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1. Introduction

Stromalcellderived factorir ~”-i& ¢ is a chemokine composed of 68 amino aditisthat binds

to its cognate receptor, &-C chemokine receptor type 4 (CXCRZ) One of its important
physiological functions it retain high concentrations of CXG®4¢ressing 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 SOF £ % E <+]}v 5§ 8Z Jvip@®@]inS ] o A
a simultaneous fashion to the increased SOF P& S]}v Jv §Z } V7,8]uto Gl A
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; SBRediated chenotaxis is

also implicated in tumour metastases. CX@Rdressing cancerous cells that are present in the

blood or lymphatic circulation after getting dislodged from the primary tumour site can be
chemoattracted to SDF r-secreting sites such as the bone mav [9], liver[10] and lymph nodes

[11] for future metastatic growth. This pathological role of SDF Z ¢ Jve%] E §Z «1Pv }
implants capable of creating a SDF }v VvSE §]}v P Etrapping GXQRdxpressing

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

gastric carcinom@l3] and smakcell lung cancefrl4].

! List of abbreviations:

AFM: atomic force microscopy, BSA: bovine serum albumin, CX@&R2Acliemokine receptor type BL: drug
loadingp, D DW puo }[ D} ](] edittg DMI:Dsosorbide dimethyl ether/dimethyl isosorbide,
DMSO: dimethyl sulfoxide, EE: encapsulation efficiency, ELISA: elivtly@deimmunosorbent assay, FBS:
foetal bovine serum, GBM: glioblastoma, HCI: hydrochloric acid, HPBCD: hydroxyprggydextrin, ICH:
International Conference on Haonization LNC: lipid nanocapsulesnivhumberaverage molecular weight,
Mw: weightaverage molecular weight, NaCl: sodium chlorié13T3: mouse fibroblast cell line NIH3T3,
NMR: nuclear magnetic resonance, RBt&oloxamer 188, PBS: phosphdmgffered saline, PDI: polydispersity
index, PE: precipitation efficiency, PEG: polyethylene glycol, pl: isoelectri¢c Plo®f: polacticco- glycolic

acid PLGAOOH: poHNactic-co- glycolic acid with uncapped carboxyécid terminals, PLGBOOR: poHactic-

co- glycolic acid with capped carboxylic acid terminals, PS: polystyrene, PVA: polyvinyl &&oteihndard
deviation,SDFirW <& E }weviveddactorirU ~ W ]I /& ope]}v ZE}u 3}PE WOACU ~ DW o
microscopy, & collapse temperature, TEM: transmission electron microscopy, Tris: tris(hydroxymethyl)
aminomethane, USMG: humarmalignantglioblastoma cell lin&J)87-MG



Due to its solubility and rapid diffusion in physiological media, a sustained delivery -of rSF
prerequisite for establishing its concentrati gradient. Encapsulation of SDF ]Jv3§} 6éefio C
nanoparticles is a crelolie strategy for achieving a gradual SDF E o0 ¢ § §Z ]S }( %0 %00]
In this regard, pokflacticco-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 Administratiespproved pharmaceutical excipierit5]. However, due to its
hydrophaobicity, the formation of stable PLGA nanopatrticles often necessitates the use of amphiphilic
surfactants such as polyvinyl alcohol (P{A&)17]and poloxamer 188 (P188)8] in the formulation
process. Although these surfactants are innocuous when wused in isolation, reBMAaand P188
bound to the PLGA nanoparticle surfaces have been reported to induce toxicities especially at
nanoparticle concentrations exceeding 1 mg/fB], which are relevant to many local applications

of PLGAvased nanoparticles. The development of a Pb@ged nanoparticle formulation process

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

To encapsulate hydroplil drugs in hydrophobic PLGA matrices, the double emulsion
(water/oil/water) process‘is often preferref20,21] 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 procesthat 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 pratiastually
exaggerated by their conformational flexibility that makes it possible for their hydrophobic pockets
to be externalised to make contact with the organic phase upon emulsificB2BnThus, a possible
solution to promote protein stability during encapsulation is by minimising thenfamational
mobility through the use of proteins in solid form. In this regard, techniques such as filegng

and sprayfreezedrying 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 solven5]. This technique produces homogenous named protein particles
without affecting protein structures and bioactivities, and therefore serves as a suitable protein

treatment prior to encapsulation.

Curently, 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
[26 128]. Other common harmful PLGA solvents include acetoniz®d, N-methylpyrrolidone[30],
N,N-dimethylformamide and tetrahydrofuraf81]. 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 acetd88], ethyl acetate[34] and
dimethyl sulfaide [30] are being increasgly used as alternatives. Nevertheless, they are still
regarded as potential hazards to human health by the ICH. Differently, the safety afotaiite
water-miscible organic solvents such as glycofurol and isosorbide dimethyl ether (DMI) have been
demorstratedin 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

PLGAbased nanoparticles is wethotivated.

In the present study, an amphiphilic polyethylene glycol (FEGIA cgolymer 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 addlittbe nontoxic DMI was
utilisedas a solvent for the PLGA polymers and the-PE&A c@olymer. To the best of our
knowledge, this is the first example of the use of this benign solvent to produce PLGRIFEG
nanoparticles. PLGA with capped or uncappeadboxylic acid terminals were combined with the
PEGPLGA cgolymer at different proportions to produce nanoparticles of different size
distributions and surface charges. The nanoparticles were then frégeed in the presence of three
excipients to exjore the possibility of obtaining nanocarriers with a prolonged shielf Following

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



point: 11.35) was initially used as a model protein to optimise the encafignlof SDFir ~6Xi | U
isoelectric point: 10.5). To preserve the protein bioactivity throughout the formulation process,
lysozyme and SBFr % E ]%]3 3 ¢« A E % E % E C ulEJvP E *% S3]A
glycofurol prior to encapsulation. Thein, vitro release of lysozyme and SDF (E}u SZ W' |W '
PLGA nanoparticles was studied. The bioactivity of the released Dk ¢ e ¢ < VSOC oo oo

in terms of its capacity to induce migration of CX@Ragressing human GBM cells (U4G). Finally,

the cytocompatibility of the newlhgeveloped nanoparticles was assessgedlitro.



2. Materials and methods

2.1. Materials

PLGA with capped carboxylic acid terminals and -PE&A c@olymer were synthesised as
described in Section 2. RPLGA’5:25with uncapped terminalgResomer® RG752Mw = 9850 Da,
polydispersity indeXPDI)}= 2.4),lysozymeof chicken egg whiteMicrococcus lysodeikticuglycofurol
(tetraglycol or tetrahydrofurfuryl alcohol polyethyleneglycol ether), isosorbide dimethyl ether
(dimethyl isosorbide), dimethyl sulfoxid®MSQO) sodium chloride, poloxamer 188 (Lutrol® F68)
glycine, sucrose, trehalose, 37% hydrochloric acid, 10 M sodium hydroxide
tris(hydroxymethyl)aminomethaneT(ig base(Trizma®pand-agarose with low gelling temperature
were obtained from Sigmaldrich (Saint Quentin Fallavier, Frand@)-lactide (Purasorb® DL) and
glycolide (Purasorb® G) were obtained from Purac Biomaterials, Frankfurt, GeBoaimg serum
albumin fraction V wa obtained from_Roche Diagnostics (Mannheim, Germamynan SDFi r
from Miltenyi Biotech (Paris, France)hydroxypropy t-cyclodextrin (Kleptose® HPBCD) from
Roquette (Lestrem, France),lo } bhosphatebuffered saline (Biowhittaker®)from Lonza
(Venvers, Belgium) andDp o Nledified Eagle[« é&lium (Gibco® DEM) from Thermo Fisher
Scientific (Villebon sur Yvette, FrahcHltrapure water dispensed from a Mi#Q® Advantage A10

system (Millipore, Paris, Franasas used in all experiments.

2.2. Synthesis and charactem@tion of PLGA with capped carboxylic acid terminals (PLGA

COOR) and PELGA cgpolymer

2.2.1. Synthesis

The synthesis of PLEXOOR was adaptdtbm the ringopening polymeriation method described
by Yoo and Par[37]. Briefly a mixture of Dllactide (Purasorb® DL) agtycolide (Purasorb® @)
the molar ratio of 3:1 was heated with the initiator benzyl alcohol to 140 °C under nitrogen

atmosphere for complete meltinglhe use of this initiator would result in a benzyl growginy the



Rgroup in the PLGEOOR productThen, 0.04% (w/w) stannous octoate was added, and the
reaction mixture was further heated to 180 °C. The temperature was maintained for I3 fimu
polymerization to take place under static vacuum. The polymer thas 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 ofPBBE@ c@olymer, the same
procedure was adopted except thatonomethoxyPEG of number average molecular weight (Mn)
of 5 kDa (Sigmaldrich) was used as an initiator instead of benzyl alcohol, and the precipitation of

PEGPLGA was carried out in diethyl ether chilled20 °C.
2.2.2. Charactergtion

'H nuclear mgnetic resonance'd-NMR) spectra were recorded using a Bruker Avance® 400
apparatus (Bruker, Brussels, Belgium) to characterise the polympolymner composition and to
estimate Mn. Deuterated DMSO and chloroform were used as solvents for-®OGR and BEG

PLGA cqolymer 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/ca-polymer was also characterizedby size exclusion hcomatography (SEC) using a
Viscotek® TDB05 equipment (Malvern, Worcestershire, UK). Polymegotymer was dissolved in
tetrahydrofuran at'5 mg/mL for elution at a flow rate of 1 mL/min at 45 °C. The waigihtage
molecular weight (Mw) and Mwere expessed with respect to polystyrene standardfie PDI of

the polymer/copolymer was subsequently obtained by calculating the ratio of Mw to Mn.
2.3. Preparation of lysozyme and SBIF % E ]%0]S S

Proteins were precipitated using technique adapted from Giteaat al. [25]. Briefly, lyophilizd
protein as provided by the suppliavasdissolved irsodium chloridgNaCl)solution containing 20%
(w/v) P188as a protein protective agen5 uL of the protein solution was then adderd975 pL
glycofurolin a 10 mL Nalge®Oak Ridge Higispeed centrifugeube (Thermo Fisher Scientifipyior

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



investigated initially using lysozyme as a model protein. To evathaterecipitation efficiency (PE),
the formed suspension of protein precipitates was centrifuged at 12,8@0for 30 minutes. The
supernatant was carefly discarded and the pelleted protein precipitates welissolved inl mL
0.05 MTrisHCI buffer solution containing 0.18&/v) bovine serum albumifBSA and dilutedfor

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

/anwaéag@moaé@ém@ézouaUgog.lualar

2" L R0 hormasacoimot = 0acBATDAUD (Equation 1)

2.4. Preparation of lysozymeand SDFi r-loadednanoparticles

Nanoparticles were formed using a @easeparation method adapted froffran et al. [17]. Briefly,
PLGACOOR, PLE2OOH and PERAL.GA cpolymer were dissolved separately in DMI at 12% (w/v).
The three polymer solutions were mixed in different proportions to give a total volume ofy®CBor

protein encapsuldon, 100l protein precipitate suspension in glycofummnsisting of either 25 g
lysozyme or 10 ug SBHF A §} $Z %o} o C upKdr to}jmaghelie stirring at 1300 rpm

for 30 seconds. Enhtheoreticaldrug loadings (DlLas calculated using Equation 2, webed7 % and
0.03 % for lysozyme and SDF & «% $]A 0CX &}E 8Z +Cv3Z «]* }( pvo} vV vV} %:
protein precipitites was replaced with an equal volume of glycofurol alone. Then, 1004l agueous
phase in the form oD.05 M glycineNaOH buffer solution was added under magnetic stirring to
initiate phase separation. After 1 minute, another 500l aqueous phase was addeg 20 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 nbh 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 wasigeended in water. The
centrifugaton was repeated once to complete the purification process and the resultant

nanoparticle suspension was conceated to a final volume of tnL
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&L T2 ORO @AVEAAD &E %AEAAS (Equation 2)

2.5. Freezarying of nanoparticles

After purification, 1 mL of nanoparticle suspggon was transferrednto a 20 mL glass vidlo ensure
the stability of the nanoparticles tbughout the freezedrying process, InL of cryoprotectant
solution wa 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 teste HPBCD
trehalose an sucrose, at a final conotation of 5% (w/v). The vial vgathen immersed in liquid
nitrogen €196 °C) for 1 minute to freeze the nanopartickyoprotectant mixture, and subsequently
placed on the shelf of the freealryer precooled to-35 °C for 2 hots. The samles were
subsequently lyophilead, alongside cryoprotectasftee nanoparticle samples as a control, in a
Lyovax® GT freezieyer (Steris, Bordeaux, France) 20 °C and 0.3 mbar for 16 hours. The
nanoparticle size was measured (as described2.i®.1.) before and after freezdrying. The
nanoparticles were assumed to be stable throughout the fregzéng process if the ta of final to

initial size (8S) and polydispersitindex (PDIPDI) is close to 1
2.6. Nanopatrticle characterition
2.6.1. Size distribution and zetgotential

The nanopatrticle size distribution was determinbg a dynamicight scattering(DLS)technique
whereaszetapotentials were derived from electrophoretic mobility values udiimg Smoluchowski's
approximation Nanoparticle samples were prepared by dilution in watei0.01 M NaCsolutionfor
size and zetgotential measurements respectivelyy obtain concentrations suitable for analyséas
a Nanosizer® ZS (Malvesuich that the attenuator value was in the range of 5 Each smple was
measured in triplicatewith each measurement representing an average value of at leastrE) All

measurements were madat 25°Cunder automatic modeBesides averagparticle size, the DLS



protocol of Nanosizer® ZS proddca PDValue ranging between @ 1 that estimates thewidth of

the size distribution.

2.6.2. Scaning electron microscopy (SEMjransmission electron microscopy (TEMhd atomic

force microscopy (AFM)

The nanoparticle morphology was visualised under SEM (JSM 6310F, JEOL, Paris, France), TEM (JEM
1400, JEOL, Paris, France) and AFM (AutoProdee&dairch, Veeco Digital Instrumen&anta
Barbara,California, USA). AL drop of purified nanoparticle suspsion at a concentration of 200

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

(for TEM), and left to dry overnight at room temperature. For SEM, the sample was coated with a
gold layer of 5nm thickness por 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, thadiluted protein nanoprecipitate suspension
was used to prepare samples for SEM, via the same procedure as the preparation of nanopatrticle

samples.
2.6.3. Protein encapsulation efficiency

Lyophilizd proteinloaded nanoparticles, and unloaded nanopartickssa controlwere dissolved in

1 mLDMSO for Jhour before the addition of 3 m0.01 M HCI. 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 quantifiation assays (see Section 2.7.). Encapsulation efficiency (EE) was

calculated using Equation 3.

e L EOamEiacoimbaé gl PaxUaeecaadasadacl "Sﬂrﬁrae (Equationa
Y AalcORaadacPiad®ec0acBAYTalOo

2.7. Protein quantification



2.7.1. Quantification of lysozyme

Lysozymevas quantified usingflicrococcus lysodeikticu®ll suspension as a substrate cescribed

by Morille et al.[38]. Briefly, 100 plysozyme solution csamplewas added to 2.9 méuspension of

M. lysodeikticus(0.015% (w/v)) in 0.05 M TrigdCl 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 concentrationof lysozyme solutionased wadetween 100- 1000ng/mL 0.05M TrisHCI

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

readings that weravithin the standard curve range.

2.7.2. Quantification of SDFi r

SDFir was quantifiedusing anenzymelinked immunosorbent assay (ELIS#cording to the
*U% %o0] E[e g REEJystehisy Lille, Frandgriefly, SDFir capture antibody solution was
added to aNunc Maxisorp® 9éell microplate(Thermo Fisher Scientifiand incubatel overnightto
coat the wells. The microplatsas then washed with 0.05%/v) Tween® 20 in phosphatauffered
saline (PBS) solution (pH 7.4), followedaldy¢hour incubaion with PBS solution (pH 7.4) containing
1%(w/v) BSA to block thenicroplate. After washing,the kit standard and samplediluted in PBS (pH
7.4) containing 1%w/v) BSA were added to the microplate far2-hour incubation Then, the
microplate ' was washed before addition of a detection antibody solution for anothdro@r
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 20minute incubation. Finally, R sulphuric acidvas addedo terminatethe enzymatic
reaction followed by immediate measurement of absorbance at 450 Alirincubations were done

at room temperature.

2.8. Assessment of SBFr bioactivity



The bioactivity ofthe precipitated and released SBDF was assessedising the agarose drop
migration assay as adapted froidilner et al.[39]. Briefly, US7Z-MG cells (American Tissue Culture
Collection Rockville Maryland USA), previously transfected to express CXCR4 reckptS8ehédic

et al. [40], were seeded into a 2dvell flat-bottomed culture plate (Nunc, Strasbourg, Franca) a
density of1 x 10° cells per welhnd cultured in medium supplemented with 10% foetal bovine serum
(FBS) and 1% penicillin/streptomyciiihe wells were previously treated with 500 pL of a 10 pg/mL
poly-D-lysine hydrobromide (Sigm@ldrich) solution for 15 minutes at 37 °C and washeddtimmes
with PBS prior to cell seedingfter 72 hoursof incubation at 37 °C under a 5% JQ@midified
atmosphere, the culture medium was removed and the cells were lysed by additer (500 pL per
well) to cover the well surfaces with thin celtderived matrix After 20 minutes, the wells were
washed three times with PBS and allowed tadaiy. Then, 2 UL 01%(w/v) low gellingpoint agarose
solution containing USMG cells at a density of 50 x 16ells/mLwas droppedonto the centre of
each welland allowedto gelat 4 °C for 15 minute#t this point, 400 plof SDFi r-free mediumor
medium supplemented with40 ngmL native/precipitated/released SBFr A - §} §Z 00
laden agarose dropgrior to incubation After 72 hours, optical microscopimagesof 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 eketlen agarose drop. Measurements were made on
four sides(north, east, south and westdf 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

Proteinloaded nanoparticlesand unloaded nanopariies as a controlwere suspended ir2 mL
buffer solutioncontaining 0.1%w/v) BSA as a protein stabilizand keptin a 2 mL centrifuge tube.
The tube wasncubated at 37°C in a shaking water bath (125 rphbpre-defined time intervals, the

tube was centrifuged at 800 x g for 30 minutes 0.3 mL of the supernatanwas ollected and



replaced with fresh buffer. The supernatant was stored-28 °C until protein quantificatioifas
described in Section 2.7 for lysozyme and-SDFand biological actity assessmen(as described in

Section 2.8 for SDFr ¢
2.10.In vitro cytotoxicity of nanoparticles

In vitro cytotoxicity of unloaded PLGA/PEEGA nanoparticles was evaluated using a resazurin
based assagdapted from Swed et aj41]. NIFBT3 mousdibroblastcell line'was cultured at 37 °C
and 5% C©in mediumsupplemental with 10% FB&nd 1% penicillin/streptomycin, and replaced
every 3 days. The cells were seeded in av@ flat-bottomed culture plate lunc) at a density of
5.5 x 18 cells/well in 100 pL medium and incubated at 37 °C and 5%60E@4 h. At this point, 50 pL

of the oldmedium was replaced with an equallume of nanopatrticlecontainingfresh medium, to
obtain final nanoparticle concentratis of 0.01, @, 1 and 10 mg/mL. As a negatigentrol, cells
incubated with the medium alone were prepareifter 48 h of incubationd2 h postseeding) in the
presence or absence of nanoparticles, the entire medium was replaced with 100 pL fresh medium
containing44 uM resazurin The resazuriftontaining medium was also added in three wells of the
assay plates (without cells), which served as blank. The plate was incubatedfbera® h 30 m.
Cell viability wa estimated from the fluorescence intensitf the reduced product of resazurin,
called resorufin, which was measured using lari@Star microplate fluorometer (BMG Labtech
GmbH, Ortenberg, Germanygt 545 nm excitation and600 nm emission.All readings were

normalised to those obtained with the nanopartialatreated cells.

In addition to the PLGA/PEHALGA nanoparticles, twother types of nanoparticlesnamely lipid
nanocapsules (LNC) andlystyrene (PS) nanoparticles, reetested in ths assay to obtain
information on the relative safety of the newlleveloped nanoparticles. LNC (average sizE22
nm, PDE 0.088) were preparedsing a phae inversion method as discussedHieurtault et al[42].

PS nanoparticles (averagie = 285 nm, PDI = 0.175) wptechased from Sigmaldrich.

2.11. Statistical analysis



Data are presented as the meaalwe + standard deviain (SD)of at least threeexperments ~v H i«
Oneway ANOVA witpost pvv S[e upoS]% o0  }udhh@thréshodd Ré&lue of 0.05vas
usel to investigate any significant difference between multiple groupsiath. Inthe figures, *

indicates P@.05, ** indicatesW G iXiiU ZZZ Jv] § « W G iXiii v ZZZZ ]v] &



3. Results and discussmo

3.1. Characteriation of PLGACOORind PEGLGAco-polymer

'"H-NMR spectrunof PLGACOORnN Figure Trevealed thepresence ofactide unisat 5.19 ppm and
1.46 ppm, glycolide unis at 4.91 ppm, antbenzyl capping grougat 7.37 ppm.Using.the signal at
7.37 ppm as a reference fantegration Mn was calculated to be 5.5 kDa, with a lactide/glycolide
molar percentageof 75/25. For the PEBLGA c@olymer, the signal ‘at 3.64 ppm, which is
characteristic okthylene glycol units, indicatetthe successful epolymeriation of monomethoxy
PEG 5 kDa tthe lactide and glycolide unitdJsing this signal as a referendbe Mn of the co-
polymerwas30.7kDa (FEG 5 kDa PLGA 25.7 kDa) whereti® lactide/glycolide molar percentage
was calculated to be 75/2%n the other hand, SEC analyseéswed that theMw/M n values were
11.2/5.7kDa(PDI = 2.0) and 44.1/21KDa (PDI = 2.1pr PLGACOOR and PH&.GA colymer
respectively.The disparity between thEEGPLGAVIn valuescalcubhted usingthese two teehniques
could be attributed to theamphphilic nature of the cepolymer[38,43,44] that may havemodified
the hydrodynanic volumeto prolong the retention time, which subsequently produced an

underestimated Mivalue using SEC.
[Insert Figure 1]

3.2. Lysozyme and SBHR % & ]% ]S S]}v

Due to the greater stability of proteins in their solid state, pintedissolved in a salbkition
containing P188&vere 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 enablesan efficient separation of water from prefn molecules to inducerecipitation.
Secondly, it has been used to precipitate many proteins without cauieq denaturation
[25,38,45,46] P188was added de to its ability to refold any unfolded proteifd7] and alsoto

reduce protein adsorption to the hydrophobic PLGA following encapsulatitnch in turn may



allow forgreater cumulative releasi88,48] To minimise any potential toxicity, the amount®188

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

500 ug.Proteins werdnitially 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 SBF &hout causing its denaturation was investigated using lysozyme as
a model proteinFollowing precipitation, the amount of bioactive lysozyme was quantifi@dgthe
Micrococcus lysodeikticuassay.As shown in Figure 2, 0.15 M NaCl resultedaisuccessil
precipitation witha complete preservation of lysozyme bioactivity. Lower PE was obtained in the
absence of NaCl, possibly duethe repulsion between charged protein molecules that hindered the
formation of precipitates. On the other hand’E decreask when the NaCl concentration was
increased above 0.15 Milthough high concentrations of salt can reduce the agueous solubility of a
protein and facilitate precipitation, the excess charge neutralisation may simultaneously promote
protein denaturation byallowing any unfolded protein molecules to spontaneously form aggregates
and therefore preventing their rolding[49]. On this basis, 0.15 M NaCl was used to precipitate
SDFirX dZ (( 8 }( % @E}3 ]eonPEmas @scsinyestigatedPE values were greater
with higher lysozymeoncentrations, due to greater tendencies for protein molecules to collide and
interact with one another. Although 10 mglor higher lysozyme concentrations were identified to
result in.a maximum PE, it was not possible to dissolve -$PF]Jv 1Xifi D Ethase
concentrations. Therefore, SDIF A « Y%plated at 2.67 mg/mL which wasthe highest
concentration that coulde achieved without the appearance of visible protein solids. Using ELISA,
the PE was calculated to be 91 + B%6re importantly, the loactivity ofthe re-constituted SDH r
precipitates was not significantly different from the native SDFwhen tested usinghe agaros

drop migration assay (Figur&g&).

Following the optimisatin of precipitation conditns the morphology of the prepitates was
observed under SEMhe preciptates of both proteins were mostlgpherical in shpe (Figure B

Furthermore their size distributiongas estimatedusingthe ImageJ softwarewere 57 £ 10 nm and



57+ 25 nm for lysozyme and SPir E «%. .3 sukl00nm size of the protein precipitates

makethem ideal for subsequent encapsulation into the PLGA/PEGA nanoparticles.
[Insert Figure 2]
[Insert Figure 3]

3.3.Preparation and characteration of lysozyme and SDFi r-loaded nanopatrticles

3.3.1. Optimisation of PLGA/PEFLGA nanopatrticle synthesis

Due to the amphiphilic behaviouof PEGPLGA, it was predicted that uniform and stable
nanoparticles can be obtained by mixing thispmymer with the hydrophobic PLGA. Using this
combination irstead of the cepolymer alone can._provide additional means for controlling the
nanoparticle physicochemical properties that.are critical for protein encapsulation and release, such
as the size and zefaotential, by varying the chemical constituents of tReEGA component such as

the number of uncapped carboxylic acid groups.

The physicochemical characteristics of unloaded nanoparticles made from different combinations of
PEGPLGA c@olymer-and PLGA polymese shown in Table.1INo homogeneous nanoparticl
suspension could be obtained in the absence of PEGA (Formulations 1 & 5) whereas the siad
PDlvalues decreased as the RPGGA proportion was increased when used in combination with
either PLGACOOH (Formulations 24) or PLGACOOR (Formulatior® - 8). These observations
confirmed thecritical nanoparticlestabilizng roles of the cgolymer to compensate for the lack of
use of surfactants such as PVA and P188. Furthermoreppétatial values generally became less
negative with increasing PEH&.GA proportion, which can be explained by the increasing density of
PEG layer on the nanoparticle surface that shields the negatihalsged PLGA carboxylic acid
groups[50]. Based on these observations and literature dgdd), the synthesised n@oparticles can

be thought of to possess structure consisting o& hydrophilic PEGyer sirrounding ahydrophobic

PLGA core.



Upon substituting PLGBOOH with an equal proportion of PLLGAOR, the nanoparticle size
increased and zetpotential 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 adiwd properties. To confirm
this, PLGACOOH and PLE2OOR were combined with a fixed proportion of FEGA that is
sufficient to produce uniform nanoparticles (Formulation 9 and 10). Taking together the results
obtained when only eithePLGACOOH or EGACOOR was combinedth PEGPLGA (Formulations

4 and 8), it was confirmed that the nanoparticle sizereasedas the PLGEOOH was gradually
replaced with PLGAEOOR. Simultaneously, the zgitential \alues also became less negativee T
largest zetgootential changewas seen in alkalineonditiors (pH 10) due to deprotonation of all
uncapped carboxylic acidraups. he greater abundance of uncapped carboxylic acid terminals
found in nanoparticles made of higher PL-GROHproportions may lead to higheinter-particle

electrostatic repulsions, whigbrevent 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 loweBtharVv

are generally regaled as idealas this ensures strong electrostatic repulsive forces between the
nanoparticleg52]. In this work, the presence of the extedAEG layer inetgibly decreasedhe zeta
potential magnitude of the PLGA/PE®LGA nanoparticles. Despite the loss ielectrostatic
stabiliation, the nanoparticle suspension befited from the steric stabilation conferred by the
PEG chains. To verify this, Formulationa® suspended in 0.05 M THECI buffer (pH 7.4) containing
0.15 M NaCat 1 mg/mL concentration and the suspension was kept at 3Th€re were minimal
changes in the average size of the nanoparticles after 20 days (Supplementary Fgure 1
Interestindy, the zetapotential values became increasingly negative with tig8ipplementary
Figure 1B)It was likely that PE@ediated steric repulsiagprovidedthe main stabilization force for

freshlyproduced nanoparticles. Athe PLGA ester bonds graduallydhylyzed to reveal more



negativelycharged carboxylic acid terminals, the increasing magnitude of electrostatic repulsions

prevented the formation of any aggregates.

3.3.2. Freezalrying of PLGA/PEBLGA nanopatrticles

Polyesters such as PLGA are pramdegradation by means of hydrolysis of the ester-bgnesich
may lead toleakage of the drug load encapsulated within polyedtased nanocarriers. Therefore,
dehydration of PLGRAasednanoparticles commonly by freezérying,is imperative to ensure their
long-term stability. To protect the nanoparticles from freezing and drying stressegoprotectants
should be addedo the nanoparticlesuspensiorbefore freezingDisaccharides such as sucrose and
trehalose, and oligosacchdes such agiPBCDhave been shown to be excellent protectafis3].
Nevertheless it is also important that the drying temperature is maintainedbelow the collapse
temperature (T) of the protectant to prevent the collapse of thieeezedried products[54], which

may lead tgprolonged nanoparticle reconstitution timg¢s3,55]and higher residual humidifys6].

In this study,5% (w/v) sucrose, trehalose and HPBCD withofl-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 lowetwtmperaturefor water vaporization at 3 mbar, which was the lowest
pressure achievable by theekzedryer used in this studyAs predicted the freezedried product
containing either sucrose or trehalose appeared collapsed raaglired sonication for reconstitution
while the non-collapsed HPBO-stabilised product coulde reconstituted completely by gentle
agitation alone.The formulation collapse resulted indiecreasein the degree of prosity of the
freezedried product which subsequently redudets surface area to volume ratio and hyduati

rate [56]. Nevertheless, all three protectamproduced better results compared tihat obtained
from the lyophiliation of nanoparticle suspensioalone confirming the protective roles of these

excipiens during freezedrying.

Following reconstitution, the nanoparticle size and Ri¥re measurd againto evaluate the

protective effect of sucrose, trehalose and HPBU1ighighest protective effect, as demonstrated by



the maximum peservation of nanoparticle sizend PDI, was obtained with HPBCD (Tabldt 23.
likely that the volume shrinkage resulting from the collapddhe sucrose and trehalose matrices
has reduced the distance of separation between the nanoparticles, alloti@gPEG layers. of
neighbouring particles tanteract and form stable crystalline bridges as reported in the literature
[51,59] Differently, in the presence of HPBGlRe PLGA/PEBLGA nanoparticlesere easily freeze
dried, which may be convenierfor longterm storage and transportationln future -work, the
protective effects of sucrose and trehalose canrb-evaluatd by setting thedrying temperature to

be lower than their respective, 1o minimise dependency on the relatively costly HPBCD.

[Insert Table 2]

3.3.3 Lysozyme and SBF v %cepo S]}v
3.3.31. Effect of pH ofhe aqueous phase oencapsulation efficiencies

Proteinmolecules havesmallernet electrical chargeand thuslower aqueous solubtl when the pH
]l u(( & v E 3§4dsodict@oipt/(pt). Thisnay decreasehe leakage of proteirinto the
aqueous phase during the formulation process to subsequentlyimise encapsulation efficiency
The results shown in Table Supported his hypotheis as both lysozymeand SDFir A &
encapsulated most successfully ewhthe pH of the aqueous phasvas buffered closest tdaheir
respective pl (lysozymé11.35; SDH r t 105). In addition to a decreasim aqueous solubility, it is
likely that the smaélr net chamge also attenuatedhe electrostatic repulsiondetween protein
molecules to allow the otein loadto be compacted which can facilitatéts entrapment within the
nanoparticles[60,61] For thesereasors, the pH of the aqueous phase waswvaysset to the

% E}S Jim pub%eduenencapsulatios.

[Insert Table 3]

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



Sinceboth proteins and PLGA possess ionisable groelgstrostatic interactions can have a major
influenceon lysozyme and SBiH v %o * 0 B to the complexity associated with protein
charge modificatios, the proporions of PLGAOOH and PLEZ2OOR were altered accordingly to
vary the number of ionisable groups in the nanoparticles instéae.en@psulation of both proteins
decreased slightlywhen PLGACOOH was substituted with an esjuamount of- PLGEOOR
(Formulaton 4 vs.8 in Table % These results suggested that protgiolymer electrostatic
interactions caninfluence 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
8§} S$Z % E}S Jv[e % /U % E}S Jve 0} § o}s B@ ldsEZdunng $thsequent o o u E (
purification stages when the nanoparticles were suspended intmdfered water. This is especially

true since the presence of the outer hydrophilic PEG layer can facilitate tessof water tahe

PLGA core to cause dissotuti of any looselrapped proteins[62]. However, the strong
electrostatic interactions between the negativetharged carboxylic acid terminals, which afere
abundant in PLGEOOH thn in'/PLGACOOR, and the positivetharged basic proteins such as
lysozyme and SBFr v (E protein loss. Interestinglyadditional expennents with lysozyme
(Formulation 9 and I0and SDFRr ~&}Eupo Firbsuced similar results as Formulation 4
Considering the very low protein loading involved, it seems thatinclusion of a small proportion

of PLGACOONH . is sufficient to ensure that the nanoparticles have an adequate number of carboxylic

acid groups to interact witkhe protein molecules fomaximum encapsulation efficiency.

[Insert Table 4]

3.3.33. Physicochemical characteristics of protégaded nanoparticles

Protein encapsulation did not affect the size or z@@tential of the nanoparticles regardless of the
type of formulation orencapsulated proteir{Table 5) possibly due to the low amount of protein
being encapsulated. In terms of morphology, both the unloaded and iSBdaded nanoparticles

appeared similar under the vacuuroraition of SEM or TEM (Figure 4 addition, themage taken



using AFM under a newacuum condition confirmed the consistent appearance of the-8BF
loaded nanoparticles regardless of the conditions under which the nanoparticles were observed and

the differences in the sample treatment prior to obserwati

[Insert Table 5]

[Insert Figure B

3.4.1n vitro protein release

Protein release was studied by suspenditng nanoparticles in a <buffer solution followed by
centrifugation at pre-defined time intervals to déect the supernatant for proteirquantification
Initially, lysozyme releaseatternsin different buffer. solutionswas stidied At the physiologically
relevant pH 7.40.05 M TrisHCI buffer) the proportion of PLGAOOH in the nanoparted was
shown to affectthe extent of lysozyme relase(Figure B). The highest release of encapsulated
lysozyme was achieveslith Formulation 8(43%)whereasnegligible protein release was observed
with Famulation 4 even after 15lays.When a mixre of PLGACOOH and PLE20OOR was tested
(Formulation 19, only 126 encapsulated lysozyme wasccessfullyeleased.The lack of protein
release from PLGA particles containing uncappedboxylic end groups has been previously
reported [38,41,63] Concurrent measurement of zefzotentialsduring the release study offered a
possibleexplanation forthis observation Nanoparticles made from higher PLGA®OH proportios
had more negative zetpotential values in the a&ly stages othe release studyFigure B). At pH
7.4, these nanoparticles are expededo establishelectrostatic interactionswith the positively
chargedlysozyme moleules(pl = 11.35)whichhinders their release.These interactions seeto be
the governing factor for protein load entrapmengs no further protein release was observed
despite the continuous degradation of PLGA matric#e acidic products, as inferred from the
increasingly negative zefaotential values of all the formulations, telg place throughout the

release study period.



To confirm theobstructive effect of lysozymePLGAelectrostatic interactions oysozyme release,
the study was repeated in release medium buffered to pH (8.01 M citrate buffer) It can be
hypothesised that the excess protons present in the release medium will neutralisé LA
carboxylic aid groups which in turn should trigger the releaselgfozyme moleculesAs expected,
release of lysozyme was enhancexfjardless of the nanopa&] & FLGACOOH proportion (Figure
50). However, incomplete release was still observed with Formulation 4, even after 30 lta&ys.
likely that the high proportion of PLEGAOOH in this formulation led to incomplete neutralisation of
the carboxylic acidgyroups, hinderingcomplete lysozyme releaseBesides pHanother factor that
may affect lysozymePLGA electrostatic interactions the concentration of cations in the release
medium, as theséons canalsodisplacelysozyme moleculeBom the PLGA carboly acid groups.
As predicted, in the presence @15 M sodium chloride release of lysozymat pH 7.4was
enhanced(Figure ), recording levels similar to thosibtained ataddic pH Theserelease medium

conditions wereselectedfor subsequenSDFir (E o studydue totheir physiological relevance.

[Insert Figure b

Interestingly,although the biphasic release pattern seen in lysozyelease study waeeproduced,
the release of SBFr A seduced in all formulation§Figure @). After 30 daysthe nanoparticles
were lyophilied and dissolved to quantify the amount of unreleased-SDFu«]JvP >/"su¥ afZ
released SDFr v the unreleased proportion, was equal to 9598% of the total encapsulated
SDFir (}E& o0 $Z rmilatipns.$DFir u C <3S strpm@er electrostatic interactions with
PLGA carboxyliacid groups than lysozyme becausetlod greater percentage of basic amino acid
residues in te SDFir % (E]u & C ,vesulting in lower cumulative SDF E o . Bespite the
multiple literature-approved measures taken in this study to reduce prof@itymer interactions,
including protein precipitation in the presence of poloxamer 188] and use of more hydrophilic
polymer materiald63] in the form of PEERLGA cgolymer, additional approaches such as peot

PEGylatior64,65] should be considered in future work to obtamore complete protein release.



Neverthelessthe bioactivity of BF i rin the releag sample collected up t@2 hours(after which
further SDFir E o was negligiblpwasfound to besimilar to that of itshative counterpart when
assessed usinthe agarose drop migration aag (Figure 8,0, suggestinghat the encapsulatin
process did not inducerotein denaturation. In the context of patient safetyhe preservation of
protein bioactivity throughout forralation processes is imperative as denatured proteins tend to be

more immunogenic than their native fornig6,67}

[Insert Figure b

Thebiphasic release patterns observedysozymeand SDH r release studiesvere consistent with
literature data on PE@ontaining PLGA nanoparticlg&l,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 residualgents during the purification step that drew most proteins
away from the core of the nanoparticles. This stage wlaen followed by a slower release
attributable to the diffusion of proteins from deeper parts of the nanoparticlaselation to future
work, the initial rapid SDREr<« E o * ]* He* (HO (}E 3 o]+Z]radlentwithin avSE& 3]}v |
hydrogel to immediately induce chemotaxi$ cancercells while the subsequent gradual release
may be benécial to maintain the establishedradient. It was also observed that the cumulative
release curves began to plateau after 72 houfhis relatively short duration of release was
expected as-the huge surface area to volume ratio of the nanoparticles contributedrapid
protein release.However, as the 3 ir-loaded nanoparticles are intended in the future to be
incorporated within a hydrogel and not suspended directly in physiological fluids, literature data
suggested thathe releaseduration canbe prolonged69], which wouldallow more time forcancer

cells to migrate into the hydrogel/nanoparticle composite implambe trapped.

3.5.1n vitro cytotoxicity study

Due to the innocuous nature of the solvent used in the formulation process and theepelited

safetyof PLGAthe newlydeveloped nanoparticleare expected teexhibit negligible cytotoxicitylTo



prove this NIH3T3 mouse embryonic fibroblasts were treatedtiwiunloaded PLGA/PEGLGA
nanoparticles(Formulation 8)or 48 hours. This cell line was chosas it has been reported to be
highly-sensitive to chemicdhduced toxicitieg70]. Alongside PLGA/PE®LGAnanoparticles,lipid
nanocapsulesLNG and polystyrene(P3 nanopatrticles, which have beemidely utilised in various
pharmaceutical research, were tested investigate the relativecytocompatibility of the newly
developed nanocaters. The range ohanoparticle concentratiomfor cell treatment in-this study
was set to 0.0% 10 mg/mL to assesthe suitabilityof the RLGA/PEGPLGA nanoparticles fdnoth
systemic and lcal drug delivery applicationtn comparison to the two referae nanopatrticles, the
PLGA/PE®LGA nanoparticles induced minimal cell de&en at the highest concentration tested
(Figure 7. In addition the LNC was found to be the most toxic between the three sypé
nanoparticlesat high concentrationsTwo studies reported similar findingg1,72] and suggested
that the high amount okurfactant(up to 2.8%(w/v)) required to stabilisehe LNCformulation is
responsiblefor the hightoxicity due to the ability othe hydrophilic and hydrophobic compents of
surfactant molecules tdnteract with the phosphate groups and fatty acid tails of lipid bilayer
respectively to causalisruption of cellular membrane¢73]. On the other hand, the PS
nanoparticles exhibited intermediate cytotoxicitpossibly due to thédower amount of surfactant
used in their formuléion (up to 0.5%(w/v) as describedy the manufacturer). Althougbne can
speculate thathe differencesin the cytotoxicitycan be attributed taother components of théhree
types ofnanoparticlesas well as talifferences in their physicochdoal characteristics such a&ze
and surfae chargethe surfactantfree formulation processusing nortoxic components dexoped
in the presentwork can undoubtedly ipduce nanocarriers with excellebiocompatibilitythat are
more suitable for local drug delivery applicationempared to severabther well-established

alternatives.

[Insert Figure J

4. Conclusion



This study report®n the development of novel SBR v v} EE&] E-+ }RY@AandPEG
PLGA cepolymer. Following optimiion using lysozyme as a model proteiSDFir A e
successfully precipitated and subsequently loaded into these nanoparticles undefomniidiation
conditions.SDFi r wasalsoreleasedn its bioactive conformatioin a gradual fashiarFurthermore,

by chaming the number of uncappechrboxylic acid grqusin the PLGA coreéhe novel formulation
processallows the production of nanoparticles with different physicochemical properties that
influenceencapsulation efficiencies and the extent of protein reledseaddition the use of non
toxic polymes andsdventsensured the excellent biocompatibility of tteynthesisechanoparticles.
Thus, the novel SBFr v v} ( &@4q p@misingfor future cancer cell trapping applicatisrand

will be incorporated into a suitable hydrodek studying clemotaxis ofglioblastoma cells.
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FIGURE CAPTIONS

Figure 1'H-NMR of PLGEOOR and PH&.GAco-polymer in deuterated DMSO and chloroform

respectively.

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

(A), lysozyme carentration was fixed at 10 mg/mikhereas NaCl concentration was fixed at 0.15 M

(JE ~ X ~& &]*8] o v 0Ce]s A« Ivpsd &} JvA «3]P 3 vC <]PVv](]
comparison to 0.15 M NaCl or 5 mg/mL lysozyme concentration for (A) and (B) respect**

]v 1 § «0W00E, n = 3or eachlysozyme pecipitation condition.
Figure 3.Scanning electronic microscopy of (A) lysozyme and (B)i8DF v} % E ]%0]S § X

Figure 4 Morphology of PLGA/PERLGA nanoparticles. SEM.and TEM images of (A, C) unloaded and
(B, D)SDFi r-loaded nanopatrticles. (E) AFM image of SP#oaded nanoparticles.

Figure 5 Release study of lysozyme. (A) Cumulative release of lysozyme in 0.05HCTThsffer at

pH 7.4 and (B) concurrent changes in the zetgential value of different nanagrticle formulations.
Nanoparticle suspension was diluted 2fald in 0.01 M NaCl solution and the pH was adjusted to pH
7 prior to zetapotential measurement. (C) Cumulative lysozyme release in 0.01 M citrate buffer at
pH 4.0 or (D) 0.0M TrisHCI bufferat pH 7.4 containing 0.18 NaClEach data pointvith error bar

represents mean $D, n = 3 for each formulation.

Figure6. Release study of SBIHF v ]8¢ ]}o}P] o §]A]SEC e eou VEX ~ ¢ UUMO !
SDFir ]v iXifA® PG kEffer at pH .4 containing 0.15 M NaCtach data point with error bar

represents mean £ SD, n = 4 for each formulat{By Distance migrated by UB4G cells induced by

the culture' medium aloa (Blank), or supplemented wit#h0 ng/mLnative, precipitated or released

SO+ir. }oo feom Formulation &t different time points of the release study. Statistical analysis

Ae Ivius &} ]JVA «3]P 8 vC «]PVv](] v8 J((E v ~W G ixife ]Jv }u
irX 22727 1v] 8+« W G iXiiiiU v ADFi(}&E Zul@)BAhamplés of optical
microscopic images of USMG cellladen agarose drops after 72 h treatment with culture medium

alone (top lef) or medium containing 40 ng/mhative (top right), precipitated (bottom left) or

released SDRr ~ }58}u EJPZS+X

Figure7. Effect of different concentrations of PLGA/REGGA nanoparticles (Formulation 8), lipid
nanocapsules (LNC) and polystyrene (PS) nanoparticles on the viabiNyH8T3 cells after 48h

incubation.n = 3 for each nanoparticle treatment.
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Table 1.Average size, polydispersity index (PDI) and-petantial (ZP) of unloaded nanopatrticle
formulations Data are presented as mean = SD, n = 3.

Formulation Proportion (%) Average Average Average ZP (mV)
number ~ PLGA PLGA  PEG size (nm} PDf pH 4 pH 7 pH 10
COOH COOR PLGA

1 100 0 0 n.d’

2 92 0 8 599+ 20 0.46+x0.08 -16.6x1.0 -20.7x2.2 -28.0f24
3 75 0 25 279+ 3 0.17+ 0.03 -9.9+0.8 -121+1.3 -157+15
4 67 0 33 202+ 3 0.08t 0.05 -6.6x10 -89+x0:8 -9.8+x0.7
5 0 100 0 n.d’

6 0 92 8 >1000 1 -29+05 -47+£04 -6.4+0.6
7 0 75 25 691+23 0.40+005 -18+x01 -23+03 -3.1+x04
8 0 67 33 255+4  0.14+0.04 -12+0.2 -3.0x06 -2.9+0.2
9 33 33 33 215+ 7 0.10£0.03 -41+02 -48+05 -43+0.3
10 17 50 33 236+ 6 0.10£0.02 -28+04 -41+06 -40x04

% Purified nanoparticle suspension was dilutedl00 pg/mLin water prior to measurement

® purified nanoparticle suspension was dilutedL00 pg/mLin 0.01 M NaCand0.1 M HCI or NaOH was used to
adjust the pH of the suspension pid 4, 7 or 10 prior to measurement

°n.d. = not determined, as no homogeuns paticle suspension was obtained

Table 2.Characteriation of PLGA/PEBLGA nanoparticles (Formulation &fdre and after freeze
dryingwithout any cryoprotectant owith sucrose, trehalose or HPBdIata are presented as mean
+ SD,n=3.

Protectant Average size (hm) Average PDI S/S PDJ/PDJ;

Before After Before After

freeze freeze freeze freeze

drying® drying® drying?® drying’

- n.d’ n.d’

Sucrose 308+ 5 0.22+ 0.01 1.21 1.69
Trehalose ~ 2°°% 8 266+ 5 013001 ha04 001 1.04 1.46
HPBCD 255+ 3 0.14+ 0.02 1.00 1.08

® Purified nanoparticle suspension was dilutedLO0 pg/mLin water prior to measurement

® Freezedried nanoparticles were rguspendedn 2 mL water and dilutetb 100 pg/mLin the same
diluent prior to measurement

°n.d. = nd determined, as the freezdried product could not be reconstitutetbmpletely even after 10
minutes sonication

Table 3.Effect of pH of aqueous phasa encapsulation efficiencies of lysozyrbata are presented
as mean + SD, n = 3.

Formulation pH of aqueous phase  Encapsulation efficiency (%)
number Lysozyme SDFla
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 -

40.05 M glycineNaOH buffesolution was used as the aqueous phase



Table 4 Effect of the PLGAOOH proportion on encapsulation efficiencies of lysozyme and 8RF
Data are presented as mean + SD, n = 3 and 4 for lysozyme arid SBF « % 3]A oCX

Formulation PLGACOOH Encapsulation efficiency (%)
number proportion (%) Lysozyne SDFla
4 107.0+ 3.6 107.7+ 15
8 89.6+ 5.7 75.5+ 2.2
9 108.2+ 1.9 -
10 111.0+ 3.9 104.0+ 2.8

Table 5Average size, polydispersity index (PDI) artd-petential (ZP) of lysozyme aiSDF i r-
loaded nanoparticledata arepresented as mean + SD, n = 3.

Formulation Encapsulated  Average siz¢nm)® Average PDI Average ZRmVY
number protein
4 Lysozyme 5 0.09+ 0.01 -9.7+ 0.8
SDFLr 2 0.08%+ 0.01 9.6+ 0.7
8 Lysozyme 5 0.17+ 0.03 -3.3+ 0.3
SDFLr 0.129+ 0.01 -2.9+ 0.2

% Purified nanoparticle suspension was dilutedL00 pg/mLin water prior to measurement
® purified nanoparticle suspension was dilutedLO0 pg/mLin0.01 M NacCl solutioand the pH of

the suspension was adjusted to phprior to measurement
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Figure S1Changsin average size and pDI (A), and zeta potential (B) with time of incubation of 1
mg/mL PLGA/PEBLGA nanoparticleg-ormulation 8)in 0.05 M TrigHCI buffer (pH 7.4) at 37 °C.
Each data point with error bar represents meanSD, n.= 3For size and pDlI measurement,
nanoparticle suspension was diluteth water. For zetgpotential measurement,nanoparticle
suspension was diluteics 0.01 M NaCl solution aride pH was adjusted tohb 7.
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