.1.) before and after freeze-drying. The 

nanoparticles were assumed to be stable throughout the freeze-drying process if the ratio of final to 

initial size (Sf/Si) and polydispersity index (PDIf/PDIi) is close to 1. 

2.6. Nanoparticle characterization 

2.6.1. Size distribution and zeta-potential 

The nanoparticle size distribution was determined by a dynamic light scattering (DLS) technique 

whereas zeta-potentials were derived from electrophoretic mobility values using the Smoluchowski's 

approximation. Nanoparticle samples were prepared by dilution in water or 0.01 M NaCl solution for 

size and zeta-potential measurements respectively, to obtain concentrations suitable for analyses in 

a Nanosizer® ZS (Malvern) such that the attenuator value was in the range of 5 - 7. Each sample was 

measured in triplicate, with each measurement representing an average value of at least 10 runs. All 

measurements were made at 25°C under automatic mode. Besides average particle size, the DLS 



  

 

 

protocol of Nanosizer® ZS produced a PDI value ranging between 0 – 1 that estimates the width of 

the size distribution.  

2.6.2. Scanning electron microscopy (SEM), transmission electron microscopy (TEM) and atomic 

force microscopy (AFM) 

The nanoparticle morphology was visualised under SEM (JSM 6310F, JEOL, Paris, France), TEM (JEM 

1400, JEOL, Paris, France) and AFM (AutoProbe CP-Research, Veeco Digital Instruments, Santa 

Barbara, California, USA). A 2 µL drop of purified nanoparticle suspension at a concentration of 200 

µg/mL was added onto the centre of a glass slide (for SEM and AFM) or carbon-coated nickel grid 

(for TEM), and left to dry overnight at room temperature. For SEM, the sample was coated with a 

gold layer of 5 nm thickness prior to observation while no coating was applied to TEM or AFM 

samples. For AFM, tapping mode (resonance frequency = 300 kHz) was used instead of contact mode 

to minimise sample damage upon observation. 

For the observation of protein nanoprecipitates, the undiluted protein nanoprecipitate suspension 

was used to prepare samples for SEM, via the same procedure as the preparation of nanoparticle 

samples. 

2.6.3. Protein encapsulation efficiency 

Lyophilized protein-loaded nanoparticles, and unloaded nanoparticles as a control, were dissolved in 

1 mL DMSO for 1 hour before the addition of 3 mL 0.01 M HCl. The solution was left to stand for 

another hour for protein extraction from the nanoparticle fragments. The samples were then diluted 

for use in protein quantification assays (see Section 2.7.). Encapsulation efficiency (EE) was 

calculated using Equation 3. 

       
                                                      

                                                   
       (Equation 3) 

2.7. Protein quantification 



  

 

 

2.7.1. Quantification of lysozyme 

Lysozyme was quantified using Micrococcus lysodeikticus cell suspension as a substrate as described 

by Morille et al. [38]. Briefly, 100 µL lysozyme solution or sample was added to 2.9 mL suspension of 

M. lysodeikticus (0.015% (w/v)) in 0.05 M Tris-HCl buffer solution (pH 7.4). After 4 hours of 

incubation at 37°C, the absorbance was measured at 450 nm. For the construction of a standard 

curve, the concentration of lysozyme solutions used was between 100 - 1000 ng/mL. 0.05 M Tris-HCl 

buffer solution (pH 7.4) was used to prepare several dilutions of the samples to obtain absorbance 

readings that were within the standard curve range.   

2.7.2. Quantification of SDF-1α 

SDF-1α was quantified using an enzyme-linked immunosorbent assay (ELISA) according to the 

supplier’s instructions (R&D Systems, Lille, France). Briefly, SDF-1α capture antibody solution was 

added to a Nunc Maxisorp® 96-well microplate (Thermo Fisher Scientific) and incubated overnight to 

coat the wells. The microplate was then washed with 0.05% (w/v) Tween® 20 in phosphate-buffered 

saline (PBS) solution (pH 7.4), followed by a 1-hour incubation with PBS solution (pH 7.4) containing 

1% (w/v) BSA to block the microplate. After washing, the kit standard and samples diluted in PBS (pH 

7.4) containing 1% (w/v) BSA were added to the microplate for a 2-hour incubation. Then, the 

microplate was washed before addition of a detection antibody solution for another 2-hour 

incubation. The washing step was subsequently repeated prior to incubation with a streptavidin-

horseradish peroxidase solution for 20 minutes. After the final wash, a substrate solution was added 

for another 20-minute incubation. Finally, 2 N sulphuric acid was added to terminate the enzymatic 

reaction followed by immediate measurement of absorbance at 450 nm. All incubations were done 

at room temperature.  

2.8. Assessment of SDF-1α bioactivity 



  

 

 

The bioactivity of the precipitated and released SDF-1α was assessed using the agarose drop 

migration assay as adapted from Milner et al. [39]. Briefly, U87-MG cells (American Tissue Culture 

Collection, Rockville, Maryland, USA), previously transfected to express CXCR4 receptor by Séhédic 

et al. [40], were seeded into a 24-well flat-bottomed culture plate (Nunc, Strasbourg, France) at a 

density of 1 x 105 cells per well and cultured in medium supplemented with 10% foetal bovine serum 

(FBS) and 1% penicillin/streptomycin.  The wells were previously treated with 500 µL of a 10 µg/mL 

poly-D-lysine hydrobromide (Sigma-Aldrich) solution for 15 minutes at 37 °C and washed three times 

with PBS prior to cell seeding. After 72 hours of incubation at 37 °C under a 5% CO2 humidified 

atmosphere , the culture medium was removed and the cells were lysed by adding water (500 µL per 

well) to cover the well surfaces with a thin cell-derived matrix. After 20 minutes, the wells were 

washed three times with PBS and allowed to air-dry. Then, 2 µL of 1% (w/v) low gelling point agarose 

solution containing U87-MG cells at a density of 50 x 106 cells/mL was dropped onto the centre of 

each well and allowed to gel at 4 °C for 15 minutes. At this point, 400 µL of SDF-1α-free medium or 

medium supplemented with 40 ng/mL native/precipitated/released SDF-1α was added to the cell-

laden agarose drops prior to incubation. After 72 hours, optical microscopic images of the plan view 

of each well were taken. Cell migration was estimated by measuring the distance between the 

furthest-migrating cells and the edge of the cell-laden agarose drop. Measurements were made on 

four sides (north, east, south and west) of the drop using ImageJ software and subsequently 

averaged to obtain a representative value of a drop. Three drops were prepared for each medium 

condition in each experiment. 

2.9. In vitro protein release 

Protein-loaded nanoparticles, and unloaded nanoparticles as a control, were suspended in 2 mL 

buffer solution containing 0.1% (w/v) BSA as a protein stabilizer and kept in a 2 mL centrifuge tube. 

The tube was incubated at 37°C in a shaking water bath (125 rpm). At pre-defined time intervals, the 

tube was centrifuged at 8500 x g for 30 minutes. 0.3 mL of the supernatant was collected and 



  

 

 

replaced with fresh buffer. The supernatant was stored at -20 °C until protein quantification (as 

described in Section 2.7 for lysozyme and SDF-1α) and biological activity assessment (as described in 

Section 2.8 for SDF-1α).  

2.10. In vitro cytotoxicity of nanoparticles  

In vitro cytotoxicity of unloaded PLGA/PEG-PLGA nanoparticles was evaluated using a resazurin-

based assay adapted from Swed et al. [41]. NIH3T3 mouse fibroblast cell line was cultured at 37 °C 

and 5% CO2 in medium supplemented with 10% FBS and 1% penicillin/streptomycin, and replaced 

every 3 days. The cells were seeded in a 96-well flat-bottomed culture plate (Nunc) at a density of 

5.5 x 103 cells/well in 100 µL medium and incubated at 37 °C and 5% CO2 for 24 h. At this point, 50 µL 

of the old medium was replaced with an equal volume of nanoparticle-containing fresh medium, to 

obtain final nanoparticle concentrations of 0.01, 0.1, 1 and 10 mg/mL. As a negative control, cells 

incubated with the medium alone were prepared. After 48 h of incubation (72 h post-seeding) in the 

presence or absence of nanoparticles, the entire medium was replaced with 100 µL fresh medium 

containing 44 µM resazurin. The resazurin-containing medium was also added in three wells of the 

assay plates (without cells), which served as blank. The plate was incubated for another 3 h 30 m. 

Cell viability was estimated from the fluorescence intensity of the reduced product of resazurin, 

called resorufin, which was measured using a ClarioStar microplate fluorometer (BMG Labtech 

GmbH, Ortenberg, Germany) at 545 nm excitation and 600 nm emission. All readings were 

normalised to those obtained with the nanoparticle-untreated cells.  

In addition to the PLGA/PEG-PLGA nanoparticles, two other types of nanoparticles, namely lipid 

nanocapsules (LNC) and polystyrene (PS) nanoparticles, were tested in this assay to obtain 

information on the relative safety of the newly-developed nanoparticles. LNC (average size = 122 

nm, PDI = 0.088) were prepared using a phase inversion method as discussed by Heurtault et al. [42]. 

PS nanoparticles (average size = 285 nm, PDI = 0.175) were purchased from Sigma-Aldrich.  

2.11. Statistical analysis 



  

 

 

Data are presented as the mean value ± standard deviation (SD) of at least three experiments (n ≥ 3). 

One-way ANOVA with post-Dunnet’s multiple comparison test with a threshold P-value of 0.05 was 

used to investigate any significant difference between multiple groups of data. In the figures, * 

indicates P ≤ 0.05, ** indicates P ≤ 0.01, *** indicates P ≤ 0.001 and **** indicates P ≤ 0.0001.   



  

 

 

3. Results and discussion 

3.1. Characterization of PLGA-COOR and PEG-PLGA co-polymer 

1H-NMR spectrum of PLGA-COOR in Figure 1 revealed the presence of lactide units at 5.19 ppm and 

1.46 ppm, glycolide units at 4.91 ppm, and benzyl capping groups at 7.37 ppm. Using the signal at 

7.37 ppm as a reference for integration, Mn was calculated to be 5.5 kDa, with a lactide/glycolide 

molar percentage of 75/25. For the PEG-PLGA co-polymer, the signal at 3.64 ppm, which is 

characteristic of ethylene glycol units, indicated the successful co-polymerization of monomethoxy-

PEG 5 kDa to the lactide and glycolide units. Using this signal as a reference, the Mn of the co-

polymer was 30.7 kDa (PEG 5 kDa - PLGA 25.7 kDa) whereas the lactide/glycolide molar percentage 

was calculated to be 75/25. On the other hand, SEC analyses showed that the Mw/Mn values were 

11.2/5.7 kDa (PDI = 2.0) and 44.1/21.0 kDa (PDI = 2.1) for PLGA-COOR and PEG-PLGA co-polymer 

respectively. The disparity between the PEG-PLGA Mn values calculated using these two techniques 

could be attributed to the amphiphilic nature of the co-polymer [38,43,44]  that may have modified 

the hydrodynamic volume to prolong the retention time, which subsequently produced an 

underestimated Mn value using SEC. 

[Insert Figure 1] 

3.2. Lysozyme and SDF-1α precipitation 

Due to the greater stability of proteins in their solid state, proteins dissolved in a salt solution 

containing P188 were precipitated through their addition to an organic solvent as a preparation for 

encapsulation. Glycofurol was the organic solvent of choice for two main reasons. Firstly, its water-

miscibility enables an efficient separation of water from protein molecules to induce precipitation. 

Secondly, it has been used to precipitate many proteins without causing their denaturation 

[25,38,45,46]. P188 was added due to its ability to refold any unfolded protein [47] and also to 

reduce protein adsorption to the hydrophobic PLGA following encapsulation, which in turn may 



  

 

 

allow for greater cumulative release [38,48]. To minimise any potential toxicity, the amount of P188 

used to precipitate the amount of protein sufficient for one nanoparticle formulation was kept at 

500 µg. Proteins were initially dissolved in NaCl solution to neutralise the charged protein molecules 

and promote attractive hydrophobic interactions. The concentration of NaCl that would decrease 

the aqueous solubility of SDF-1α without causing its denaturation was investigated using lysozyme as 

a model protein. Following precipitation, the amount of bioactive lysozyme was quantified using the 

Micrococcus lysodeikticus assay. As shown in Figure 2, 0.15 M NaCl resulted in a successful 

precipitation with a complete preservation of lysozyme bioactivity. Lower PE was obtained in the 

absence of NaCl, possibly due to the repulsion between charged protein molecules that hindered the 

formation of precipitates. On the other hand, PE decreased when the NaCl concentration was 

increased above 0.15 M. Although high concentrations of salt can reduce the aqueous solubility of a 

protein and facilitate precipitation, the excess charge neutralisation may simultaneously promote 

protein denaturation by allowing any unfolded protein molecules to spontaneously form aggregates 

and therefore preventing their re-folding [49]. On this basis, 0.15 M NaCl was used to precipitate 

SDF-1α. The effect of protein concentrations on PE was also investigated. PE values were greater 

with higher lysozyme concentrations, due to greater tendencies for protein molecules to collide and 

interact with one another. Although 10 mg/mL or higher lysozyme concentrations were identified to 

result in a maximum PE, it was not possible to dissolve SDF-1α in 0.15 M NaCl at these 

concentrations. Therefore, SDF-1α was precipitated at 2.67 mg/mL, which was the highest 

concentration that could be achieved without the appearance of visible protein solids. Using ELISA, 

the PE was calculated to be 91 ± 5%. More importantly, the bioactivity of the re-constituted SDF-1α 

precipitates was not significantly different from the native SDF-1α when tested using the agarose 

drop migration assay (Figure 6B,C). 

Following the optimisation of precipitation conditions, the morphology of the precipitates was 

observed under SEM. The precipitates of both proteins were mostly spherical in shape (Figure 3). 

Furthermore, their size distributions (as estimated using the ImageJ software) were 57 ± 10 nm and 



  

 

 

57 ± 25 nm for lysozyme and SDF-1α respectively. The sub-100 nm sizes of the protein precipitates 

make them ideal for subsequent encapsulation into the PLGA/PEG-PLGA nanoparticles.    

[Insert Figure 2] 

[Insert Figure 3]  

3.3. Preparation and characterization of lysozyme- and SDF-1α-loaded nanoparticles 

3.3.1. Optimisation of PLGA/PEG-PLGA nanoparticle synthesis 

Due to the amphiphilic behaviour of PEG-PLGA, it was predicted that uniform and stable 

nanoparticles can be obtained by mixing this co-polymer with the hydrophobic PLGA. Using this 

combination instead of the co-polymer alone can provide additional means for controlling the 

nanoparticle physicochemical properties that are critical for protein encapsulation and release, such 

as the size and zeta-potential, by varying the chemical constituents of the PLGA component such as 

the number of uncapped carboxylic acid groups.  

The physicochemical characteristics of unloaded nanoparticles made from different combinations of 

PEG-PLGA co-polymer and PLGA polymers are shown in Table 1. No homogeneous nanoparticle 

suspension could be obtained in the absence of PEG-PLGA (Formulations 1 & 5) whereas the size and 

PDI values decreased as the PEG-PLGA proportion was increased when used in combination with 

either PLGA-COOH (Formulations 2 - 4) or PLGA-COOR (Formulations 6 - 8). These observations 

confirmed the critical nanoparticle-stabilizing roles of the co-polymer to compensate for the lack of 

use of surfactants such as PVA and P188. Furthermore, zeta-potential values generally became less 

negative with increasing PEG-PLGA proportion, which can be explained by the increasing density of 

PEG layer on the nanoparticle surface that shields the negatively-charged PLGA carboxylic acid 

groups [50]. Based on these observations and literature data [51], the synthesised nanoparticles can 

be thought of to possess a structure consisting of a hydrophilic PEG layer surrounding a hydrophobic 

PLGA core. 



  

 

 

Upon substituting PLGA-COOH with an equal proportion of PLGA-COOR, the nanoparticle size 

increased and zeta-potential values became less negative (Formulations 2 vs. 6, 3 vs. 7 and 4 vs. 8), 

which suggested that PLGA terminal capping has an effect on nanoparticle properties. To confirm 

this, PLGA-COOH and PLGA-COOR were combined with a fixed proportion of PEG-PLGA that is 

sufficient to produce uniform nanoparticles (Formulation 9 and 10).  Taking together the results 

obtained when only either PLGA-COOH or PLGA-COOR was combined with PEG-PLGA (Formulations 

4 and 8), it was confirmed that the nanoparticle size increased as the PLGA-COOH was gradually 

replaced with PLGA-COOR. Simultaneously, the zeta-potential values also became less negative. The 

largest zeta-potential change was seen in alkaline conditions (pH 10) due to deprotonation of all 

uncapped carboxylic acid groups. The greater abundance of uncapped carboxylic acid terminals 

found in nanoparticles made of higher PLGA-COOH proportions may lead to higher inter-particle 

electrostatic repulsions, which prevent particle collusion and consequently reduce the average size. 

 [Insert Table 1] 

To ensure good colloidal stability, zeta potential values of greater than +30 mV or lower than -30 mV 

are generally regarded as ideal, as this ensures strong electrostatic repulsive forces between the 

nanoparticles [52]. In this work, the presence of the external PEG layer inevitably decreased the zeta 

potential magnitude of the PLGA/PEG-PLGA nanoparticles. Despite the loss in electrostatic 

stabilization, the nanoparticle suspension benefited from the steric stabilization conferred by the 

PEG chains. To verify this, Formulation 8 was suspended in 0.05 M Tris-HCl buffer (pH 7.4) containing 

0.15 M NaCl at 1 mg/mL concentration and the suspension was kept at 37 °C. There were minimal 

changes in the average size of the nanoparticles after 20 days (Supplementary Figure 1A). 

Interestingly, the zeta-potential values became increasingly negative with time (Supplementary 

Figure 1B). It was likely that PEG-mediated steric repulsions provided the main stabilization force for 

freshly-produced nanoparticles. As the PLGA ester bonds gradually hydrolyzed to reveal more 



  

 

 

negatively-charged carboxylic acid terminals, the increasing magnitude of electrostatic repulsions 

prevented the formation of any aggregates.     

3.3.2. Freeze-drying of PLGA/PEG-PLGA nanoparticles 

Polyesters such as PLGA are prone to degradation by means of hydrolysis of the ester bonds, which 

may lead to leakage of the drug load encapsulated within polyester-based nanocarriers. Therefore, 

dehydration of PLGA-based nanoparticles, commonly by freeze-drying, is imperative to ensure their 

long-term stability. To protect the nanoparticles from freezing and drying stresses, cryoprotectants 

should be added to the nanoparticle suspension before freezing. Disaccharides such as sucrose and 

trehalose, and oligosaccharides such as HPBCD have been shown to be excellent protectants [53]. 

Nevertheless, it is also important that the drying temperature is maintained below the collapse 

temperature (Tc) of the protectant to prevent the collapse of the freeze-dried products [54], which 

may lead to prolonged nanoparticle reconstitution times [53,55] and higher residual humidity [56].  

In this study, 5% (w/v) sucrose, trehalose and HPBCD with Tc of -32, -30 and -15 °C respectively 

[57,58] were used as protectants. The shelf temperature throughout the drying phase was fixed at -

20 °C as this was the lowest temperature for water vaporization at 0.3 mbar, which was the lowest 

pressure achievable by the freeze-dryer used in this study. As predicted, the freeze-dried product 

containing either sucrose or trehalose appeared collapsed and required sonication for reconstitution 

while the non-collapsed HPBCD-stabilised product could be reconstituted completely by gentle 

agitation alone. The formulation collapse resulted in a decrease in the degree of porosity of the 

freeze-dried product, which subsequently reduced its surface area to volume ratio and hydration 

rate [56]. Nevertheless, all three protectants produced better results compared to that obtained 

from the lyophilization of nanoparticle suspension alone, confirming the protective roles of these 

excipients during freeze-drying. 

Following reconstitution, the nanoparticle size and PDI were measured again to evaluate the 

protective effect of sucrose, trehalose and HPBCD. The highest protective effect, as demonstrated by 



  

 

 

the maximum preservation of nanoparticle size and PDI, was obtained with HPBCD (Table 2). It is 

likely that the volume shrinkage resulting from the collapse of the sucrose and trehalose matrices 

has reduced the distance of separation between the nanoparticles, allowing the PEG layers of 

neighbouring particles to interact and form stable crystalline bridges as reported in the literature 

[51,59]. Differently, in the presence of HPBCD, the PLGA/PEG-PLGA nanoparticles were easily freeze-

dried, which may be convenient for long-term storage and transportation. In future work, the 

protective effects of sucrose and trehalose can be re-evaluated by setting the drying temperature to 

be lower than their respective Tc to minimise dependency on the relatively costly HPBCD. 

[Insert Table 2] 

3.3.3. Lysozyme and SDF-1α encapsulation 

3.3.3.1. Effect of pH of the aqueous phase on encapsulation efficiencies 

Protein molecules have smaller net electrical charge and thus lower aqueous solubility when the pH 

is buffered near the protein’s isoelectric point (pI). This may decrease the leakage of protein into the 

aqueous phase during the formulation process to subsequently maximise encapsulation efficiency. 

The results shown in Table 3 supported this hypothesis as both lysozyme and SDF-1α were 

encapsulated most successfully when the pH of the aqueous phase was buffered closest to their 

respective pI (lysozyme – 11.35; SDF-1α – 10.5). In addition to a decrease in aqueous solubility, it is 

likely that the smaller net charge also attenuated the electrostatic repulsions between protein 

molecules to allow the protein load to be compacted, which can facilitate its entrapment within the 

nanoparticles [60,61]. For these reasons, the pH of the aqueous phase was always set to the 

protein’s pI in subsequent encapsulations. 

[Insert Table 3] 

3.3.3.2. Effect of PLGA carboxylic acid terminal capping on encapsulation efficiencies 



  

 

 

Since both proteins and PLGA possess ionisable groups, electrostatic interactions can have a major 

influence on lysozyme and SDF-1α encapsulation. Due to the complexity associated with protein 

charge modifications, the proportions of PLGA-COOH and PLGA-COOR were altered accordingly to 

vary the number of ionisable groups in the nanoparticles instead. The encapsulation of both proteins 

decreased slightly when PLGA-COOH was substituted with an equal amount of PLGA-COOR 

(Formulation 4 vs. 8 in Table 4). These results suggested that protein-polymer electrostatic 

interactions can influence the protein encapsulation efficiencies. Although protein leakage during 

the encapsulation process can be minimised by adjusting the pH of the aqueous phase to be similar 

to the protein’s pI, proteins located close to the nanoparticle surface can be lost during subsequent 

purification stages when the nanoparticles were suspended in non-buffered water. This is especially 

true since the presence of the outer hydrophilic PEG layer can facilitate the access of water to the 

PLGA core to cause dissolution of any loosely-trapped proteins [62]. However, the strong 

electrostatic interactions between the negatively-charged carboxylic acid terminals, which are more 

abundant in PLGA-COOH than in PLGA-COOR, and the positively-charged basic proteins such as 

lysozyme and SDF-1α can reduce protein loss. Interestingly, additional experiments with lysozyme 

(Formulation 9 and 10) and SDF-1α (Formulation 10) produced similar results as Formulation 4. 

Considering the very low protein loading involved, it seems that the inclusion of a small proportion 

of PLGA-COOH is sufficient to ensure that the nanoparticles have an adequate number of carboxylic 

acid groups to interact with the protein molecules for maximum encapsulation efficiency.     

[Insert Table 4] 

3.3.3.3. Physicochemical characteristics of protein-loaded nanoparticles 

Protein encapsulation did not affect the size or zeta-potential of the nanoparticles regardless of the 

type of formulation or encapsulated protein (Table 5), possibly due to the low amount of protein 

being encapsulated. In terms of morphology, both the unloaded and SDF-1α-loaded nanoparticles 

appeared similar under the vacuum condition of SEM or TEM (Figure 4). In addition, the image taken 



  

 

 

using AFM under a non-vacuum condition confirmed the consistent appearance of the SDF-1α-

loaded nanoparticles regardless of the conditions under which the nanoparticles were observed and 

the differences in the sample treatment prior to observation. 

 [Insert Table 5] 

[Insert Figure 4] 

3.4. In vitro protein release 

Protein release was studied by suspending the nanoparticles in a buffer solution followed by 

centrifugation at pre-defined time intervals to collect the supernatant for protein quantification. 

Initially, lysozyme release patterns in different buffer solutions was studied. At the physiologically-

relevant pH 7.4 (0.05 M Tris-HCl buffer), the proportion of PLGA-COOH in the nanoparticles was 

shown to affect the extent of lysozyme release (Figure 5A). The highest release of encapsulated 

lysozyme was achieved with Formulation 8 (43%) whereas negligible protein release was observed 

with Formulation 4 even after 15 days. When a mixture of PLGA-COOH and PLGA-COOR was tested 

(Formulation 10), only 12% encapsulated lysozyme was successfully released. The lack of protein 

release from PLGA particles containing uncapped carboxylic end groups has been previously 

reported [38,41,63]. Concurrent measurement of zeta-potentials during the release study offered a 

possible explanation for this observation. Nanoparticles made from higher PLGA-COOH proportions 

had more negative zeta-potential values in the early stages of the release study (Figure 5B).  At pH 

7.4, these nanoparticles are expected to establish electrostatic interactions with the positively-

charged lysozyme molecules (pI = 11.35), which hinders their release. These interactions seem to be 

the governing factor for protein load entrapment, as no further protein release was observed 

despite the continuous degradation of PLGA matrices into acidic products, as inferred from the 

increasingly negative zeta-potential values of all the formulations, taking place throughout the 

release study period.   



  

 

 

To confirm the obstructive effect of lysozyme-PLGA electrostatic interactions on lysozyme release, 

the study was repeated in release medium buffered to pH 4.0 (0.01 M citrate buffer). It can be 

hypothesised that the excess protons present in the release medium will neutralise the PLGA 

carboxylic acid groups, which in turn should trigger the release of lysozyme molecules. As expected, 

release of lysozyme was enhanced regardless of the nanoparticle’s PLGA-COOH proportion (Figure 

5C). However, incomplete release was still observed with Formulation 4, even after 30 days. It is 

likely that the high proportion of PLGA-COOH in this formulation led to incomplete neutralisation of 

the carboxylic acid groups, hindering complete lysozyme release. Besides pH, another factor that 

may affect lysozyme-PLGA electrostatic interactions is the concentration of cations in the release 

medium, as these ions can also displace lysozyme molecules from the PLGA carboxylic acid groups. 

As predicted, in the presence of 0.15 M sodium chloride, release of lysozyme at pH 7.4 was 

enhanced (Figure 5D), recording levels similar to those obtained at acidic pH. These release medium 

conditions were selected for subsequent SDF-1α release study due to their physiological relevance.   

[Insert Figure 5] 

Interestingly, although the biphasic release pattern seen in lysozyme release study was reproduced, 

the release of SDF-1α was reduced in all formulations (Figure 6A). After 30 days, the nanoparticles 

were lyophilized and dissolved to quantify the amount of unreleased SDF-1α using ELISA. The sum of 

released SDF-1α and the unreleased proportion, was equal to 95 – 98% of the total encapsulated 

SDF-1α for all the studied formulations. SDF-1α may establish stronger electrostatic interactions with 

PLGA carboxylic acid groups than lysozyme because of the greater percentage of basic amino acid 

residues in the SDF-1α primary sequence, resulting in lower cumulative SDF-1α releases. Despite the 

multiple literature-approved measures taken in this study to reduce protein-polymer interactions, 

including protein precipitation in the presence of poloxamer 188 [38] and use of more hydrophilic 

polymer materials [63] in the form of PEG-PLGA co-polymer, additional approaches such as protein 

PEGylation [64,65] should be considered in future work to obtain more complete protein release. 



  

 

 

Nevertheless, the bioactivity of SDF-1α in the release sample collected up to 72 hours (after which 

further SDF-1α release was negligible) was found to be similar to that of its native counterpart when 

assessed using the agarose drop migration assay (Figure 6B,C), suggesting that the encapsulation 

process did not induce protein denaturation. In the context of patient safety, the preservation of 

protein bioactivity throughout formulation processes is imperative as denatured proteins tend to be 

more immunogenic than their native forms [66,67].  

[Insert Figure 6] 

The biphasic release patterns observed in lysozyme and SDF-1α release studies were consistent with 

literature data on PEG-containing PLGA nanoparticles [61,68]. The initial burst release was due to 

the rapid liberation of proteins located adjacent to the nanoparticle surface, which was a 

consequence of the efflux of residual solvents during the purification step that drew most proteins 

away from the core of the nanoparticles. This stage was then followed by a slower release 

attributable to the diffusion of proteins from deeper parts of the nanoparticles. In relation to future 

work, the initial rapid SDF-1α release is useful for establishing a concentration gradient within a 

hydrogel to immediately induce chemotaxis of cancer cells while the subsequent gradual release 

may be beneficial to maintain the established gradient. It was also observed that the cumulative 

release curves began to plateau after 72 hours. This relatively short duration of release was 

expected as the huge surface area to volume ratio of the nanoparticles contributed to a rapid 

protein release. However, as the SDF-1α-loaded nanoparticles are intended in the future to be 

incorporated within a hydrogel and not suspended directly in physiological fluids, literature data 

suggested that the release duration can be prolonged [69], which would allow more time for cancer 

cells to migrate into the hydrogel/nanoparticle composite implant to be trapped.   

3.5. In vitro cytotoxicity study 

Due to the innocuous nature of the solvent used in the formulation process and the well-reported 

safety of PLGA, the newly-developed nanoparticles are expected to exhibit negligible cytotoxicity. To 



  

 

 

prove this, NIH3T3 mouse embryonic fibroblasts were treated with unloaded PLGA/PEG-PLGA 

nanoparticles (Formulation 8) for 48 hours. This cell line was chosen as it has been reported to be 

highly-sensitive to chemical-induced toxicities [70]. Alongside PLGA/PEG-PLGA nanoparticles, lipid 

nanocapsules (LNC) and polystyrene (PS) nanoparticles, which have been widely utilised in various 

pharmaceutical research, were tested to investigate the relative cytocompatibility of the newly-

developed nanocarriers. The range of nanoparticle concentrations for cell treatment in this study 

was set to 0.01 - 10 mg/mL to assess the suitability of the PLGA/PEG-PLGA nanoparticles for both 

systemic and local drug delivery applications. In comparison to the two reference nanoparticles, the 

PLGA/PEG-PLGA nanoparticles induced minimal cell deaths even at the highest concentration tested 

(Figure 7). In addition, the LNC was found to be the most toxic between the three types of 

nanoparticles at high concentrations. Two studies reported similar findings [71,72] and suggested 

that the high amount of surfactant (up to 2.8% (w/v)) required to stabilise the LNC formulation is 

responsible for the high toxicity due to the ability of the hydrophilic and hydrophobic components of 

surfactant molecules to interact with the phosphate groups and fatty acid tails of lipid bilayer 

respectively to cause disruption of cellular membranes [73].  On the other hand, the PS 

nanoparticles exhibited intermediate cytotoxicity, possibly due to the lower amount of surfactant 

used in their formulation (up to 0.5% (w/v) as described by the manufacturer). Although one can 

speculate that the differences in the cytotoxicity can be attributed to other components of the three 

types of nanoparticles, as well as to differences in their physicochemical characteristics such as size 

and surface charge, the surfactant-free formulation process using non-toxic components developed 

in the present work can undoubtedly produce nanocarriers with excellent biocompatibility that are 

more suitable for local drug delivery applications compared to several other well-established 

alternatives.   

[Insert Figure 7] 

4. Conclusion 



  

 

 

This study reports on the development of novel SDF-1α nanocarriers composed of PLGA and a PEG-

PLGA co-polymer. Following optimization using lysozyme as a model protein, SDF-1α was 

successfully precipitated and subsequently loaded into these nanoparticles under mild formulation 

conditions. SDF-1α was also released in its bioactive conformation in a gradual fashion. Furthermore, 

by changing the number of uncapped carboxylic acid groups in the PLGA core, the novel formulation 

process allows the production of nanoparticles with different physicochemical properties that 

influence encapsulation efficiencies and the extent of protein release. In addition, the use of non-

toxic polymers and solvents ensured the excellent biocompatibility of the synthesised nanoparticles. 

Thus, the novel SDF-1α nanocarriers are promising for future cancer cell trapping applications and 

will be incorporated into a suitable hydrogel for studying chemotaxis of glioblastoma cells. 
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FIGURE CAPTIONS 

Figure 1. 1H-NMR of PLGA-COOR and PEG-PLGA co-polymer in deuterated DMSO and chloroform 

respectively. 

Figure 2. Effect of (A) NaCl and (B) lysozyme concentrations on lysozyme precipitation efficiency. For 

(A), lysozyme concentration was fixed at 10 mg/mL whereas NaCl concentration was fixed at 0.15 M 

for (B). Statistical analysis was conducted to investigate any significant difference (P ≤ 0.05) in 

comparison to 0.15 M NaCl or 5 mg/mL lysozyme concentration for (A) and (B) respectively. **** 

indicates P ≤ 0.0001, n = 3 for each lysozyme precipitation condition. 

Figure 3. Scanning electronic microscopy of (A) lysozyme and (B) SDF-1α nanoprecipitates. 

Figure 4. Morphology of PLGA/PEG-PLGA nanoparticles. SEM and TEM images of (A, C) unloaded and 

(B, D) SDF-1α-loaded nanoparticles. (E) AFM image of SDF-1α-loaded nanoparticles. 

Figure 5. Release study of lysozyme. (A) Cumulative release of lysozyme in 0.05 M Tris-HCl buffer at 

pH 7.4 and (B) concurrent changes in the zeta-potential value of different nanoparticle formulations. 

Nanoparticle suspension was diluted 200-fold in 0.01 M NaCl solution and the pH was adjusted to pH 

7 prior to zeta-potential measurement. (C) Cumulative lysozyme release in 0.01 M citrate buffer at 

pH 4.0 or (D) 0.05 M Tris-HCl buffer at pH 7.4 containing 0.15 M NaCl. Each data point with error bar 

represents mean ± SD, n = 3 for each formulation. 

Figure 6. Release study of SDF-1α and its biological activity assessment. (A) Cumulative release of 

SDF-1α in 0.05 M Tris-HCl buffer at pH 7.4 containing 0.15 M NaCl. Each data point with error bar 

represents mean ± SD, n = 4 for each formulation. (B) Distance migrated by U87-MG cells induced by 

the culture medium alone (Blank), or supplemented with 40 ng/mL native, precipitated or released 

SDF-1α collected from Formulation 8 at different time points of the release study. Statistical analysis 

was conducted to investigate any significant difference (P ≤ 0.05) in comparison to the native SDF-

1α. **** indicates P ≤ 0.0001, n = 3 for each type of SDF-1α treatment. (C) Examples of optical 

microscopic images of U87-MG cell-laden agarose drops after 72 h treatment with culture medium 

alone (top left) or medium containing 40 ng/mL native (top right), precipitated (bottom left) or 

released SDF-1α (bottom right). 

Figure 7. Effect of different concentrations of PLGA/PEG-PLGA nanoparticles (Formulation 8), lipid 

nanocapsules (LNC) and polystyrene (PS) nanoparticles on the viability of NIH3T3 cells after 48h 

incubation. n = 3 for each nanoparticle treatment. 

  



  

 



  

 

 

 

  



  

 

 

 

  



  

 

 

 

  



  

 

 

 

  



  

 

 

 

  



  

 

 

 

  



  

 

 

Table 1. Average size, polydispersity index (PDI) and zeta-potential (ZP) of unloaded nanoparticle 

formulations. Data are presented as mean ± SD, n = 3.  

Formulation 
number 

Proportion (%) Average 
size (nm)

a 
Average 

PDI
a 

Average ZP (mV)
b 

PLGA-
COOH 

PLGA-
COOR 

PEG-
PLGA 

pH 4 pH 7 pH 10 

1 100 0 0      n.d.c 

2 92 0 8 599 ± 20 0.46 ± 0.08 -16.6 ± 1.0 -20.7 ± 2.2 -28.0 ± 2.4 

3 75 0 25 279 ± 3 0.17 ±  0.03 -9.9 ± 0.8 -12.1 ± 1.3 -15.7 ± 1.5 

4 67 0 33 202 ± 3 0.08 ±  0.05 -6.6 ± 1.0 -8.9 ± 0.8 -9.8 ± 0.7 

5 0 100 0      n.d.
c
  

6 0 92 8 >1000 1 -2.9 ± 0.5 -4.7 ± 0.4 -6.4 ± 0.6 

7 0 75 25 691 ± 23 0.40 ± 0.05 -1.8 ± 0.1 -2.3 ± 0.3 -3.1 ± 0.4 

8 0 67 33 255 ± 4 0.14 ± 0.04 -1.2 ± 0.2 -3.0 ± 0.6 -2.9 ± 0.2 

9 33 33 33 215 ± 7 0.10 ± 0.03 -4.1 ± 0.2 -4.8 ± 0.5 -4.3 ± 0.3 

10 17 50 33 236 ± 6 0.10 ± 0.02 -2.8 ± 0.4 -4.1 ± 0.6 -4.0 ± 0.4 
a Purified nanoparticle suspension was diluted to 100 µg/mL in water prior to measurement 
b
 Purified nanoparticle suspension was diluted to 100 µg/mL in 0.01 M NaCl and 0.1 M HCl or NaOH was used to 

adjust the pH of the suspension to pH 4, 7 or 10 prior to measurement 
c
 n.d. = not determined, as no homogenous particle suspension was obtained 

Table 2. Characterization of PLGA/PEG-PLGA nanoparticles (Formulation 8) before and after freeze-

drying without any cryoprotectant or with sucrose, trehalose or HPBCD. Data are presented as mean 

± SD, n = 3.  

Protectant Average size (nm) Average PDI  Sf/Si PDIf/PDIi 

Before 
freeze-
dryinga 

After 
 freeze-
dryingb 

Before  
freeze- 
dryinga 

After  
freeze- 
dryingb 

-  n.d.c  n.d.c 

Sucrose 
255 ±  8 

308 ±  5 
0.13 ±  0.01 

0.22 ±  0.01 1.21 1.69 

Trehalose 266 ±  5 0.19 ±  0.01 1.04 1.46 

HPBCD  255 ±  3  0.14 ±  0.02 1.00 1.08 
a Purified nanoparticle suspension was diluted to 100 µg/mL in water prior to measurement 
b
 Freeze-dried nanoparticles were re-suspended in 2 mL water and diluted to 100 µg/mL in the same 

diluent prior to measurement 
c n.d. = not determined, as the freeze-dried product could not be reconstituted completely even after 10 

minutes sonication 

Table 3. Effect of pH of aqueous phase on encapsulation efficiencies of lysozyme. Data are presented 

as mean ± SD, n = 3.  

Formulation 
number 

pH of aqueous phase
a 

Encapsulation efficiency (%) 

Lysozyme SDF-1a 

4 8.4 18.0 ±  0.8 34.3 ±  3.7 

9.4 28.1 ±  1.7 79.7 ±  4.1 

10.4 66.0 ±  1.6 107.7 ±  1.5 

11.4 107.0 ±  3.6 - 
a
 0.05 M glycine-NaOH buffer solution was used as the aqueous phase 

 
  



  

 

 

Table 4. Effect of the PLGA-COOH proportion on encapsulation efficiencies of lysozyme and SDF-1α. 
Data are presented as mean ± SD, n = 3 and 4 for lysozyme and SDF-1α respectively. 

Formulation 
number 

PLGA-COOH 
proportion (%) 

Encapsulation efficiency (%) 

Lysozyme SDF-1a 

4 67 107.0 ± 3.6 107.7 ±  1.5 
8 0 89.6 ± 5.7 75.5 ±  2.2 

9 33 108.2 ± 1.9 - 

10 17 111.0 ± 3.9 104.0 ±  2.8 

Table 5. Average size, polydispersity index (PDI) and zeta-potential (ZP) of lysozyme and SDF-1α-

loaded nanoparticles. Data are presented as mean ± SD, n = 3. 

Formulation 
number 

Encapsulated 
protein 

Average size (nm)a Average PDIa Average ZP (mV)b 

4 Lysozyme 202 ±  5 0.09 ±  0.01 -9.7 ±  0.8 

SDF-1α 197 ±  2 0.08 ±  0.01 -9.6 ±  0.7 

8 Lysozyme 253 ±  5 0.17 ±  0.03 -3.3 ±  0.3 

SDF-1α 259 ±  8 0.19 ±  0.01 -2.9 ±  0.2 
a
 Purified nanoparticle suspension was diluted to 100 µg/mL in water prior to measurement 

b Purified nanoparticle suspension was diluted to 100 µg/mL in 0.01 M NaCl solution and the pH of 

the suspension was adjusted to pH 7 prior to measurement 

 

 

  



  

 

 

Supplementary Materials 

 

Figure S1. Changes in average size and pDI (A), and zeta potential (B) with time of incubation of 1 

mg/mL PLGA/PEG-PLGA nanoparticles (Formulation 8) in 0.05 M Tris-HCl buffer (pH 7.4) at 37 °C. 

Each data point with error bar represents mean ± SD, n = 3. For size and pDI measurement, 

nanoparticle suspension was diluted in water. For zeta-potential measurement, nanoparticle 

suspension was diluted in 0.01 M NaCl solution and the pH was adjusted to pH 7. 

 

  



  

 

 

 


